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X-ray Photon Correlation Spectroscopy / 134

Chair

Corresponding Author: fuoss@slac.stanford.edu

X-ray Photon Correlation Spectroscopy / 62

Reaching the Yield Point of a Glass During X-Ray Irradiation

Author: Giulio Monaco'

! University of Padova
Corresponding Author: giulio.monaco@unipd.it

A solid loaded beyond the yield stress loses its elastic properties and becomes plastic. From a mi-
croscopic point of view, this limit corresponds to the condition where plastic regions become so
densely packed that they give rise to system-spanning structures. This limit for glasses is abrupt,
which makes experimental in-vestigations challenging. Here, the yield point is reached by the alter-
native ap-proach of increasing the density of plastic regions by generation of point defects during
x-ray irradiation. For the case of a LiBO2 glass, we show that at low doses, i.e., for a low density
of defects, the defects behave as isolated stress sources that induce atomic displacements typical of
an elastic solid. As the density of defects in-creases, the mechanical response of the glass at the
local scale changes from elastic to more and more plastic, until reaching the limit where it becomes
charac-teristic of a flowing system, which signals that the yield point is reached.

X-ray Photon Correlation Spectroscopy / 81

Probing protein dynamics using XPCS despite radiation damage.

Author: Yuriy Chushkin'

Co-authors: Alessandro Gulotta %; Felix Roosen-Runge 3. Antara Pal ?; Anna Stradner %; Peter Schurtenberger
2

! ESRE, The European Synchrotron, 71 Avenue des Martyrs, CS40220, 38043 Grenoble Cedex 9, France
2 Division of Physical Chemistry, Lund University, Naturvetarvigen 14, 22100 Lund, Sweden

* Department of Biomedical Science and Biofilms Research Center for Biointerfaces (BRCB), Faculty of Health and
Society, Malmé University, Sweden

Corresponding Author: chushkin@esrf.fr

X-ray Photon Correlation Spectroscopy (XPCS) is a well-established technique to study slow dynam-
ics in disordered materials at nanometer down to angstrom length scales [1]. The method exploits
the coherent fraction of the synchrotron radiation and benefits enormously from the recent upgrade
of the ESRF source (EBS) [2]. The high degree of coherence opens new avenues for application of
XPCS. One of the promising avenues is the study of dynamics in concentrated protein solutions at
nearest neighbor distances. Diffusion of proteins on length scales of their own diameter in highly
concentrated solutions is essential for understanding biological systems such as a living cell, but its
experimental characterization remains a challenge. Our work addresses this problem and discusses
the use of X-ray Photon Correlation Spectroscopy at a recently upgraded 4th generation synchrotron
source for this purpose. While X-ray radiation damage was generally believed to seriously

threaten the application of XPCS to biological systems, we now present a dedicated experimental
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and analysis strategy [3] to overcome this obstacle. We report a successful test of this approach to
highly concentrated solutions of the eye lens protein alpha crystallin [4], which has previously been
established as a model protein exhibiting the classic behavior of hard sphere colloids under these con-
ditions [5]. The thus obtained intrinsic relaxation times for so-called long-time cage diffusion indeed
agree with macroscopic measurements of the zero shear viscosity [6]. Our experiments also reveal
a complex dependence of the key structural and dynamic properties of the protein solutions on both
the total absorbed radiation dose as well as the dose rate. We discuss possible mechanisms responsi-
ble for the observed radiation effects and their consequences for future applications of XPCS.

1. Griibel, G., Madsen,A., & Robert, A. in Soft Matter Characterization (Springer Netherlands, Dor-
drecht, 2008) pp. 953-995.

2. Raimondi, P. Synchrotron Radiation News 29, 8 (2016).
3. Chushkin, Y. Journal of Synchrotron Radiation 27, 1247 (2020).

4. Chushkin, Y., Gulotta, A., Roosen-Runge, F., Pal, A., Stradner, A., Schurtenberger, P. Physical
Review Letters 129, 238001 (2022).

5. Foffi, G, Savin, G., Bucciarelli, S., Dorsaz, N., Thurston, G. M., Stradner, A., & Schurtenberger, P.
Proceedings of the National Academy of Sciences 111, 16748 (2014).

6. Bucciarelli, S., Myung, J. S., Farago, B., Das, S., Vliegenthart, G. A., Holderer, O., Winkler, R. G.,
Schurtenberger, P., Gompper, G., & Stradner, A. Science Advances 2, €1601432 (2016).

X-ray Photon Correlation Spectroscopy / 31

Spatio-temporal scaling laws in a heated egg yolk

Author: Nimmi Das Anthuparambil!

Co-authors: Anita Girelli ; Sonja Timmermann ; Marvin Kowalski ; Mohammad Sayed Akhundzadeh ; Sebastian
Retzbach ; Maximilian D. Senft ; Michelle Dargasz ; Dennis Gutmiiller ; Anusha Hiremath ; Marc Moron ; Ozgiil
Oztiirk ; Hanna-Friederike Poggemann ; Anastasia Ragulskaya ; Nafisa Begam ; Amir Tosson ; Michael Paulus ;
Fabian Westermeier ; Fajun Zhang ; Michael Sprung ; Frank Schreiber ; Christian Gutt

! University of Siegen
Corresponding Author: nimmi.anthuparambil@uni-siegen.de

Denaturation, aggregation and gelation of proteins and lipids are biologically relevant out-of equi-
librium processes which are coupled by a hierarchy of length, time and energy scales. Finding the
characteristic scaling laws governing these processes on the relevant time and length scales is nec-
essary to predict the changes of biomolecules to future time scales.

Here, we use heated egg yolk as a model system to reveal the spatio-temporal relationships under-
lying these intricate processes for a wide range of time and temperature combinations [1]. Using
low-dose X-ray photon correlation spectroscopy (beamline P10 at PETRA III, Hamburg, Germany)
in ultra-small angle X-ray scattering geometry, we follow the time-resolved structural and dynami-
cal evolution of multiple non-equilibrium processes occurring in a heated hen egg yolk. Following
key structural and dynamical features, we identify non-equilibrium processes such as denaturation
and aggregation of proteins, protein gelation, gel ageing, two-step aggregation of yolk low-density
lipoproteins (LDLs), and gelation of yolk granules. We find that the overall kinetics and dynamics
governing protein denaturation, aggregation, and gelation follow Arrhenius-type time-temperature
superposition (TTS). This implies an identical mechanism underlying these consecutive processes,
with a temperature-dependent reaction rate. At high temperatures, TTS breaks down during gela-
tion and temperature-independent gelation dynamics is observed. This indeed reflects the complex
association of protein aggregates that results in a gel network. In a broader sense, our research
[1] provides an illustration of how to comprehend the fascinating non-equilibrium events in inher-
ently complex, multi-component, thermally driven biological systems on length scales ranging from
nanometers to micrometers in a time spectrum of milli-seconds to hours.

Page 2



Coherence 2024 Book of Abstracts

References:

[1] Anthuparambil, N.D., Girelli, A., Timmermann, S. et al. Exploring non-equilibrium processes
and spatio-temporal scaling laws in heated egg yolk using coherent X-rays. Nat. Comm. 14, 5580
(2023). hitps://doi.org/10.1038/s41467-023-41202-z

X-ray Photon Correlation Spectroscopy / 88

Anomalous Protein Diffusion and Solvent-mediated interactions
in Crowded Solutions with Coherent X-Ray Scattering Using XFELs

Author: Anita Girelli!

! Stockholm University
Corresponding Author: anita.girelli@fysik.su.se

Proteins play essential roles in life, for instance serving as carriers, participants in the immune re-
sponse or for their structural role. In vivo, they exist within crowded environments with protein
volume fractions typically ranging as high as 30%. When the environment becomes highly con-
centrated, the dynamics of proteins deviate significantly from those observed in a dilute system.
However, the precise mechanisms influencing these dynamics across different time scales are not
yet fully understood. Here we present our recent results [1], where we investigated the effect of
self-crowding on protein diffusion in a ferritin solution with varying concentrations using X-ray
Photon Correlation Spectroscopy. This technique allows simultaneous monitoring of both the struc-
ture, through small angle scattering, and the diffusion, through intensity-autocorrelation functions,
of the protein solution, as demonstrated in our previous study [2]. By analyzing the scattering in-
tensity, we observed that the ferritin particles become more densely packed with increasing protein
concentration, indicated by a pronounced peak in the structure factor that shifts towards lower mo-
mentum transfer values. The protein diffusion, measured at all concentrations, follows a Brownian
type of motion, but exhibits deviations at the peak position. This deviation can be attributed to the
crowding effect caused by neighboring proteins, which act through hydrodynamic interactions. The
hydrodynamic functions, which reflects these interactions, exhibit a peak which coincides with that
of the structure factor indicating the connection of the crowding and the hydrodynamic interactions.
To elucidate the underlying mechanism, we compare the hydrodynamic functions with estimations
based on the dy-theory, which considers the non-trivial interactions between particles. The model
indicates that the protein diffusion is slower than that of non-interacting hard spheres due to the
presence of solvent-mediated interactions and effective local friction between the particles.

[1] Girelli, Filianina et al., in preparation
[2] Reiser, Girelli et al., Nature Communications 2022,13 (1), 5528

Ptychography at different wavelengths - S1/ 135

Chair

Corresponding Author: cameronk@ansto.gov.au

Ptychography at different wavelengths - S1/ 127
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Recent advances of Bragg ptychography and perspectives at 4th
generation synchrotron

Corresponding Author: virginie.chamard@fresnel fr

Bragg ptychography is a phase retrieval method combining crystalline sensitivity and the possibil-
ity to image extended 3D samples [God2011, Mas2017]. Recent progresses in Bragg ptychography
formalism, namely, the introduction of the back projection operator [Hru2017] and the advent of
4th generation synchrotron sources have enabled the use of 3D Bragg ptychography with unprece-
dented accuracy, sensitivity and spatial resolution. Specifically, the probe retrieval [Li2021] and the
beam-position refinement [Li2022] are now made possible and provide improved image quality.

