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Three-dimensional femtosecond snapshots of isolated
faceted nanostructures
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The structure and dynamics of isolated nanosamples in free flight can be directly visualized via single-shot co-
herent diffractive imaging using the intense and short pulses of x-ray free-electron lasers. Wide-angle scattering
images encode three-dimensional (3D) morphological information of the samples, but its retrieval remains a
challenge. Up to now, effective 3D morphology reconstructions from single shots were only achieved via
fitting with highly constrained models, requiring a priori knowledge about possible geometries. Here, we
present a much more generic imaging approach. Relying on a model that allows for any sample morphology
described by a convex polyhedron, we reconstruct wide-angle diffraction patterns from individual silver nano-
particles. In addition to known structural motives with high symmetries, we retrieve imperfect shapes and ag-
glomerates that were not previously accessible. Our results open unexplored routes toward true 3D structure
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determination of single nanoparticles and, ultimately, 3D movies of ultrafast nanoscale dynamics.

INTRODUCTION

Coherent diffractive imaging (CDI) is a lensless technique that ex-
ploits the interference effects of coherent radiation scattered by an
isolated sample to retrieve its spatial properties (1-5). A highly
intense light beam intercepts the specimen of interest, and the in-
tensity of the diffracted light is collected by a two-dimensional (2D)
detector in far-field condition. CDI does not make use of optical
devices, and its achievable spatial resolution is, in principle, only
limited by the radiation wavelength. Thus, it is capable of fully ex-
ploiting the high-intensity ultrashort light pulses provided by the
recently available free-electron lasers (FELs) to image isolated nano-
samples. Examples range from biologically relevant specimen such
as single viruses (4, 6) or macromolecules (7) to atomic clusters (8-
10), nanocrystals (11), and even such fragile and short-lived struc-
tures as aerosols (12) or superfluid helium nanodroplets (13, 14).
The extremely short pulses further allow time-resolved imaging of
ultrafast dynamics in isolated nanoscale structures, which has
opened up unprecedented possibilities for light-matter interaction
studies (15-24).

CDI experiments can be roughly divided into two regimes
defined by the angle upon which diffraction signal can be acquired.
In the small-angle regime, the maximum scattering angle reaches up
to only a few degrees, and correspondingly, the maximum
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transferred momentum is much smaller than the wave vector of
the incident radiation (11). In this case, the diffraction pattern is
proportional to the square amplitude of the Fourier transform of
the 2D sample density, projected onto the plane orthogonal to the
beam (25). The field phase, lost in the acquisition process, can be
effectively recovered by so-called phase-retrieval algorithms (4,
26-30), which then allow the reconstruction of the sample's project-
ed density. 3D reconstruction of samples can also be achieved in the
small-angle range by tomographic approaches, i.e., by combining
2D projections of the same object or identical replicas in different
orientations (31-35). However, for the investigation of isolated
systems with intense FEL pulses, this approach is practicable only
in special cases (6, 36-38) and unsuitable for dynamic
investigations.

3D features of the sample are, on the other hand, naturally
encoded in a single diffraction image acquired in the wide-angle
regime. In this case, the maximum acquired transferred momentum
is comparable in magnitude to the wave vector of the incoming and
scattered photons. In particular, the component along the beam
propagation direction is no longer negligible and, consequently,
also partial 3D morphological information is imprinted in a
single diffraction shot (11, 39). This advantageous feature is,
however, counterbalanced by some drawbacks. First, the scattering
cross section of the sample material and/or the intensity of the ra-
diation have to be sufficiently high to provide useful scattering
signal at high scattering angles (40). When such an experimental
condition is met, the extraction of the 3D morphological informa-
tion from the single diffraction pattern still represents a main chal-
lenge. The number of unknowns to be retrieved is much higher than
the 2D small-angle case, and a direct extension of the 2D imaging
based on phase retrieval algorithms to the 3D case (41) turned out
to be not fully reliable (42).
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To solve this dimensional deficiency, a reduction of the param-
eters that describe the sample morphology is required. Up to now,
wide-angle single-shot diffraction images of single particles have
only been reconstructed using strongly constrained candidate ge-
ometries (11, 13, 43) by fitting the experimental data with the sim-
ulation. For example, the analysis of the diffraction data of silver
nanocrystals presented in (11) required the a priori identification
of the main crystalline motif of the sample (tetrahedron, octahe-
dron, icosahedron, etc.). Then, the few free parameters of the
sample model, like size and orientation, were manually adjusted
to fit the simulation as close as possible to the experimental data.
Only as a last step, the parameters were fine-tuned automatically.
Disadvantages of this procedure are (i) the results are strongly
biased by the strictly constrained sample’s model, based on the
prior knowledge of typical particle geometries, and (ii) already
small deviations of the real structures from model shapes prevent
a good agreement between measured data and forward simulations,
making the search for optimal model parameters more difficult, if
not impossible.