In this talk, I will first detail recent advance of Bragg ptychography. Using a series of preliminary
results, I will further highlight the perspectives offered by 4th generation synchrotron sources, in
terms of temporal resolution and strain analysis. I will finally present a project of integration of
Bragg ptychography at synchrotron beamlines, performed with collaborators from ESRF, MAXIV
and Diamond. It aims at enabling the use of this 3D crystalline microscopy approach to a larger
X-ray community.

[God2011] P. Godard et al., Nature Commun. 2, (2011) 568
[Mas2017] F. Mastropietro et al., Nat. Materials 16, (2017)
[Hru2017] S. Hruszkewycz et al., Nat. Materials 16 (2017)
[Li2021] P. Li et al., Nat. Commun 12 (2021), 7059

[Li2022] P. Li et al., Light : Science & Applications 11 (2022), 73

Ptychography at different wavelengths - S1/ 97

Single-shot ptychography at free-electron laser

Author: Konstantin Kharitonov'

Co-authors: Mabel Ruiz Lopez %, Barbara Keitel 2; Svea Kreis ; Elke Ploenjes % Simon Jelinek ; Cornelia Wunderer
3. Alessandro Marras *; Jonathan Correa *; Mohammadtaghi Hajheidari 3. Christian David *; Qi Peng 4

! EuXFEL

? DESY FLASH
* DESY

+ psI

Corresponding Author: konstantin kharitonov@xfel.eu

Ptychography is a scanning coherent diffraction imaging technique capable of simultaneous imag-
ing of extended samples and beam characterization with diffraction-limited resolution. It is well
developed at synchrotrons, but its scanning nature prevents its use for single-shot imaging at wide
applications on FEL facilities.

Single-shot ptychography can be performed by collecting the diffraction patterns of multiple over-
lapping beams in one shot, thus measuring the whole dataset at once and removing the need for
scanning. A setup realizing this principle was proposed for visible light[1]; however, it cannot be
straightforwardly applied to X-ray due to the use of refractive optics.

We solved this problem by using a single-shot ptychography setup based on a combination of X-
ray focusing optics and beam-splitting grating and a corresponding forward model that facilitates
single-shot imaging of extended samples at soft X-ray wavelengths [2]. The setup was tested during
the proof of concept experiment at the free-electron laser FLASH at DESY and allowed us to obtain
a reconstruction of a test sample and probe wavefield from the data measured with a single pulse
of FLASH. However, the fidelity and resolution of the reconstruction were limited by the low per-
formance of the diffraction grating and the inability of the forward model to fit the inter-beamlet
interference.
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Here, we present further progress in the single-shot psychography at FELs. We used an improved
experimental setup based on the Damman grating [3] with higher diffraction efficiency and diffrac-
tion order uniformity and an improved forward model. These improvements allowed us to perform
single-shot ptychographical imaging and beam characterization during the beamtime at FLASH. This
technique further improved and adapted for harder X-rays, will allow the high-resolution single-shot
imaging of extended dynamical samples as well as the single-shot beam characterization at X-ray
free-electron lasers.

[1] Sidorenko, Pavel, and Oren Cohen. “Single-shot ptychography.” Optica 3.1 (2016): 9-14.

[2] Kharitonov, Konstantin, et al. “Single-shot ptychography at a soft X-ray free-electron laser”
Scientific Reports 12.1 (2022): 14430.

[3] Krackhardt, U., and N. Streibl. “Design of Dammann-gratings for array generation.” Optics
communications 74.1-2 (1989): 31-36.

Ptychography at different wavelengths - S1/ 34

High resolution spin texture imaging in spin caloritronics pro-
totype device structures: New opportunities for coherent hard
X-rays with resonant scattering at 4th generation light sources.

Author: Danny Mannix'

Co-authors: Jack Thomas-Hunt ?; Paul Evans *; Stephan Geprigs 4 Virginie Chamard 5 Peng Li ¢. Dina Carbone
7

' European Spallation Source

% Aarhus University

* University of Wisconsin

* Walther Meissner Institut

3 University Marseille / Institut Fresnel
¢ Diamond Light Source

7 MAX-IV, Lund University

Corresponding Author: dan.mannix@ess.eu

Spin caloritronics are currently a science focus due to their potential exploitation in the next genera-
tion of spintronics applications. This class of materials combine both spintronic and thermoelectric
functionalities by interconversion of charge, spin and heat currents [1]. Revealing how atomic strain
and magnetic structure are intertwined at the nanoscale is of central importance to the development
of emerging spin caloritronic nanotechnologies [2]. The recent investment in high brilliance 4th gen-
eration synchrotron sources hold promise for the development of new microscopic tools to reveal
simultaneously atomic and magnetic nano-structure.

Here, we present preliminary results from ID01 of the ESRF-EBS and NanoMAX of MAX IV Labora-
tory. The first combine Bragg ptychography with X-ray resonant scattering at low temperatures to
investigate prototype spin caloritronic devices structures of Gd3Fe5012 epitaxial films capped with
a Platinum layer. The second are focussed on the analysis of structure and strain of diverse prototype
structures at room temperature. From our analysis exploiting inverse microscopy approaches, we
demonstrate the potential to correlate atomic strain and magnetic structures down to 16 nm spatial
resolution.

References

[1] S. Geprags et al. Nature Com. 7, 10452 (2016).

[2] P.G. Evans et al. Science Advances 2020, 6 (40), eaba9351. DOIL: doi:10.1126/sciadv.aba9351

XPCS, polarised and chiral beams / 136
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Corresponding Author: ian.mcnulty@maxiv.lu.se

XPCS, polarised and chiral beams / 100

Magnetic spectroscopy and imaging with x-rays carrying orbital
angular momentum

Author: Maurizio Sacchi’

' CNRS - INSP and Synchrotron SOLEIL
Corresponding Author: maurizio.sacchi@synchrotron-soleil fr

M. Pancaldi, M. Fanciulli, A.-E. Stanciu, M. Guer, P. Carrara, C. Spezzani, E. Pedersoli, M. Luttmann,
M. Vimal, D. Bresteau, D. De Angelis, P. R. Ribic, B. Résner, C. David, M. Manfredda, F. Guzzi, C.
B. Bevis, J. Barolak, S. Bonetti, I. Bykova, L. Novinec, A. Ravindran, A. Simoncig, D. E. Adams, G.
Kourousias, G. Mancini, P. Vavassori, R. Sousa, L-L. Prejbeanu, L. Vila, L. Buda-Prejbeanu, B. Dieny,
G. De Ninno, F. Capotondi, T. Ruchon, M. Sacchi

The interaction of light beams with magnetic materials defines the rich set of analytical tools in
magneto-optics, covering photon energies from infra-red to hard x-rays. In addition to the spin an-
gular momentum (SAM) associated to the light polarization, Laguerre-Gaussian (LG) beams carry
also an orbital angular momentum (OAM) of ¢h/photon [1] associated to an azimuthal dependence
exp(itd) of the electric field phase. Over the last thirty years, OAM beams at vis-IR wavelengths
found applications in biology, telecommunication, imaging and quantum technologies [2]. Their ca-
pability to exert a mechanical torque was exploited to create optical spanners for manipulating small
particles. The azimuthal phase dependence introduces a singularity on the propagation axis and a
radial modulation of the intensity (ring-shaped), properties that have been used to modify magnetic
ordering, to improve the spatial resolution in microscopy, and to enhance the edge sharpness in
phase-contrast imaging.

Over the last decade, the generation of OAM beams at shorter wavelengths, from XUV to hard x-rays,
is also finding an increasing number of applications, often based on extrapolations of previous work
carried out in the visible range. For instance, as it happened for the SAM, the handedness imposed
by the OAM has been exploited to perform x-ray spectroscopic studies of magnetic materials [3]
and of chiral molecules [4], and a recent ptychography study [5] showed that the attainable spatial
resolution in the reconstructed XUV images increases with ¢.

We will review recent extensions in the use of OAM beams from visible to short wavelengths, with
focus on applications of 10-100 fs XUV-OAM pulses for element-selective spectroscopy and imaging
of magnetic structures. We will show how time-resolved resonant scattering experiments offer new
perspectives for tracking the dynamics of complex magnetic topologies.

1. L. Allen at al., Orbital angular momentum of light and the transformation of Laguerre-
Gaussian laser modes, Phys. Rev. A 45, 8185 (1992).

2. Y. Shen et al., Optical vortices 30 years on: OAM manipulation from topological charge to
multiple singularities, Light: Science & Applications 8, 90 (2019).

3. M. Fanciulli et al., Electromagnetic theory of Helicoidal Dichroism in reflection from mag-
netic structures, Phys. Rev. A 103, 013501 (2021); T. Ruchon, M. Fanciulli, M. Sacchi, Magneto-
Optics with light beams carrying orbital angular momentum, in The 2022 magneto-optics
roadmap (A. Berger, P. Vavassori Eds.), J. Phys. D: Appl. Phys. 55, 463003 (2022); M. Fanciulli et
al., Observation of magnetic helicoidal dichroism with extreme ultraviolet light vortices,
Phys. Rev. Lett. 128, 077401 (2022).

4. J. R. Rouxel et al., Hard X-ray helical dichroism of disordered molecular media, Nature
Photonics 16, 570 (2022).
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5. M. Pancaldi et al., High-resolution ptychographic imaging at a seeded free-electron laser
source using OAM beams, Optica (2024), in press (https://doi.org/10.1364/OPTICA.509745)

XPCS, polarised and chiral beams / 9

Coherent Correlation Imaging for resolving fluctuating states of
matter

Authors: Christopher Klose!; Felix Biittner?; Wen Hu®; Mazzoli Claudio®; Kai Litzius®; Riccardo Battistelli%; Sergey
Zayko’; Ivan Lemesh?; Jason M. Bartell¥°"; Mantao Huang’; Christian M. Giinther®; Michael Schneider'; Andi
Barbour?®; Stuart B. Wilkins?; Geoffrey S. D. Beach; Stefan Fisebitt!; Bastian Pfau’

! Max Born Institute Berlin

® Helmholtz-Zentrum fiir Materialien und Energie Berlin
* Brookhaven National Laboratory

* Massachusetts Institute of Technology

* University of Gottingen

® Technische Universitit Berlin

Corresponding Author: christopher.klose@mbi-berlin.de

Fluctuations and stochastic processes are ubiquitous in nanometer-scale systems, especially in the
presence of disorder. Real-space access to fluctuating states is impeded by a fundamental dilemma
between spatial and temporal resolution. Averaging over an extended period of time (or repetitions)
is key for the majority of high-resolution imaging experiments, especially in weak contrast systems.
If, by lack of better knowledge, averaging is indiscriminate, it leads to a loss of temporal resolution
and to motion-blurred images.

We present coherent correlation imaging (CCI) [1] - a high-resolution, full-field imaging technique
that realizes multi-shot, time-resolved imaging of stochastic processes. The key idea of CCI is the
classification of Fourier-space coherent scattering images based on the speckle fingerprints of the
real-space state — even at a low photon count where imaging is not possible. Contrast and spatial
resolution emerge by averaging selectively over same-state frames. Temporal resolution down to the
acquisition time of single frames arises independently from an exceptionally low misclassification
rate, which we achieve by combining correlation-based similarity metric with powerful classifica-
tion algorithm.

We apply CCI to study previously inaccessible magnetic fluctuations in a highly degenerate mag-
netic stripe domain state with nanometer-scale resolution. Our material is a Co-based chiral ferro-
magnetic multilayer with magnetic pinning low enough to exhibit stochastically recurring dynam-
ics that resemble thermally-induced Barkhausen jumps near room temperature. CCI reconstructs
high-resolution real-space images of all domain states by holographically aided phase retrieval [2, 3]
and, unlike previous approaches, also tracks the time when these states occur. The spatiotemporal
imaging reveals an intrinsic transition network between the states and unprecedented details of the
magnetic pinning landscape allowing us to explain the dynamics on a microscopic level.

CCI massively expands the potential of emerging high-coherence X-ray sources and paves the way
for addressing large fundamental questions such as the contribution of pinning and topology in
phase transitions and the role of spin and charge order fluctuations in high-temperature supercon-
ductivity.

[1] C. Klose et. al., Coherent correlation imaging for resolving fluctuating states of matter. Nature
614, 256-261 (2023)

[2] S. Zayko et al., Ultrafast high-harmonic nanoscopy of magnetization dynamics. Nat. Commun.
12, 6337 (2021).

[3] R. Battistelli, et. al., Coherent x-ray magnetic imaging with 5 nm resolution, Optica, DOI 10.1364/OP-
TICA.505999
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XPCS, polarised and chiral beams / 42

Probing thermally activated dynamics in Artificial Spin Ices with
coherent X-rays

Authors: Oier Bikondoa'; A. Stamatelatos?; C. Vantaraki®; Strandqvist N.3; C. Mazzoli*; R. Fan®; P. Steadman®; V.
Kapaklis’; T. P. A. Hase®

! Department of Physics - University of Warwick (UK) &amp; XMaS UK CRG Beamline at the ESRF
* Department of Physics, University of Warwick, Coventry, UK

* Department of Materials Physics, University of Uppsala, Uppsala, Sweden

* NSLS-2, Brookhaven National Laboratory, Upton, NY USA

> 5Diamond Light Source, Rutherford Appleton Laboratory, Didcot, UK

Corresponding Author: oier.bikondoa@esrf.fr

Arrays of nanoscaled magnetic elements, each acting as a single mesospin, are the building blocks
of artificial systems of varying complexity in which the mesospin and lattice geometry can be used
to design emergent mesoscale magnetic order. The geometry of the mesospin lattice determines
the magnetic dimensionality and the interactions between the elements affect the global ordering
and thermally driven dynamics [1]. Here, we focus on two types mesospin arrays arranged as Ising
chains and square artificial spin ice (SASI) structures [2,3]. Different mesospin gaps generate vary-
ing interaction energies which compete with the thermally active Fe/Pd base material to drive the
collective behaviour . As a function of increasing temperature, individual mesospins start to reverse,
introducing defects into the arrays and reducing the correlations over characteristic timescales. Di-
rect imaging using PEEM is limited for fluctuating systems due to long acquisition times and a
limited field of view, so here we use a different approach and combine coherent magnetic scattering
with x-ray photon correlation spectroscopy (XPCS). We measure one-time and two-time correlation
functions as a function of applied field and temperature. We particularly concentrate on the tem-
perature window between the mesospin blocking temperature TB (fixed by the Zeeman and shape
anisotropy) and the Curie temperature of the Fe/Pd base material. This study yields new insights
into the dynamics of magnetic excitations in these arrays, with both high spatial and temporal res-
olution.

[1] H. Stopfel et al., Phys. Rev. Materials 5, 114410 (2021).
[2] M. S. Andersson et al., Scientific Reports 6, 37097 (2016).
[3] V. Kapaklis et al., Nature Nanotech 9, 514-519 (2014).

XPCS, polarised and chiral beams / 59

Piezoelectric response in PMN relaxor ferroelectric probed by in-
situ wide-angle X-ray Photon Correlation Spectroscopy

Author: Dina Sheyfer'

Co-authors: Hao Zheng . Matthew Krogstad 1. Carol Thompson z, Hoydoo You 3;Jeffrey Eastman *; Yuzi Liu ; Bi-
Xia Wang *; Zuo-Guang Ye °; Stephan Rosenkranz *; Daniel Phelan *; Eric M. Dufresne '; Gregory Brian Stephenson
3 3

; Yue Cao

' X-ray Science Division, Argonne National Laboratory
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* Materials Science Division, Argonne National Laboratory

* Center for Nanoscale Materials, Argonne National Laboratory

> Department of Chemistry and 4D Labs, Simon Fraser University
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Corresponding Author: dsheyfer@anl.gov

The development of advanced functional materials relies on understanding interactions and hetero-
geneity at nanometer-to-micrometer length scales. The extraordinary electromechanical properties
of relaxor ferroelectrics are widely attributed to the crucial role of spatial structural heterogeneity.
Recent developments in coherent x-ray sources and methods significantly advance the possibilities
of nanoscale measurements, offering superb spatial and temporal resolution, and support also in-
situ type experimental techniques. Wide-angle X-ray photon correlation spectroscopy (XPCS) is
a powerful tool to probe dynamics of heterogeneity in condensed matter, both in equilibrium and
under applied stimuli [1,2]. Here, we present an in-situ XPCS study of the relaxor ferroelectric
PbMg1/3Nb2/303 (PMN) under applied AC electric field [3]. We observed strong periodic response
in two-time correlation function (TTCF) calculated from the diffuse scattering speckle pattern, even
for relatively weak applied AC fields. This is surprising since PMN is electrostrictive, with no linear
piezoelectric response at zero field. The periodic behavior in the TTCF was shown to arise from local
tilting of the illuminated sample volume due to the combined AC field and a static field caused by
the incident X-ray beam. To qualitatively describe the results (tilt amplitude and direction) we devel-
oped a model that combines the electrostrictive response of the PMN material and the non-uniform
charging due to the incident micrometre-scale X-ray beam. The X-ray-induced piezoresponse may
play a crucial role in interpreting XPCS and nanodiffraction studies on other insulating materials
subjected to applied AC fields or varying X-ray illumination.

Work supported by the US Department of Energy (DOE), Office of Science, Basic Energy Sciences,
Materials Science and Engineering Division. The experiments were performed at beamline 8-ID-E,
and also 12-ID-D and 33-BM of the Advanced Photon Source, a DOE Office of Science User Facility
operated by Argonne National Laboratory under Contract No. DE-AC02-06CH11357. Work used
resources at the Center for Nanoscale Materials, a DOE Office of Science User Facility, undersame
contract. This research was also supported by the Natural Sciences and Engineering Research Coun-
cil of Canada (NSERC, Discovery Grant No. RGPIN-2023-04416).

[1] Shpyrko, O. G, et al. “Direct measurement of antiferromagnetic domain fluctuations.” Nature
447.7140 (2007): 68-71.

[2] Sandy, AR., Zhang Q., and Lurio B.L. “Hard x-ray photon correlation spectroscopy methods for
materials studies” Annual Review of Materials Research 48 (2018): 167-190.

[3] Sheyfer, D., Hao Z. et al. “X-ray-induced piezoresponse during X-ray photon correlation spec-
troscopy of PbMg1/3Nb2/303” Journal of Synchrotron Radiation 31.1 (2024).

Instrumentation and method development - S1/ 137

Chair

Corresponding Author: gwilliams@bnl.gov

Instrumentation and method development - S1/6

Photon correlation measurements using a MHz repetition rate X-
ray free-electron laser

Author: Anders Madsen™™

I will present recent advances in X-Ray Photon Correlation Spectroscopy (XPCS) at the MID instru-
ment of the European XFEL. Access to sub-ms timescales is important for studying diffusion-type
dynamics in aqueous solutions, for instance of colloids and bio-molecules. The European XFEL with
its MHz repetition rate, provides this opportunity. XFEL experiments often require specialized sam-
ple replenishing and sample environments, for instance liquid jet delivery or fast scanning methods.
The short-pulse duration and high peak brilliance of the source also gives unique possibilities for
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investigating the initial states of crystallization, for instance in a super-cooled liquid. X-ray Cross-
Correlation Analysis (XCCA) yields direct access to studying the crystalline order and emerging
defects, beyond classical crystallography experiments.