Here, we introduce a generic approach to the 3D reconstruction
of faceted samples from single-shot wide-angle coherent diffraction
patterns, based on a fast simulation method (44), a generic model
for the sample shapes, and an efficient optimization strategy. We
retrieve the 3D shapes of individual silver nanoparticles imaged
with FEL pulses at a wavelength of 5.1 nm. Although the fitting ap-
proach does not enforce or favor any particle symmetry, regular
polyhedra are retrieved in many cases, which were also reported
previously (11). In addition, combinations of structural motifs
and morphologies with partial or broken symmetries arise, as well
as agglomerates of silver nanocrystals that were never studied so far
due to the lack of suitable imaging tools.

RESULTS

The experimental diffraction data (43) are produced by irradiating
isolated silver nanoparticles with single FEL pulses at 243 eV (5.1
nm), with pulse duration of 70 fs. Light is recorded up to a
maximum of 30° scattering angle, equivalent to a maximum transfer
momentum of 0.64 nm™!. The numerical description of the sample
was chosen in a way that well accommodates the properties of silver
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Fig. 1. Numerical representation of the sample’'s morphology. (A) 2D sketch of
the quantities needed to define the sample’s spatial extension. A list of points P,
defines N, planes, and the space enclosed by those planes defines the sample’s
shape. (B) 3D representation of a shape defined by a random positioning of
the facets.
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nanoparticles (11). The shape is defined by N, planes, as sketched in
Fig. 1A, and is assumed to have a uniform refractive index. The
imaging procedure optimizes the plane positions, which are ran-
domly initialized as shown in Fig. 1B, by forward-fitting the exper-
imental diffraction patterns via 3D simulations (44). Further details
on the experimental data and on the imaging procedure are provid-
ed in Materials and Methods.

Imaging of individual nanoparticles

Figure 2 shows a representative subset of the reconstructions for the
presented dataset. For each reconstruction, a total of 30 facets were
initialized with random positions in space. The first column of
Fig. 2 depicts the experimental diffraction pattern, while the
second column shows the scattering simulated from the reconstruc-
tion, both in logarithmic color scale. The experimental data are
given to the fitting routine downscaled and with saturated and
missing pixels excluded. The third column shows a 2D projection
of the electronic density of the reconstruction onto the detector
plane (the plane orthogonal to the beam propagation direction).
The last three columns are 3D renderings of the same reconstruc-
tion, seen from three different points of view to highlight the main
features of the sample. For visualization purposes, the renderings
are artificially illuminated with white light from the side that faces
the incoming beam, while the opposite side, facing the detector, is
lit up in red. We note that the final number of facets in the recon-
structions is, in most cases, much lower than 30, as initially given to
the fitting routine. The facets that are not required to define the
sample morphology are automatically placed by the fitting algo-
rithm in a position that has no effect on the final retrieved shape.

The first examples in Fig. 2 (A to E) depict a selection out of the
majority of shapes in our dataset with architectures that can be di-
rectly related to known nanoparticle motifs. Truncated octahedra in
Fig. 2 (A and B) and twinned truncated tetrahedra in Fig. 2 (C and
D) with different truncation positions can be identified. In addition,
we find simple truncated tetrahedra with a strongly truncated tip,
like the one shown in Fig. 2E, which have not been identified in
our previous experiment (11). The features in the retrieved struc-
tures underline the importance of the specific degree of truncation,
which yields different architectures for the same structural motifs.
The clear advantage of 3D imaging can be well appreciated by com-
paring the 2D projections (third column) in Fig. 2 (D and E) with
the 3D renderings (last columns). Because of unfortunate orienta-
tions, the symmetries of the structures can be barely identified from
those 2D projections. As this is the only information that can be
derived from iterative phase retrieval (IPR), the examples demon-
strate that the structural properties are, in many cases, hardly acces-
sible via small-angle scattering.