Instrumentation and method development - S1/ 49

Rapid scanning ptychography with 3D real-time position regis-
tration at HXN beamline

Authors: Zirui Gao'; Weihe Xu'; Wei Xu'; Hanfei Yan'; Dmitri Garvrilov'; Huijuan Xu'; Aaron Michelson'; Yong
S. Chu'; Evgeny Nazaretski'; Xiaojing Huang'

! Brookhaven National Laboratory

Corresponding Author: zgaol@bnl.gov

In the past decades, X-ray ptychography has been demonstrated as a powerful technique of coherent
diffractive imaging because of its capability to achieve quantitative phase contrast and nanoscale res-
olution not limited by the performance of X-ray lenses. It has seen applications in a broad range of
research fields from microelectronics to biology [1,2]. However, because ptychography is a scanning-
based imaging method and requires high positioning precision of the instruments, the long measure-
ment time and noticeable efforts needed in developing and operating the hardware have been two of
the major factors limiting more general utilization of the technique. At the Hard X-ray Nanoprobe
(HXN) beamline [3] of NSLS-1I in the US, we have developed a system for ptychography and tomog-
raphy imaging, which enables rapid scanning up to 1kHz speed and simplifies sample preparation
and alignment process for more versatile applications.

The Rapid Scanning Microscopy Instrument-II (RASMI-II), being commissioned at the HXN beam-
line, is the main component of the imaging system which consists of motorized stages for sample
and focusing optics. The sample stage uses a precision metrology disc and linear laser interferome-
ters for position referencing, which enables continuous tracking of the sample position in 3D during
scanning and sample rotation. This design largely simplifies the sample alignment procedure before
measurement and tackles sample drifts during measurement to reduce scan overhead time. By com-
bining the RASMI-II with a fast-response detector and high-speed data collection devices, we were
able to push the scanning speed of ptychography measurements to 1kHz in fly-scan mode, which is
the fastest frame rate of the detector, thereby achieving tomography measurement time down to 1
hour per sample. We have also developed specialized software and algorithms which incorporates
fly-scan trajectories in the iterative phase retrieval process for faster convergence and noise reduc-
tion in rapid fly-scan ptychography reconstruction, as well as utilizes 3D position registration data
for tomographic alignment and reconstruction.

In summary, the new ptychography and tomography imaging system at HXN beamline based on
RASMI-II will provide a platform for high-throughput and versatile nanotomography imaging. Its
instrument approach finds a broader potential application for other microscopy beamlines, partic-
ularly at the diffraction-limited light sources, where the scanning speed should be commensurate
with significantly higher coherent flux.

[1] Holler, M., Guizar-Sicairos, M., Tsai, E.H., Dinapoli, R., Miiller, E., Bunk, O., Raabe, J. and Aeppli,
G., 2017. High-resolution non-destructive three-dimensional imaging of integrated circuits. Nature,
543(7645), pp.402-406.

[2] Victor, TW., Easthon, L.M., Ge, M., O’Toole, K.H., Smith, RJ., Huang, X., Yan, H., Allen, K.N.,
Chu, Y.S. and Miller, L.M., 2018. X-ray fluorescence nanotomography of single bacteria with a sub-
15 nm beam. Scientific reports, 8(1), p.13415.

[3] Yan, H., Huang, X., Chu, Y.S., Pattammattel, A., Nazaretski, E. and Ill, P., 2019, September. Hard
x-ray nanoprobe: a scanning hard x-ray microscopy beamline offering multi-modal imaging capa-
bilities at 10 nm. In X-Ray Nanoimaging: Instruments and Methods IV (Vol. 11112, p. 1111202).
SPIE.
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Instrumentation and method development - S1/ 77

Exploring memory effects in Quantum Materials

Author: Daniel Perez-Salinas’

Co-authors: Khalid Siddiqui ?; Naman Agarwal ; Dirk Backes *; Allan Johnson *; Christian M. Giinther °; Jordi
Llobet !; Efren Navarro-Moratalla ®; Manuel Valvidares ’; Simon Wall 2
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* ICFO
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7 ALBA Synchrotron Light Source
Corresponding Author: dpsalinas@cells.es

Soft X-ray coherent techniques have proved to be a powerful tool in the investigation of static and dy-
namic phenomena in solid-state quantum materials, such as ultrafast light-induced phase transitions
[1], fluctuating domains [2] or memory effects [3]. One particular aspect of phase transitions is their
possibility of being non-reversible and/or stochastic, which ties into mostly unexplored underlying
physical mechanisms and is critical when devising functional devices that exploit the nanoscale be-
haviour of a given system. Coherent Diffractive Imaging (CDI) and Fourier Transform Holography
(FTH) can provide the spatial resolution, contrast mechanisms and sample environments required
to tackle the nanoscale repeatability of a transition under a variety of conditions. Here we show
a study on the repeatability of the light induced insulator-to-metal phase transition in the proto-
typical material VOq, showing stochastic behaviour, unstable domains with different lifetimes and
permanent metallic domains stable well below the critical temperature. In addition, we will present
recent advances in the coherent imaging program of the BOREAS beamline at ALBA Synchrotron,
highlighting imaging on magnetic Van der Waals materials.

References:

[1] Johnson, A.S., Perez-Salinas, D., Siddiqui, K.M. et al. Ultrafast X-ray imaging of the light-induced
phase transition in VO2. Nat. Phys. 19, 215-220 (2023)

[2] Klose, C., Biittner, F., Hu, W. et al. Coherent correlation imaging for resolving fluctuating states
of matter. Nature 614, 256-261 (2023)

[3] Chen, X.M., Mazzoli, C., Cao, Y. et al. Charge density wave memory in a cuprate superconductor.
Nat Commun 10, 1435 (2019)

Instrumentation and method development - S1/ 61
Unlocking the potential of ptychographic imaging with upgraded
coherent sources

Authors: Junjing Deng'; Yi Jiang'; Fabricio Marin'; Curt Preissner'; Barry Lai'

! Argonne National Laboratory
Corresponding Author: junjingdeng@anl.gov
Recent breakthroughs in electron storage rings have enabled a notable increase in coherent X-ray
flux, promising a potential acceleration in coherent imaging speed by several orders of magnitude.

However, realizing this speed enhancement requires concurrent advancements in instrumentation
and computation algorithms for X-ray ptychography. At the Advanced Photon Source, we have
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developed high-speed ptychographic scanning that offers distinct advantages in handling decoher-
ence effects, mitigating radiation damage, and providing capability of imaging large 3D volumes.
With a prototype pixel area detector operating continuously at 20 kHz, a fast ptychographic scan
was showcased at a remarkable scanning speed of 4 mm/s. Furthermore, we demonstrated high-
speed ptychographic tomography on lithium nickel manganese cobalt oxide (NMC) samples with
dimensions of approximately 10 microns, achieving completion within just a few minutes. These
developments will unlock new possibilities for utilizing X-ray ptychography to expolre samples into
the fourth dimension. This includes enabling the observation of chemical states across relevant en-
ergy edges and monitoring sample evolution in in-situ environments.

This work was performed at the Advanced Photon Source, a U.S. Department of Energy Office of
Science User Facility under Contract No. DE-AC02-06CH11357.

Instrumentation and method development - S1/ 118

Next Generation Detectors for High-Resolution Experiments with
High-Energy Coherent Synchrotron Radiation

Author: Max Burian'

Co-authors: Sascha Grimm !; Stefan Brandstetter !

' Dectris Ltd.
Corresponding Author: max.burian@dectris.com

High-resolution synchrotron experiments increasingly require advanced detection capabilities to ad-
dress the challenges of high-energy coherent synchrotron radiation. Hybrid Photon Counting (HPC)
X-ray detectors have emerged as pivotal tools in this context [1].The EIGER2 detector advances HPC
technology with its 75 pm x 75 pm pixel size, kilohertz frame rates, negligible dead time (100 ns),
and count rates up to 107 photons per pixel. Particularly for experiments aiming to exploit coher-
ent radiation, such as Ptychography, Bragg Coherent Diffraction Imaging (BCDI) or X-Ray Photon
Correlation Spectroscopy (XPCS) these advantages are crucial.

Upgrades to 4th generation synchrotron sources will significantly enhance the brilliance and coher-
ence of X-ray beams. This increase will be most dramatic in the high-energy regime, resulting in
an effective increase of coherent radiation of 2-3 orders of magnitude at X-Ray energies >20 keV or
higher — depending on the synchrotron source [2,3]. Coherent scattering techniques that are so far
established for X Ray energies below 12 keV will also start to become relevant at energies >20 keV
which will likely enable new and groundbreaking science.

HPC detectors with high-Z sensor materials are essential for enabling these experiments. They com-
bine (a) noise-free detection with no incoherent noise contribution, (b) fast, digital readout for fast
correlation times and scanning speeds, (c) high-dynamic range to resolve both weak and strong sig-
nals simultaneously with (d) high detection quantum efficiency (DQE). Particularly for experiments
carried out at >12 keV where Silicon sensors become increasingly transparent, the high DQE of
high-Z sensors not only reduces the needed acquisition time, but also drastically reduces the effec-
tive X-Ray dose on the sample.

We report on the EIGER2 detectors paired with the high-Z sensor CdTe in coherent experiments,
demonstrating their performance, stability and reliability. We present experimental results for both
XPCS and Ptychography at >20 keV, giving a glimpse on the potential of next generation HPC detec-
tors for future experiments utilizing high-energy coherent radiation. The presented measurements
were performed at several synchrotron sources: ESRF (Grenoble, France), APS (Chicago, USA), and
PETRA III (Hamburg, Germany).

References

[1] A.Forster, S.Brandstetter, and C.Schulze-Briese, “Transforming X-ray detection with hybrid pho-
ton counting

detectors”, Philos. Trans. R. Soc. Math. Phys. Eng. Sci., vol. 377, no. 20180241, April 2019.
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[2] PWillmot, et.al. “SLS 2.0 Beamline Conceptual Design Report”, 2021.
[3] “PETRA IV Conceptual Design Report”, 2023.

Coherent Diffraction Imaging with X-rays / 138

Chair

Coherent Diffraction Imaging with X-rays / 123

Ultrafast Polaronic Lattice Distortions using Time-resolved Co-
herent Diffraction Imaging

Corresponding Author: hkim@sogang.ac.kr

The recent advance of X-ray free electron laser (XFEL) opens the area of ultrafast structural dynam-
ics with a few tens of femtoseconds time resolution due to its unique characteristics of X-rays. XFEL
makes it possible to obtain critical information on the intermediate states or pathways during the
phase transformation, which only measures the initial and final states with many existing techniques.
In my talk, I show the results of ultrafast lattice distortions with photoexcitation of perovskite ox-
ides by time-resolved Bragg coherent X-ray diffraction imaging by taking advantage of almost 100

% of transverse coherence available from XFEL. I will present a direct observation of initial polaron
generation and relevant strain evolution in perovskite-oxide nanocrystals.

This work was supported by the National Research Foundation of Korea grant NRF- 2021R1A3B1077076.

Coherent Diffraction Imaging with X-rays /5

Structured probes for BCDI: Toward the imaging of dynamic and
distorted crystals

Author: Irene Calvo’
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This work proposes speckle Bragg coherent diffraction imaging (spBCDI), a new approach to improve
the time-resolution in BCDI microscopy. The method uses structured (or speckled) illumination to
induce a convolution of the 3D frequency content associated with the nano-sized crystal with a broad
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kernel, acting partially along the rocking-curve (RC) direction. Such a convolution encodes 3D struc-
tural information about the sample in each 2D image, and hence significantly reduces the required
oversampling ratio along the RC direction (i.e., with respect to the Nyquist frequency).

Extensive numerical simulations demonstrate data spBCDI obtained with low oversampling ratios
(i.e., < 2) along the RC yield reliable reconstruction of the crystal phase. Such reductions in the
oversampling ratio reduce the measurement times which are between 1.5 - 14 times (depending on
the incidence angle and the speckle size) shorter than for standard (plane wave) BCDI [1], enabling
spBCDI for imaging time-evolving systems in the 0.5 - 1s time scale at 4th generation synchrotrons.
The simulations also explore the limits of spBCDI by evaluating the minimum oversampling ratio
along the RC which still yields an invertible data set [1]. This new method is also remarkably well
suited for robust imaging of strongly distorted crystals, which remains challenging in plane wave
BCDI [1].

A proof-of-concept experiment has been performed at the ID13 beamline (ESRF) [2]. The struc-
tured illumination was obtained by introducing a tailored phase-plate, that we designed to match
the required speckle and beam envelope sizes (manufactured by XRnanotech GmbH, Switzerland).
Combined with the powerful focusing optics of ID13 (Multi-Laue lenses), this new optical device
produces a structured illumination at the sample position, with speckle grains of 70 nm laterally
distributed within a beam of ~ 1 um size. This illumination was used to image a 3D crystalline nano-
structured Si thin-film with a set of oversampling ratios along the RC direction ranging from 4 down
to 0.4.

[1] I. Calvo-Almazan, V. Chamard, T. Griinewald and M. Allain, Inhomogeneous probes for BCDI:
Toward the imaging of dynamic and distorted crystals, in preparation

[2] I Calvo Almazan, T, Griinewald, P. Li, P. Fenter, F. Bartolomé, M. Burghammer, A. Medjahed, M.
Allain and V. Chamard, Real-time imaging of dynamic crystals with strongly structured probes for
BCDJ, in preparation

Coherent Diffraction Imaging with X-rays / 85

Time-resolved Bragg coherent diffraction imaging of Pd nanopar-
ticles during in situ acetylene hydrogenation
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The study of nanoparticle (NP) assisted chemical reactions is important for the development of effi-
cient catalyst materials for a wide range of environmental and energy applications [1]. Such studies
are primarily focused on the role of surface sites - whether on particle facets or vertices. The rate and
efficiency of heterogeneous catalysis is dependent on these distinct adsorption energies and turnover
rates [2]. In addition to facet-dependent catalytic activity, lattice strain is known to influence the
reactivity of metal surfaces [3]. One technique that can be used to probe lattice displacement with
pm precision is Bragg Coherent Diffraction Imaging (BCDI) [4]. From the lattice displacement, the
local strain of metal NPs can be examined in situ during catalyst-enhanced reactions. In this study,
we probe the hydrogenation of acetylene on Pd nanoparticles (NP) [5], where the partial hydrogena-
tion to ethylene is desired. This relies on fine control of the sample temperature, gas pressure, and
the reactant ratios [6].
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In order to probe the kinetics of heterogeneous catalysis a dynamic probe of strain evolution is found
using real-time, and stroboscopic BCDI at the ID01-EBS beamline of ESRF [7]. This is applied to Pd
NP in situ during acetylene adsorption, hydrogen absorption, and under acetylene hydrogenation.
With this study it is possible to track the evolution of the average lattice expansion of the particle
as a function of time. By distinguishing the changes in local lattice parameter under each of these
conditions, we can understand the role of various Pd facets in the partial hydrogenation of alkynes
[5]. With this knowledge, we performed stroboscopic BCDI on Pd NP under reversible reaction
conditions to observe the mechanism with a time resolution of 0.3 s. The evolution of the lattice
parameter on the sub second timescale shows a clear facet dependence which we believe is linked
to the preferential adsorption of acetylene. We observe that the top (111) facet exhibits a lattice
contraction relative to the bulk of the Pd NP within a few seconds upon introduction of acetylene
gas. Through DFT simulations we will unravel whether the rate-limiting step is pressure stabilisation
or the surface reaction with absorbed hydrogen as has been previously proposed [6].

Hammer, B. & Norskov, J. K (1995). Nature 376, 238-240.
McEwen, J. S. et al. (2003) Surf. Sci. 545, 47-69.
3] Wang et al. (2016) Science 354 1031-1036.

(1]
|
[4] Pfeifer, M. et al. (2006) Nature 442, 63—66.
(5]
(6]
(7]

5] Kim, S.K. et al. (2013) Jour. Catal. 306 146-154.
6] Ravanchi, T. et al. (2018) Rev. Chem. Eng. 34(2) 215-237.
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Coherent Diffraction Imaging with X-rays / 79

Single-Shot Imaging and Phase Retrieval of Void-Shockwave Dy-
namics in Extreme Conditions
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The recent accomplishment of a 3.88 MJ yield in 2023 along with subsequent successes at the Na-
tional Ignition Facility (NIF), indicates a transformative era in Inertial Fusion Energy (IFE) research.
This milestone showcases nuclear fusion’s potential as a sustainable, safe, and virtually inexhaus-
tive source of energy, positioning it as a promising solution to meet the world’s growing energy
demands. Further improvements to IFE research are dependent on assessing material response dur-
ing dynamic compression. To address this, our research team is pioneering the imaging of instabil-
ities as fusion capsules collapse. This effort aims to quantify the impact of imperfections in ablator
materials during dynamic compression and how it could influence the overall fusion yield. In an
experiment conducted at the Matter in Extreme Conditions (MEC) instrument at the Linac Coherent
Light Source (LCLS), we employed an x-ray phase-contrast imaging (XPCI) method to accurately
measure the capsule’s dynamic areal density [1, 2] during this process. To mitigate the effects of
random fluctuations of the x-ray free electron laser (XFEL), we implemented a flat-field correction
scheme that normalizes the dynamic images, compensating for both XFEL beam inhomogeneities
and imperfections accumulated along the x-ray path [3]. For quantitative evaluation, particularly
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for calculating the phase to determine areal density, we propose two distinct phase retrieval strate-
gies tailored for extracting the phase from a complex, single-shot, multi-material, dynamic image.
Our advanced techniques circumvent the typical limitations encountered with conventional phase
retrieval methods. These traditional methods often necessitate a single-material composition, re-
quire the object to be isolated within the field of view, and are constrained to specific propagation
regimes. In contrast, our approaches are not limited to these requirements and can determine the ab-
solute phase, obviating the need for phase unwrapping. This feature is particularly beneficial since
large phase excursions are induced by the compressive force of the shock wave in relation to the
surrounding material. The first method involves using a single, flat-field corrected dynamic image
for phase reconstruction. This method incorporates automatic differentiation (AD) [4, 5] with the
transport of intensity equation (TIE), enabling the fine-tuning of specific parameters to best match
experimental conditions and optimize the phase result. Further refinement of the reconstructed im-
age is achieved by adopting the method of reconstructing the projected refractive index, a technique
validated by Wittwer et al. [6] The second phase retrieval strategy leverages the inherent speckle pat-
tern and phase contrast that naturally emerges during light propagation in the raw dynamic image.
This approach avoids the conventional reliance on flat-field correction, but instead utilizes the unal-
tered data to uncover the phase information [7]. By using the speckle information, we reconstruct
the large-scale structures, while propagation allows for the resolution of finer, small-scale features.
These techniques represent a significant advancement in dynamic imaging, offering unprecedented
clarity and detail in the visualization of material density. Acquiring areal density information is
vital, providing insights into the complexities of achieve self-sustaining fusion reactions in current
ICF experiments, has the potential to revolutionize experimental compression approaches, and can
introduce additional physics to the computational models used in ICF research.
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Instrumentation and method development - S1/ 22

Harnessing coherence in femtosecond fluorescence for photon
diagnostics and future X-ray sources
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This talk will focus on coherence properties of femtosecond fluorescence produced by pumping the
transition metal elements with X-ray free-electron laser (XFEL) pulses.

When the intensity of the incident beam is sufficiently low, the fluorescence will be incoherent light.
The higher-order coherence of such incoherent light, especially intensity correlation between sep-
arated positions, provides rich information about the incident pulses, such as pulse duration and
shape [1,2], as well as beam size on the target [3]. In the first half of my talk, I will discuss spatiotem-
poral diagnostics of XFEL pulses using fluorescence and their advantages over existing techniques
while presenting the results obtained at SPring-8 Angstrom Compact free-electron LAser (SACLA)
[4-6].