The second group of results in Fig. 2 (F to J) are rare or unique
examples from the dataset. Figure 2F is a relatively large triangular
platelet, which still recalls the triangular motif of the truncated tet-
rahedron in Fig. 2E. Figure 2G also shows a retrieved nanocrystal
that resembles the truncated tetrahedron. However, a small defect
is present, visible on the lower side of the renderings, where a
main facet is made up of two differently oriented planes. The
most pronounced effect is the deformation of the base of the trun-
cated tetrahedron, which is no more a perfectly equilateral triangle.
The retrieved architecture in Fig. 2H, which resembles in its main
features the shape in Fig. 2C, actually presents two broken symme-
tries. Here, the twinned tetrahedron is elongated in one direction
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Fig. 2. Fitting results. Each subfigure from (A) to (J) is made of six columns. The first column is the experimental diffraction pattern (logarithmic color scale). The second is
the retrieved diffraction pattern (logarithmic color scale). The third column is a 2D projection of the 3D reconstruction on the plane orthogonal to the beam propagation
direction. The last three columns are 3D renderings of the reconstruction result. There, the sample is illuminated with white light from the beam side and with red light
from the detector side. For a discussion on the single subfigures, please refer to the main text.
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and the truncation level of the tips is different on the two sides. Last,
Fig. 2 (I and ]) shows examples for strongly asymmetric samples.
The sample depicted in Fig. 21 exhibits two different structural
motifs. On one side, it resembles an octahedral structure like the
one shown in Fig. 2B, while on the opposite side, a large hexagonal
facet arises, similarly to the structure shown in Fig. 2H. Instead, it is
hard to highlight any symmetry for the reconstruction shown in
Fig. 2], aside from a rough resemblance to a tetrahedral shape
similar to Fig. 2 (E and G).

Extension to more complex morphologies

When creating large nanoclusters, the formation of agglomerates
(45) is a well-known phenomenon that affects a considerable frac-
tion of the experimental data (8). The presence of silver cluster ag-
glomerates was documented in previous experiments, but the
respective diffraction data were excluded from the analysis so far,
due to the inability to perform a shape retrieval with the highly con-
strained models (11). For the analysis of patterns resulting from ag-
glomerates, we allow the presence of multiple convex shapes
properly positioned in space in a single shape model. From the nu-
merical point of view, the optimization task becomes highly chal-
lenging, as the amount of unknowns to retrieve scales with the
amount of crystals, with the addition of the three randomly initial-
ized coordinates that define the relative position of each convex
shape. Therefore, we compose each nanoparticle of a total of 30
facets and preset the number of nanocrystals that compose an ag-
glomerate a priori.

A selection of the most interesting reconstructions of agglomer-
ates is shown in Fig. 3. The subfigures are following the scheme of
Fig. 2. Figure 3 (A to E) shows agglomerates made of two subclus-
ters, while the reconstructions in Fig. 3 (F to H) are composed of
three. We observe, in general, that the structural motifs are clearly
identifiable for individual clusters above 50 nm in size. For smaller
subclusters, the architecture does not present, in most cases, clear
symmetries or motifs, hinting toward a possible stagnation of the
optimization procedure in a local optimum, due to a number of pos-
sible reasons. First, the scattering signal is dominated by the bigger
clusters in the same agglomerate. Second, the crystal itself may not
present a clear structure, similar to what is observed for Fig. 2 (I and
]). Third, the size of the single facets could be below the actual res-
olution limit of the diffraction data (see the next section for further
discussion). Most of the agglomerates turn out to be composed of
individual crystals whose structural motifs were also identified in
reconstructions of individual clusters (Fig. 2). However, some
cases show peculiar features that raise the need for further discus-
sion. We note that the bigger nanoparticle in Fig. 3B is close to an
ideal icosahedron. While this architecture was not identified among
the single nanoparticle patterns obtained in our experiment, the
shape was repeatedly observed in previous experiments (11).
Further, the larger structure in Fig. 3E is peculiar, as it recalls the
morphology of a trigonal platelet (see Fig. 2F) with a strong trunca-
tion in one direction. The reconstruction shown in Fig. 3H can be
considered somewhat surprising. We find an agglomerate of three
nanoparticles resembling the shape of a dumbbell, with two small
clusters of around 20 nm in size connected by a central column-
shaped crystallite, which is the only observation of a more 1D struc-
ture in our dataset.

Colombo et al., Sci. Adv. 9, eade5839 (2023) 22 February 2023

Evaluation of the imaging results

The great variety of structural motifs found in the wide-angle dif-
fraction patterns of large silver nanoclusters, as presented in Figs. 2
and 3, generally agrees well with previous observations (11). In
many cases, the observed structural motifs do not correspond to
the energetic ground-state structures of silver clusters in this size
regime but instead give evidence of a kinematically governed
growth process that gets stuck in energy minima of small seed struc-
tures in the early phase of growth (1I). These meta-stable shapes
together with the reconstructed architectures of the agglomerates
provide a unique insight into the formation process of metal nano-
particles in the gas phase (45).