When the pump intensity is sufficiently strong to induce population inversion between inner-shell
states (e.g., 1s and 2p states), the fluorescence photons become collective and exhibit directionality
[7]. This coherent radiation, known as amplified spontaneous emission, can serve as the basis for an
X-ray laser oscillator that generates fully coherent pulses by combining with cavity optics [8]. In the
second half of my talk, I will talk about the coherence properties of amplified spontaneous emission.
Based on the experimental results at SACLA and theoretical simulation, I will discuss the feasibility
of an X-ray laser oscillator and requirement for X-ray optics.
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Instrumentation and method development - S1/ 83
Coupling X-ray photon correlation spectroscopy and dynamic co-
herent X-ray diffraction imaging using triangular aperture
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Coherent X-ray diffraction imaging (CXDI) is a powerful method for visualizing the structure of an
object with a high spatial resolution that exceeds the performance of the lens. CXDI is of several

types, based on the optical systems and reconstruction methods. Plane-wave CXDI, in which a co-
herent planar beam is incident on a sample, can be used to observe isolated objects. Nonetheless,
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scanning CXDI, commonly known as ptychographic CXD], is superior because it enables the ob-
servation of extended samples; however, its disadvantage is that improving its temporal resolution
is challenging as it is based on multiframe data collection. Therefore, a method for reconstructing
the image of an extended object using a single-frame diffraction intensity pattern must be estab-

lished.

Previously, we proposed and demonstrated a practical method for single-frame CXDI in the hard X-
ray regime [1, 2], in which a triangular aperture is used as a critical element in the optical system. The
phase image of a selected field of view of an extended object was reconstructed from the single-frame
diffraction intensity pattern based on a phase retrieval calculation. Furthermore, recently, we also
proposed and demonstrated an approach to analyze particle motion in heterogeneous solutions over
a wide spatiotemporal scale by combining XPCS and single-frame CXDI using triangular aperture
[3]. By applying this approach to analyze of the dynamics of colloidal gold nanoparticles dispersed
in aqueous polyvinyl alcohol solutions, we found that Brownian motion exists in the range of a few
hundred nanometers, and two modes of motion exist in the micrometer range. In this presentation,
the details of the CXDI method and the experimental results are presented.
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X-ray ptychographic tomography is now routinely used at synchrotron facilities around the world,
producing nanoscale resolutions in 3D. However, the acquisition times still lag significantly behind
other imaging methods. As many synchrotrons upgrade to diffraction limited rings, the community
is being presented with a dramatic increase in the coherent flux available. However, translating that
increase in flux into increased scientific throughput remains a challenge.

The latest advances in high-speed ptychography at I13-1: Coherence of the Diamond Light Source
have combined a novel acquisition scheme with the latest detector technologies to achieve a pty-
chography collection rate of over 100 kHz. This is providing sub-second projections and sub-hour
3D ptychographic tomography. We present the latest technical developments as well as their appli-
cations in the fields of battery materials and brain imaging.

Instrumentation and method development - S1/ 43

Development of 5.04 Mpixel CITIUS detector for high-resolution
ptychography

Page 18



Coherence 2024 / Book of Abstracts

Authors: Takaki Hatsui'; Kyosuke Ozaki?; Yoshiaki Honj o'; Haruki Nishino®; Kazuo Kobayashi”‘; Koji Motomura?;
Kyo Nakajima*; Yasumasa Joti’

! RIKEN SPring-8 Center, RIKEN
? RIKEN SPring-8 Center

* RIKEN SPring-8 Center/JASRI
* JASRI/RIKEN SPring-8 Center

Corresponding Author: hatsui@spring8.or.jp

We have developed and deployed CITIUS detectors for the XFEL facility SACLA and the synchrotron
radiation facility SPring-8. At SACLA, we are building a 20.2 Mpixel detector system that can run at
a maximum frame rate of 5 kHz. The CITIUS detectors for synchrotron radiation applications were
demonstrated to operate at the maximum frame rate of 26.1 kHz at the full-image readout condition
and have a detection capability of 1 Gphoton/s/pixel at 10 keV while keeping the single photon sen-
sitivity. These high performances are achieved by the new integration-type pixels without charge
amplifiers; it eliminates the major analog power dissipation source, thus enabling camera heads to
be compact even at the high frame rate operation. Feasibility demonstration to coherent diffraction
experiments was reported previously for Bragg CDI at ESRF [1] and ptychography at SPring-8 [2]
with 280k and 840k pixels, respectively, and reviewed in a commentary [3].

In this talk, we report the development status of a new 5.04 Mpixel CITIUS detector for high-
resolution ptychography. The system will have a clock trigger distributor to suppress any false
beat signal arising from the frame rate comparable to the revolving frequency [3]. The stream data
rate from the sensors reaches 30.6 petabytes/day. We report our development on the data acquisi-
tion system with FPGA cards in the edge servers and the SPring-8 data center for on-the-fly data
reduction. We also briefly address the development status of a high-speed analog digitizer, which
synchronously operates with CITIUS, for recording incident X-ray intensities/positions and stage
positions.
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XPCS and Polarised beams / 124

Exploiting the coherence of synchrotron soft x-rays to study the
dynamics of quantum matter

Corresponding Author: smorley@lbl.gov

A challenging aspect of designing functional materials is to understand the impact of a wide range
of characteristic spatial and temporal scales on stabilizing novel phases. Commonly used mean field
approaches often provide reasonable estimates for static properties at macroscopic length scales.
However, it does not provide the requisite fundamental insight into the important processes govern-
ing deviations from these averages where fluctuations play a critical role. Soft x-rays are a powerful
element-specific probe to study such mesoscopic charge and spin textures. The coherence available
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at current and newly upgraded light sources can enhance our established tools to give significantly
more detailed information of otherwise difficult to probe quantum states. We select the coherent
part of the x-ray beam to produce an interference pattern known as speckle. Here I will discuss how
we use that speckle at the Advanced Light Source to look inside, and better understand the transi-
tions in collective electronic systems such as those of orbital ordering, metal-to-insulator materials
and amorphous helical magnets1,2.
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Ordering of large length-scale magnetic structures are commonly studied using techniques like elec-
tron microscopy (EM), small angle neutron scattering (SANS), and resonant elastic x-ray scattering
(REXS). Using coherent X-rays to investigate these systems, we can probe magnetic textures in ways
that were once exclusive to either EM or SANS: domain dynamics, inter-mixed phases, long and short
range ordering — all with a flexible probe size (<10um). As such, coherent REXS is an important tool
to extend our fundamental understanding of magnetic skyrmions, which is essential if they are to
be a platform for quantum information systems. Particularly, Cu20SeO3 (CSO) is an interesting
skyrmion host material because it is an insulator — a requirement for low energy consumption de-
vices. We will present new findings associated with skyrmion lattice (SkL) dynamics in CSO from
experiments that push the collective behavior into different excited states. The insights gained from
coherent REXS help to better understand domain motion, which aids in completing a microscopic
explanation for the SkL dynamics.

XPCS and Polarised beams / 50

High-Speed XPCS Studies of Critical Fluctuations in Liquids
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High-speed XPCS using new coherent X-ray sources and fast detectors opens new avenues to explore
fluctuation dynamics in fluids. We have been studying systems relevant to liquid-liquid extraction
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processes, where an organic solution of extractant molecules is used to separate ions from an aqueous
solution by formation of nanoscale molecular complexes. The organic phase exhibits incipient phase
separation, and critical fluctuations play a key role in the structure of the molecular complexes [1-
5]. Here we present XPCS studies of microsecond timescale fluctuations within 5 K of the critical
temperature Tc, carried out at APS beamline 8ID. With the 500 times higher coherent X-ray flux that
will become available from the APS Upgrade, it should be possible to observe fluctuation dynamics
much further away from Tc. This will enable exploration of the crossover from Ising to mean-field
behavior, as well as the changes in dynamics expected at the Widom line (the locus of fluctuation
maxima extending from the critical point into the single-phase region).

Work supported by U.S. Department of Energy (DOE), Office of Science, Office of Basic Energy Sci-
ences, Chemical Sciences, Geosciences, and Biosciences Division, Separation Science Program, un-
der Contract DE-AC02-06CH11357. This research used resources of beamlines 12-ID-C and 8-ID-I at
the Advanced Photon Source, a DOE Office of Science User Facility operated by Argonne National
Laboratory.
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Rare earth nickelates RNiO3 display an insulator to metal transition (MIT) which is accompanied by a
magnetic transition, charge ordering, and a crystal structure change from orthorhombic low temper-
ature to monoclinic high temperature state. While this system has been widely studied, the nature
of the fluctuation across the transition, and the associated time- and length-scales is not known.
Spontaneous fluctuations are important components for stabilizing topological magnetic structures
such as skyrmions in quantum materials. However, the dynamic susceptibility of the nickelates
remains relatively unexplored, and the role played by nanoscale phenomena such as domain-wall
formation and motion, local strain fields and phase separation in underlying pathways of MIT is
not well- understood. In our work, we focus on understanding the role of nanoscale heterogeneities
and their fluctuations in rare earth nickelates by employing x-ray photon correlation spectroscopy
(XPCS), a technique requiring highly coherent x-rays. Our XPCS measurements on NdNiO3 thin
films, show complex evolution of fluctuations dependent upon temperature and wavevector q. We
also observe unexpected non-equilibrium dynamics and suggests a new approach to understanding
these materials.

Ptychography at different wavelengths - S2 / 131
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Ptychography at different wavelengths - S2 / 125

Electron Ptychography: An Emerging Imaging Technology for
Physical and Biological Sciences

Coherent diffraction imaging (CDI) and ptychography [1] have been widely used in X-ray syn-
chrotron sources. The advantage of ptychography over traditional CDI is that it does not need prior
information about the probe function and overcomes some of the other issues of CDI, such as non-
unique solutions and a limited field of view.