We want to underline the fact that the 3D information proves to
be crucial for structure determination. In many cases, the retrieved
3D architectures unveil regularities that are neither intuitively ex-
pected from rather asymmetric diffraction patterns nor easily dis-
cernible from the 2D projection of the sample density,
highlighting the huge advantage gained by accessing the third
spatial dimension from single diffraction images. We further note
that the ability of the approach to retrieve highly regular architec-
tures such as the almost perfect icosahedron in Fig. 3B or the trigo-
nal platelet in Fig. 2E is somewhat striking, as the imaging
procedure does not favor any symmetry. The manifestation of
these symmetries, which are expected for silver nanocrystals (11),
can be considered a strong indication for the quality and appropri-
ateness of our 3D reconstructions. It has to be stressed, nevertheless,
that the questions of the reliability and subsequently the resolution
of the reconstructions are not yet answered in a generalized way for
the 3D case. It has been theoretically shown that a convex morphol-
ogy has a unique solution (46). This means that only one convex 3D
shape exists, giving rise to a single certain 2D wide-angle diffraction
pattern. Still, a practical demonstration of the existence of a unique
solution to the 3D imaging problem from single shots is lacking
even for convex architectures. Furthermore, this possibly safe
regime of only convex shapes is clearly left when we attempt the re-
construction of agglomerated particles.

To approach the open questions of uniqueness, reliability, and
resolution, in the following we provide two perspectives for discus-
sion by (i) comparing 2D projections from our 3D reconstructions
with the 2D densities obtained from well-established IPR using the
small-angle part of the diffraction patterns and by (ii) performing a
statistical analysis of the convergence properties of the 3D
fitting routine.

Comparison with IPR

In Fig. 4, for three exemplary shapes, the 2D density projections
from the corresponding 3D structures are compared to 2D recon-
structions derived via conventional IPR (47) from only the small-
angle part of the patterns (full and restricted small-angle area up
to 15° are highlighted on the left of Fig. 4). The results of the two
different methods show an excellent agreement within the limited
resolution of the IPR, thus strongly confirming the reliability of our
results. The resolution of the reconstructed real-space density dis-
tribution via IPR is inherently defined by the maximum transferred
momentum vector at 15°, leading to a corresponding pixel size of
the retrieved 2D projections of 9 nm and to a full-period spatial res-
olution of 18 nm (48). In contrast, the resolution of the projected 3D
shape appears to be much higher, even more than the theoretical
limit of the full pattern of 10 nm on the orthogonal plane. In the
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Fig. 3. Fitting results for silver nanocrystal agglomerates. Each subfigure from (A) to (H) is organized as in Fig. 2.
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Fig. 4. Comparison of 3D fitting with 2D IPR. The comparison is performed on the experimental data presented in Figs. 2 (B and E) and 3C. The sample diffraction
pattern on the left is overlaid by an orange box, which indicates how the diffraction data were cut, to select only small-angle scattering signal on which imaging via phase

retrieval algorithms was performed.

following section, we investigate this last aspect, tackling the ques-
tions of resolution and consistency of the 3D results from a statis-
tical point of view.

Uniqueness and consistency

To pragmatically test up to which level our results can be considered
unique, it is possible to perform a statistical analysis on a set of in-
dependent reconstructions of the same diffraction data. In Fig. 5,
the results for the same three shapes shown in Fig. 4 are presented.
For each structure, 20 independent imaging procedures were
carried out, starting from randomly initialized facet coordinates.
From the resulting 3D structures, the average density p,,, was com-
puted. Individual reconstructions are constrained to have sharp
edges, i.e., they present a sudden transition between the internal
density and the vacuum. However, average density distribution
will not exhibit an instantaneous transition from the sample to
the vacuum any more, because of the variations between the differ-
ent independent reconstructions. For each point on the average re-
construction’s edge, the transition width is computed, defined as
the length of the transition from 10 to 90% of the average density
profile along the surface normal. For visualization, the transition
width is color-coded onto the structure surface.

Figure 5 is a strong proxy for the stability of the fitting approach
in two aspects: The entity of the reconstruction uncertainty is quan-
tified, and we can investigate how this uncertainty is distributed.
First, for all three cases, the transition width is much smaller than
the cluster size. Second, its spatial distribution strongly varies, de-
pending on not only the structures but also the facet orientations in
respect to the FEL beam. For the individual crystals (Fig. 5, A and
B), the maximum transition width is observed on those facets ori-
ented perpendicular to the beam. The information about the place-
ment of these facets is mostly encoded by the transfer momenta
along the beam propagation direction, and thus encoded in the dif-
fraction signal with a lower resolution.