In electron microscopy, ptychography has also attracted considerable interest due to its potential
to achieve super-resolution [1] without using aberration correctors. Unlike conventional imaging
modes, the image-forming optics of ptychography replaced by computational methods (like a ‘Dig-
ital Lens’) using an array of electron diffractions collected by fast detectors (Left). New generation
of direct detection cameras are particularly suited to ptychographic 4D data acquisition with new
modes of operation, such as electron counting and fast acquisition. In this talk, I will review the
current development and capabilities of this emerging imaging technology (electron ptychography)
in my group for light atomic detecting [2], low dose imaging [3], 3D reconstruction [4-5], coupling
to spectroscopy [6], EM field mapping, and cryogenic EM [7,8], which can then tackle characteriza-
tion challenges across the physical and life sciences, ranging from ferroic and battery materials to
biological macromolecules.
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Far-field electron ptychography is considered to be one of the most powerful phase retrieval tech-
niques currently available for electron microscopists. Recently it was shown that ptychography is
capable to surpass the Abbe resolution limit [1] and resolve specimens features as fine as the blurring
due to the vibrations of the atoms [2]. A rather simple mathematical model of coherent diffraction
pattern formation standing behind conventional algorithms [1,2,3,4] does not account for any motion
or entangled states [3,4]. In order to overcome the resolution limit caused by the lattice vibrations
we utilize the mixed-object formalism initially proposed in 2013 for x-Rays [4], but never applied to
electron microscopy data. In contrast to conventional ptychography [1,2] that treats a single trans-
mission function of a specimen, mixed-object ptychographic reconstruction considers a sequence of
entangled transmission function states, each producing a coherent diffraction pattern via a multi-
slice simulation [2,3]. The total diffraction pattern corresponding to the entangled system is formed
as an incoherent sum over the states [3,4].
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For the tests of mixed-object ptychography we used a 4D-STEM dataset [6] of a monolayer MoS,
acquired in the Nion Hermes microscope at an accelerating voltage, convergence semi-angle, scan
step and electron dose of 60 kV, 33 mrad, 0.2 A and 5.3e6 ¢~ /2, respectively.

To evaluate the resolution of the ptychographic reconstructions we propose a novel approach, akin
to the Young fringe resolution test widely applied in TEM imaging [7]. We perform two ptycho-
graphic reconstructions with different initial guess for the object, e.g. uniform prior. Then the two
independent results are shifted with respect to each other and the Fourier intensity of the differ-
ence is computed. The arising interference fringes indicate the range of spatial frequencies identical
in the two results, allowing to conclude how deterministic a particular reconstruction is. Further,
in contrast to conventional resolution tests, e.g. visibility of the Fourier peaks [1,2], the proposed
approach allows to include aperiodic features that are crucial for a moving specimen.

Assuming a single illumination mode [2,4] we conducted pairs of ptychographic reconstructions
in two scenarios: one involving a single-state and the other involving 10 entangled states of the
transmission function. After 500 iterations of the gradient-descent [3] the achieved resolution was
estimated. As a result, two independent pure-state reconstructions appear to produce identical in-
formation up to 1.9 —1, while the mixed-object reconstructions contain deterministic information
up to 2.3 -1

Even with a monolayer specimen that is not supposed to produce a noticeable amount of incoherent
scattering, we show that considering multiple entangled states of the transmission function makes
the underlying model more realistic and improves the quality of the ptychographic fit. Thus, we
liberate ptychography from atomic vibrations, its last known resolution limit [2,3].

Ptychography at different wavelengths - S2 / 109
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Multislice ptychography has been used to characterize thicker samples in 3D dimensions with spa-
tial resolution beyond the diffraction limit. When applied to the diffraction patterns collected by
scanning transmission electron microscopes, multislice ptychography reconstructs the object as a
series of slices with a lateral resolution of 10s of pm and a depth resolution of 2-3 nm. Further im-
provements to this technique could allow atomic resolution imaging in three dimensions. Compared
to electron tomography, multislice electron ptychography views the sample from only a single di-
rection, avoiding the complexities of tilt series and image alignment and allowing for larger samples
to be studied. However, the depth resolution is limiting. When viewing bulk crystalline samples
from a major zone axis, most of the atoms overlap in projection and are difficult to distinguish in-
dividually. Therefore, in this work, we apply multislice electron ptychography to twisted bilayer
2D materials, tilted to minimize overlap, allowing us to extract 3D atomic coordinates for most of
the atoms in the field of view. Compared against the known structure of the samples, these coordi-
nates have sub-angstrom precision, though there are systematic issues with the coordinates along
the beam direction. We also perform simulations to explore the range of experimental parameters
that enable this level of depth resolution and precision. These findings underline the potential of
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multislice electron ptychography for determining atomic structure in 3D, even though challenges
remain for extending this approach to thicker samples.

Ptychography at different wavelengths - S2 / 84

Near-field X-ray ptychography using a laser driven X-ray source
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X-ray ptychography (NFP) is a coherent imaging technique widely used at synchrotron facilities,
due to the ability to retrieve quantitative phase information of extended objects at a micrometric
image resolution [1]. The advent of novel bright sources, an alternative to large-scale facilities, is
paving the way for the translation of coherent X-ray imaging techniques outside synchrotrons and
free electron lasers [2].

The ELI Beamlines facility of the Extreme Light Infrastructure ERIC near Prague has recently com-
missioned a laser-driven plasma X-ray source (PXS), based on a 20 m], sub-20 femtosecond, 1 kHz
laser interacting with a copper tape to generate copper K-alpha emission at 8 keV with sub-ps pulses.
We present here a proof-of-concept for translating x-ray near field ptychography to laser-driven x-
ray sources. In particular, we report the ELI PXS source characterization toward coherent diffraction
imaging and the results of the first near field ptychographic imaging performed at a laser source. We
discuss the results, limitations, perspectives and future developments.

[1] Stockmar et al., Sci Rep 3, 1927 (2013).
[2] Batey et al , Physical Review Letters, 126, 193902, (2021)
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Intrinsic speckle-tracking for rapid retrieval of a sample’s atten-
uation, phase shift, and diffusive dark-field images

Authors: Samantha Alloo'; David Paganin ; Kaye Morgan®; Konstantin Pavlov’
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Speckle-based X-ray imaging (SBXI) [1, 2] is a technique that utilises random speckle modulations
imprinted into an X-ray wavefront to retrieve multimodal sample information. Here, the term “mul-
timodal” is used in the sense that SBXI can recover information regarding a sample’s X-ray attenua-
tion, refraction, and diffusion information - three complementary signals. Requiring only a piece of
sandpaper in the experimental set-up as a mask, SBXI is an appealing technique for use in a broad
range of applications. Furthermore, the signal-retrieving algorithm we have developed—Multimodal
Intrinsic Speckle-Tracking (MIST) [3]—makes SXBI even more appealing as it is computationally
rapid yet still capable of retrieving high-quality images of the sample. Transverse speckle shifts and
speckle blurring are associated with the recovered phase-shift and diffuse dark-field (DDF) signals,
respectively. MIST analyses these speckle changes by considering local energy conservation for
each speckle in the SBXI regime, wherein, the Fokker-Planck equation for paraxial X-ray imaging
[4, 5] is combined with the geometric flow formalism for SBXI [6]. There are various iterations of
the MIST algorithm [3, 7, 8, 9], with each increasing in generality by reducing the number of sample
requirements. In all the published MIST approaches, the multimodal inverse problem is solved by
linearising the associated Fokker-Planck equation and deriving analytical or least-square solutions
for the multimodal signals. Within this presentation, a general overview of the currently published
MIST approaches will be provided. This will cover the mathematical techniques utilised in solving
the Fokker-Planck inverse problem, as well as the underlying assumptions. Retrieved signals from
various samples imaged using a synchrotron SBXI technique will be shown. The closing section of
the presentation will discuss ongoing research avenues.

] Bérujon, S. et al. Phys. Rev. Lett. 108(15), 158102 (2012)

] Morgan, K.S. et al. Appl. Phys. Lett. 100(12), 124102 (2012)
] Pavlov, K.M. et al. J. Opt. 22(12), 125604 (2020)

] Paganin, D.M and Morgan, K.S. Sci. Rep. 9(1), 17537 (2019)
] Morgan, K.S. and Paganin, D.M. Sci. Rep. 9(1), 17465 (2019)
] Paganin, D.M. et al. Phys. Rev. A, 98(5), 053813 (2018)
] Alloo, SJ. et al. J. Med. Imaging 9(3), 031502 (2022)
]
]
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X-ray ptychography stands out as a robust phase-retrieval coherent imaging technique, well-suited
for investigating samples with diverse scale structures. However, its scanning nature necessitates a
delicate balance between achieving high resolution and accommodating a large field-of-view (FOV),
considering factors such as scanning time, stage travel range, etc. Typically, the FOV and resolution
ratio is between 100 and 1,000. For instance, the current high-resolution ptychographic scanning
using high-speed multi-pass scanning mode can attain resolution in the tens of nanometers within
a 3um x 10um region in 38 seconds [1]. Nevertheless, scanning over a hundred-pm FOV at such
resolutions would extend the time required by a factor of 300. Within this timeframe, conducting pty-
chographic tomography on large-scale samples at high resolutions (<50nm) becomes impractical. A
breakthrough addressing this compromise arises with the development of multibeam ptychography
(MBP) [2], promising to transcend the current limitations of conventional ptychography and max-
imize photon utilization. MBP achieves this by employing multiple coded probes simultaneously
using a 3D-printed lens array. The speed enhancement in MBP scales directly with the number of
probes utilized. By overcoming the speed limitation, MBP offers the tantalizing prospect of conduct-
ing 3D nano-imaging on a large scale at high energy.

In our discussion, we will delve into the advancements in MBP development, including the maxi-
mum number of probes achieved and demonstrations with various sample systems. While the MBP
method presents several opportunities, it also raises concerns regarding the comparisons with con-
ventional ptychography and poses challenges that affect its performance in real-world experiments.
Therefore, we will further discuss the quality of reconstruction comparison between single-beam
and multi-beam ptychography, as well as how factors such as vibrations and photon statistics im-
pact the data reconstruction quality.