The same considerations apply for the analysis on the nanocrys-
tal agglomerate in Fig. 5C. Here, in addition, an area of relatively
high transition width (and thus uncertainty) is concentrated

Colombo et al., Sci. Adv. 9, eade5839 (2023) 22 February 2023

around the contact zone of the two nanocrystals. This effect can
be explained by two factors. First, the computation of the transition
width where the sample’s thickness approaches zero is ill-defined.
Second, the contact point is in a concavity area: In such a situation,
even tiny variations of the position of the facets close to the contact
point have a strong effect over the size and positioning of the inter-
face between the two nanoparticles.

Overall, the examples in Fig. 5 reveal up to which detail the
fitting result can be trusted, and highlight the degree of uniqueness
and stability of the reconstructions. In particular, this analysis
reveals uncertainties in the reconstructions that are mostly well
below the 10 nm and 36 nm provided by the detected scattering
signal on the orthogonal plane and in the depth direction, respec-
tively (see Materials and Methods for further discussion about the
resolution).

At a first glance, such a small uncertainty in the reconstructions
may lead to the conclusion that the resolution at which structures
are resolved is much higher than the one theoretically allowed by the
experimental setup. However, this confidence level should not be
interpreted as the achieved spatial resolution of our fitting ap-
proach, because the presence of constraints introduces a strong
bias that prevents a real resolution analysis. As an analog
example, the distance of two slits can be inferred from a double-
slit experiment to a degree much better than the theoretical resolu-
tion limit, while the deviations of the openings from a smooth rect-
angular shape cannot be determined better than what the resolution
limit allows.

DISCUSSION

We have developed a procedure for 3D CDI of faceted nanoparticles
using single-shot wide-angle scattering patterns. Our analysis is
based on a forward-fitting approach, where a parametrized descrip-
tion of the sample architecture is fitted to the experimental data.
The new aspect of our method is the use of a highly generic
sample parametrization, which can describe any uniform and
convex sample architecture. In contrast to previous works, this
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Fig. 5. Analysis of the reconstruction stability. In (A) and (B), two reconstructed
samples of single nanoparticles are shown for three different orientations. These
reconstructions are the average of 20 independent fitting procedures. The orien-
tations are indicated by the arrows on the upper row that show the beam propa-
gation direction. For each point on the surface, a transition width is assigned
through a colormap, whose scale is indicated on the right. The given value is a
measure for the stability of the reconstruction process. In (C), the same analysis
is presented for a nanocrystal agglomerate.

feature allows to retrieve the morphology of an individual nanopar-
ticle without constraining any symmetry, thus highly reducing the
bias toward certain shapes and enormously extending the applica-
bility of the imaging method. The results obtained for silver nano-
particles, imaged at 5.1 nm radiation wavelength, reveal details and
geometries compatible with previous experiments, along with archi-
tectures that have not been reported so far. The imaging method is
extended to the analysis of diffraction patterns from nanocrystal ag-
glomerates, potentially yielding a unique insight into their forma-
tion process. Statistical considerations on the reconstructions
suggest a confidence level of the results that is well above the
spatial resolution theoretically provided by the wide-angle scatter-
ing images. Furthermore, the optimization scheme does not depend
on the specific parameterization and can, in principle, be extended
to any other sample model.

The importance of this work, however, goes well beyond the pre-
sented reconstructions. While our demonstration focuses on
faceted shapes, the optimization scheme allows for the exploration
of different sample parametrizations, which will enable the study of
arbitrary, even more complex structures, like complicated agglom-
erates or heterogenous nanoparticles as well as dynamical processes
via time-resolved CDI. Although the actual resolution achieved and
the limitations of our imaging approach remain to be fully defined
and understood, the results presented here are a clear indication that
reliable and quantitative 3D single-particle CDI from single wide-

Colombo et al., Sci. Adv. 9, eade5839 (2023) 22 February 2023

angle diffraction patterns is possible, at least under the conditions
presented. The results of this work open up possibilities for wide-
angle CDI that remained unexplored so far and provide an impor-
tant building block for FEL science toward a real 3D movie of dy-
namical processes at the nanoscale.

MATERIALS AND METHODS

Experimental data

The experimental data (43) treated here were acquired at the CAMP
endstation (49) of the Free-electron LASer in Hamburg (FLASH)
(50). Isolated silver nanoparticles of 70 nm average size (equivalent
to around 107 silver atoms) were produced by a gas aggregation
cluster source, based on the Haberland magnetron sputtersource
design (43, 51), where large nanocrystals grow by coagulation of
small clusters formed in the gas phase from supersaturated metallic
vapor. The FEL was tuned to yield a photon energy of 243 eV, equiv-
alent to a wavelength of 5.1 nm, with a pulse duration of around 70
fs. The pulse energy recorded at the CAMP endstation was 30 pJ,
corresponding to around 10'? photons per pulse, focused to a
spot size of 10 um. The FEL beam intercepted the silver nanoparti-
cles in front of a pn-junction Charge Coupled Device (pnCCD)
scattering detector (52), composed by two halves with 1024 x 512
pixel resolution with a pixel size of 75 x 75 um. The detector, placed
at a distance of 70 mm from the interaction region, was positioned
to record scattered light for full 2m azimuth up to 30° scattering
angle, equivalent to a maximum transfer momentum of 0.64
nm™’, as shown in Fig. 6.

Spatial resolution and wide angle
The magnitude of the maximum transfer momentum has been cal-

culated via the formula
emax
. sin [ 2max 1
Sm( 2 ) v

where Gmax is the maximum scattering angle recorded by the detec-

.
|=lkol- 2

| G max

tor and | * o|= 2" is the magnitude of the incoming radiation.

As sketched in Fig. 7, in the wide-angle scattering regime, the
acquired transfer momentum covers a wide portion of the Ewald
sphere, which cannot be approximated as a flat slice in reciprocal
space as it is, in contrast, assumed for small-angle scattering exper-
iments. As a consequence, in this experimental condition, the ac-
quired transfer momentum ¢ at high scattering angles has a
nonnegligible component in the depth direction (i.e., parallel to
the beam propagation axis), which provides low-resolution infor-
mation about the sample depth.

It is possible to separate the transfer momentum g into the
components orthogonal to the beam, q |, and parallel to the
beam, 7“, as depicted in Fig. 7. Their values can be expressed as

a function of the scattering angle 0 as it follows
| 'q.(8)] =l ko sin(6)
—
|7 (0) =[kol-[1 — cos(6)]

The theoretical maximum resolution on the orthogonal plane
A, and on the depth axis A can be estimated by applying Bragg's

2)
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Saturated

Fig. 6. Example of a scattering pattern. The pattern colormap is in logarithmic scale. Dotted circles indicate the scattering angles on the detector area, for 10°, for 20°,
and for 30°. The corresponding values for the transferred momentum |g| are also shown, calculated as indicated in Eq. 1. The upper right inset shows peculiar features of
the pnCCD detector, highlighting a rectangular defective area, excluded from the analysis, and noise. In the lower-right inset, pixels where the detector is saturated are
shown in yellow. The horizontal blue stripe results from the physical separation of 5.9 mmof the two detector halves. Two notches are visible close to the center: Their role

is to reduce the risk of hitting the detector with the main x-ray beam.

law on the two components in Eq. 2. Their values are

A = 2 = A ~ 10 nm
T 7 Bma) | S0 (Omay) )
27 A (

Ay = = ~ 38 nm

| | E)H (emax) | 1 - Cos(emax)
for the experimental conditions treated in this work, where
0,0 ~ 30°.

The role of the maximum scattering angle is well highlighted by
Eq. 3. For example, a 30% reduction in the maximum scattering
angle (down to ~20°) has a marked effect onto A, which raises
up to 85 nm. In such a case, the resolution along the depth is com-
parable to the cluster size, thus preventing any 3D reconstruction
attempt. On the other hand, increasing 0,,,,, by 30% to 40° would
greatly enhance the depth resolution, almost halving A down to
22 nm.

The sample model

The sample’s description for this work is conveniently chosen to
match the properties of silver nanoparticles (11). The shape is
formed by N, planes, as depicted in Fig. 1. Each plane is defined
by the coordinates of its point closest to the origin, P, = {x,, y,»
z,}. In such a way, any plane not containing the origin can be
uniquely identified. The volume enclosed by the N, planes, V,
defines the sample’s spatial extension. The optical properties of
the sample are assumed to be uniform within V,, i.e., the 3D
spatial distribution of the refractive index n(x, y, z) has a constant
value 1y in V, while it is set to 1 outside. Such a model can describe
any sample that (i) does not have concavities, (ii) is homogeneous,

Colombo et al., Sci. Adv. 9, eade5839 (2023) 22 February 2023

and (iii) has sharp boundaries. While these conditions fit well to the
structural properties of silver nanocrystals (11), they are ill suited for
many other types of morphologies, such as distorted droplets, for
which different parametrization basis sets may be chosen, e.g., ex-
pansion in spherical harmonics as described in (44). For further
considerations about the sample model, see the Supplementary
Materials.

The total number of facets involved in the fitting procedure must
be, at least, equal to the amount of faces that can fully describe the
sample shape. Their number is dependent on the cluster morphol-
ogy and can be as low as 14 for the truncated tetrahedron in Fig. 2E
(including the tip and edge truncation). However, using the lowest
possible amount of facets for the fitting would require a priori
knowledge on the cluster architecture, thus making the imaging ap-
proach less generic. On the other side, the number of facets cannot
indefinitely be increased mainly due to computational constraints
as the reconstruction time scales at least linearly with the amount
of free parameters involved. For these reasons, the same amount
of facets was considered for all the reconstructions presented here
to reduce the a priori bias of the imaging method. By setting the
number of facets to 30, the computation time was kept manageable
while at the same time all optimized shapes revealed less than 30
shape-defining facets.

The optimization task

Our imaging approach is based on the so-called forward fitting,
where the free parameters are tuned to optimize the similarity
between the simulated and the experimental pattern. The latter is
downscaled through an 8 x 8 pixel binning, to speed up the simu-
lation time (44) without having impact on the reconstruction
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Fig. 7. Geometrical representation of the transfer momentum. In the wide-

angle scattering regime, the depth component 7“ of the transfer momentum
— . - . -
g is not negligible at high scattering angles.

quality, as long as the oversampling condition is met (26, 53). In our
case, the similarity is encoded in the optimization target, which has
to be minimized via a suitable algorithm. Given I;;" the matrix that
contains the intensity values of the experimental diffraction pattern,
the optimization target E is defined as

E(p)=>_|I5* - 5™ (p)]| (4)
ij

This equation defines the metric used to calculate the distance
between the simulated pattern I*™ and the experimental one I°*P,
9™ and, consequently, the target E are functions of the vector p,
which contains all the parameters that are subject to the

Initialization

START — A population P of candi-
date solutions is randomly
initialized

l

Local optimization

Evolve the population .
pop A new set of solution

guesses P°P! is obtained
by optimizing via the

The population of guesses
P evolves by replacing P,

with PV if E[PMV] < Nelder-Mead — algorithm
E[PR]. the best candidate solu-
1 tions in P.
12

Create new guesses

For each guess P, create Is convergence

a new guess P™¥ via a " No Teachedy
Differential Evolution al-
gorithm.
Yesl
Return the solution
END «— Return the best guess

P{,‘Cr:‘l among the optimized

ones

Fig. 8. Flowchart of the optimization strategy used for imaging. For a step-by-
step description, see the main text.
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optimization procedure. First, ? contains the 3N, coordinates of
the N, planes. In addition, it encodes the complex refractive index
n, expressed as 1 — § + iP, where § and { are allowed to assume
values in the range of +30% of their tabulated value of 0.01 and
0.003, respectively (54). Last, p includes four additional
numbers: two of them are the x and y coordinates of the center of
the diffraction pattern (which can vary by up to +2 pixels from shot
to shot due to slightly different pointing directions of the FEL), one
is a global offset value in the diffraction data (to account for white
background noise of the pnCCD detector), and the last is a normal-
ization factor.

For the analysis of cluster agglomerates, a number Nj of faceted
shapes are considered. Each of the N, shapes has its own set of facets
and refractive index. Furthermore, each additional shape requires
the three spatial coordinates for its relative positioning. Thus, the
total amount of free parameters Nyinvolved in the fitting can be ex-
pressed by the following formula

Nf=(3N,+2) - No+3 - (N,—1)+4 (5)

For individual nanocrystals (N, = 1) imaged with 30 facets (N, =
30), the number of parameters involved in the optimization is Ny=
96. This number raises up to 191 and 286 for agglomerates com-
posed by two and three subcrystals, respectively.

The scope of the imaging procedure is to find the parameters p’
that fit best the experimental data I*P. The solution to the imaging

sol
problem 750 can be defined as the solution of an optimization task

(6)

— —
P =P P <EP1V A £ B)
where E is the optimization target defined in Eq. 4.
Any optimization strategy requires several evaluations of the op-
timization target, each of which implies a full wide-angle scattering
simulation. Because of the relatively small variation from unity of
the silver's refractive index at 243 eV, the simulated pattern I5™
as a function of parameter ? can be obtained through a fast approx-
imate simulation method, called Scatman (44), capable of providing
a simulated pattern in few milliseconds. Nevertheless, the optimiza-
tion of E(p’) is highly challenging, due to the high amount of free
parameters involved and the still relevant computational cost of the
error evaluation. For these reasons, an ad hoc optimization strategy
was developed for this work, and it is described in the follow-
ing section.

The fitting routine

The optimization strategy used in this work belongs to the family of
Memetic Algorithms (55, 56). These algorithms merge stochastic
and deterministic optimization techniques, aiming at combining
their strengths. In particular, a differential genetic algorithm (57)
is combined with a simplex-based Nelder-Mead algorithm (58).
In this section, we give a description of the algorithm structure, fol-
lowing the flowchart in Fig. 8.

The Initialization step initializes a population P of candidate so-
lutions. In particular, for each element P;, a random value d is ex-
tracted. Then, the N,, facets are randomly placed in space, all at the
same distance d. The reason for this choice is to ensure that, at the
starting point, all the facets have an effect in determining the nano-
cluster morphology. For the present work, the size of the population
P was set to 16,000.
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The Local optimization step involves a local optimization of the
free parameters. Here, the term local is used because the aim of this
step is to reach a close local optimum of the optimization target.
This is achieved via a simplex search algorithm (58). For this step,
the total number of target function evaluations was set to 30 x Nj
where Nyis the amount of free parameters involved in the optimi-
zation (see the previous section). In case of single nanoclusters, this
is equivalent to 2280. Because of the huge computational cost of this
step, the local optimization cannot be performed on all the candi-
date solutions in P, but only on the 16 with the lowest error. The set
of locally optimized shapes is here addressed as P°P".

The following two steps, Create new guesses and Evolve the pop-
ulation, are inherited from the differential evolution optimization
strategy (57) and aim at a global exploration of the parameter
space. In the first part, for each element P;, a new candidate solution
PV is built by merging the parameters of P; with other three can-
didates. The first of these three is randomly chosen among the
locally optimized population P°Pt, while the other two are randomly
selected from the whole population P. Last, each of the newly
formed candidate solutions P;¢" is compared with P;. If the error
of the new one is lower, P; is replaced by P

A full cycle of the algorithm's main loop as shown in Fig. 8 can
be broadly referred to as a generation, following the terminology
often used for genetic algorithms. The stopping criterion of the
imaging algorithm can be based on its convergence status, which
can be, for example, evaluated by looking at the entity of the param-
eters' differences within the population P. However, for this work,
we considered safer to use the total amount of generations as a stop-
ping condition, set here to 200. The final result yielded by the algo-
rithm is the best candidate solution among the optimized ones P°P*
in the last generation.

An intuitive visualization of the reconstruction procedure is pro-
vided by the movies in the Supplementary Materials. For the full
technical details, please refer to the imaging software released
online as open-source (https://gitlab.ethz.ch/nux/numerical-
physics/3d-imaging).

Limitations

The imaging approach presented here comes with some limitations.
In this section, we summarize them to provide a better overview to
the reader and to encourage the development of the imaging
method. The first restriction concerns the simulation method.
Exact simulations that solve Maxwell's equations numerically, e.g.,
via the finite-difference time-domain (FDTD) method (59, 60),
have a computational cost that makes them incompatible with a
forward-fitting approach, as each evaluation of the optimization
target involves a full simulation of a wide-angle scattering pattern.
It is thus necessary to rely on an approximate method, in our case,
the Scatman (44), which delivers a full simulation within few milli-
seconds. Its main drawback is that results deviate from the exact sol-
ution if the material’s refractive index is far from 1 and/or the
simulated sample is too large. For an exhaustive discussion on the
simulation method and its constraints, please see (44). Despite the
use of a fast simulation tool, the whole fitting procedure still requires
approximately an hour for reaching convergence. This means that,
at the current stage, the method is hardly applicable to more than a
few hundreds of diffraction patterns.
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The second restriction is still connected to the material optical
properties. Scattered light has to be recorded at high scattering
angles to provide 3D information. However, it is not always possible
to collect sufficient light at wide angles due to the typically low scat-
tering cross sections in the x-ray regime. On the other hand, the ab-
sorption cross section must not be too high: A sufficient amount of
light needs to reach the full sample to provide enough scattering at
all depths. However, this problem is being mitigated by the recent
developments of x-ray free electron lasers. There, pulse energies of
several millijoules can be delivered at photon energies with low ab-
sorption cross section and focused to very high intensities, thus pro-
viding meaningful signal at high scattering angles.

A third class of limitations directly derives from the shape
model. The faceted description of the sample restricts the analysis
to samples that are convex and uniform and have sharp edges. This
kind of samples is only a small subset of the nanostructures that are
actually of interest for the scientific community. Extensions of the
method to different shape representations, which allow more
complex structures, are currently under study, and their reliability
has to be investigated.

Supplementary Materials
This PDF file includes:

Edge Analysis

The role of constraints

Figs. S1 and S2

Legends for movies S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movies S1 and S2
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