[1] J.Deng, et al., Optics Express 30.15 (2022)

[2] M. Lyubomirskiy, et al., Sci. Rep. 12, 6203 (2022)
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Incoherent diffractive imaging with spectral dispersion for oxidation-
state sensitive structure determination
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Incoherent diffractive imaging (IDI) is a novel imaging technique which uses the transient coher-
ence of X-ray fluorescence to image the structure of the emitting atoms to nanometer resolution. By
employing second-order spatial intensity correlations akin to Hanbury Brown and Twiss’s stellar
intensity interferometry, IDI retrieves the spatial distribution of the underlying emitters, facilitat-
ing high-resolution characterization of heterogeneous nanoparticles with element specificity. We
present recent results from our single-particle IDI experiments at European XFEL, showing for the
first time the feasibility of 3D imaging of nanoparticles using IDI.

Building upon the concept of IDI, we introduce Spectral Incoherent Diffractive Imaging (SIDI), a
novel method for achieving dark-field imaging of nanostructures with heterogeneous oxidation
states. With SIDI, shifts in photoemission profiles can be spatially resolved, enabling the indepen-
dent imaging of the underlying emitter distributions contributing to each spectral line. In the X-ray
domain, this approach offers unique insights beyond the conventional combination of diffraction and
X-ray Emission Spectroscopy (XES). Our proposed method opens avenues for time-resolved, element
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specific and oxidation state-specific imaging of electron transfer in 3d-transition metal compounds
or to study heterogeneous catalysts and battery materials where the nanoscale spatial distribution
of elemental oxidation states are crucial for understanding function.

Novel microscopies / 73

High-throughput hard X-ray projection imaging with a sub-5 nm
resolution

Authors: Wenhui Zhang'; Henry Chapman'; Sasa Bajt’
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Knowledge of the structure of materials and biological samples at nanometer scales and over large
volumes is essential to understand the mechanics behind their function. Coherent x-ray imaging
is being developed to address this need. Far-field diffraction methods suffer from noise sensitivity
and high dynamic range requirement of detector. Recently, with the rapid development of x-ray
focusing elements, projection imaging provides an alternative solution with unique advantages over
these limitations. Here, with our own manufactured multilayer Laue lenses, we demonstrated such a
projection imaging modality at Petra III P11 beamline of DESY. An object placed just out of the focus
forms a magnified hologram or projection image of the sample on a pixel-array detector. Magnifica-
tions of 30,000 or more can be obtained, meaning a 75 pm detector pixel maps to an image pixel of
2.5 nm. On the other hand, at an illumination numerical aperture of 0.014, a defocus distance of 100
um would give a field of view of 2.8 um, in single shot. This mode is particularly fast and efficient for
phase-contrast imaging over a large field of view that can be easily “zoomed”. Signals contained in
the holograms are boosted thousands of times with an improved signal-to-noise ratio, which makes
it robust and easier to retrieve the object information from the measurements. For robust phase
retrieval of the holograms, we stepped the sample relative to the probe, which was the method of
near-field ptychography. A 4 nm half-period resolution imaging of hierarchical nanoporous gold has
been achieved at the energy of 17.4 keV. Furthermore, a systematical numerical study was carried out
to quantitatively illustrate the advantages of projection imaging modality over far-field diffraction
method in terms of noise robustness and dose efficiency.
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The development of high-brilliance X-ray sources, such as the fourth-generation diffraction-limited
storage rings and X-ray free-electron lasers, have opened up new possibilities for X-ray imaging. X-
ray Multi-Projection Imaging (XMPI)1 is a novel technique that exploits the unique capabilities of the
high-brilliance X-ray sources and enables volumetric information using single pulses. Unlike tomo-
graphic experiments which record projections by sample rotation, XMPI is a rotation-free technique
that split the beam into beamlets and record simultaneously multiple projections from different an-
gles. As a result, XMPI can acquire 3D movies (4D) at least three orders of magnitude faster than
tomographic methods. However, it is extremely challenging to reconstruct 4D from highly sparse
projections acquired by XMPI. Deep learning’s advancement offers a potential solution to this prob-
lem. Current deep-learning implementations for X-ray imaging, on the other hand, face two major
challenges. First, they usually work in a supervised manner, which requires paired training datasets.
Second, the robustness and reliance of such methods is not guaranteed.

This presentation will discuss how deep-learning approaches can potentially address three-dimensional
(3D) and four-dimensional (4D) reconstructions for XMPI experiments by exploiting the large amounts
of data provided by high-brilliance X-ray sources. We will focus on ONIX2 and 4D-ONIX3, two
self-supervised deep-learning methods that reconstruct 3D/4D information from sparse XMPI pro-
jections and enhance their reliance by including the physics of the image formation. ONIX is a novel
3D reconstruction method that learns the self-consistency of sparsely recorded radiographs using
physics-based neural networks. It can retrieve volumetric information from less than ten projections
at previously impossible quality levels without requiring any prior knowledge. 4D-ONIX is based
on ONIX, it extends the capability of ONIX by including time as a 4th dimension and applying ad-
versarial training to enforce consistency between the measurement and the reconstructions.

References

[1] Villanueva-Perez, P., Pedrini, B., Mokso, R., Vagovic, P., Guzenko, V. A, Leake, S. J., ... & Stam-
panoni, M. (2018). Hard x-ray multi-projection imaging for single-shot approaches. Optica, 5(12),
1521-1524.

[2] Zhang, Y., Yao, Z., Ritschel, T., & Villanueva-Perez, P. (2023). ONIX: An X-ray deep-learning tool
for 3D reconstructions from sparse views. Applied Research, 2(4), €202300016.

[3] Zhang, Y., Yao, Z., Klotkorn, R., Ritschel, T., & Villanueva-Perez, P. (2024). 4D-ONIX: A deep
learning approach for reconstructing 3D movies from sparse X-ray projections. arXiv preprint
arXiv:2401.09508.
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Ptychographic X-ray computed tomography (PXCT) is a high-resolution imaging technique that is
widely used for characterizing various materials. It has two variants, namely far-field and near-
field, which, when combined with spectroscopic techniques, provide new possibilities for material
characterization. PXCT can be used to analyze mass density, localize chemical elements, inspect
microstructure, and even map the magnetic field of a sample. Although the acquisition of data has
become faster and the size of possible scanned volumes has increased, the dream of time-resolved
analysis or hyperspectral nanoimaging still requires further acceleration of data acquisition. This
challenge can be addressed in two ways: either by improving the instrumentation and the geometry
of the experimental setup or by modifying the data processing strategy to work with less data while
still maintaining high-resolution and quantitative contrast.

Some beamlines, such as ¢SAXS, PSI, CH, and SWING at SOLEIL Synchrotron in France, have al-
ready adopted the first method. They offer experimental setups allowing very fast acquisition and
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with large beam sizes at the sample due to the long sample-to-detector distance. In this regard, we
will introduce here the new French beamline, FAME-PIX, which has been in construction at the
ESRF. This beamline will be dedicated to PXCT and spectro-ptycho, and it will employ an innovative
scanning technology that enables quick sample scanning. We will showcase the applications of this
technology by sharing the results we obtained at the SWING beamlines at SOLEIL.

Modifying the data analysis process is the second way to speed up the PXCT acquisition. We will
be discussing an approach that uses Deep Learning networks based on MSDNET and TomoGAN to
reduce the amount of data required by a factor of 4 or more without compromising the quality of
the images. We ensure the accuracy of our results by implementing a robust refinement process
that corrects any artifacts that may have been introduced by the Deep Learning networks. This ap-
proach can be applied to various tomographic techniques, and to facilitate the sharing of our neural
networks with the community, we have created an AI tomographic hub called AIAX at the Univer-
sity of Grenoble Alpes in collaboration with other laboratories at Grenoble. The primary objective
of ATAX is to assist the community in processing their data using our neural networks.
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Holotomography is a coherent imaging technique that provides three-dimensional reconstruction of
a sample’s complex refractive index by integrating holography principles with tomographic methods.
This approach is optimal for the micro- and nano-tomography instruments at the newest generation
of synchrotron sources. With the aim of facilitating the use of the optimal phase retrieval approaches,
we present a family of novel algorithms wrapped in an efficient software implementation of X-ray
holotomography reconstruction [1]. This development incorporates advanced iterative schemes for
simultaneous object phase and beam illumination retrieval, facilitating high-fidelity reconstructions
with enhanced accuracy. Notably, these schemes minimize the number of measurements, such as
holography planes (distances) and tomography angles, required for accurate object reconstruction,
thereby optimizing data acquisition efficiency. Basic holography and tomography operators are
implemented using CUDA C-language functions, leveraging the computational power of GPUs for
rapid processing. Iterative reconstruction schemes are written in CuPy, ensuring seamless integra-
tion into existing workflows. For interactive data exploration and analysis, the package is accessible
through Jupyter Notebooks, well-suited for fast prototyping to advance the field of 3D phase contrast
imaging. The efficacy of the software is demonstrated with experimental data from the Projection
X-ray Microscope Instrument at the ID16A beamline of ESRF.

[1] https://github.com/nikitinvv/holotomo
Coherent Diffraction Imaging with electrons / 128
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Self-coherence and the wave/particle duality of electrons
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Apart from being an indispensable tool in material sciences of outstanding spatiotemporal resolu-
tion that reaches towards 1 A at 1 ps [1,2], electron microscopy is uniquely suited to study basic
quantum mechanical aspects because the wave/particle duality of electrons can be seen as a win-
dow into quantum physics [3]. This contribution experimentally validates a model of electron self-
interferences. They originate from coherent-inelastic scattering processes with energy loss AE =
h/2/At at the Heisenberg limit, which marks a boundary between the classical mechanics of particle
physics and the quantum mechanics of wave functions. Thereby, wave packages of finite widths
are created with 0.5 radian decoherence phase that are characterized by a self-coherence length Is.
A method is described that allows measuring Is and thereby self-coherence by the extension of an
evanescent field at sample/vacuum interfaces. It is caused by the localization of wave functions upon
pulse-like interaction of single electron waves with matter. Further, self-interferences of single mat-
ter waves rather than ensemble interferences of many electrons determine the occurrence of lattice
fringes in high resolution images if energy losses do not exceed ~ 100 eV, where the ability is lost to
coherently illuminate crystal unit cells. At larger energy losses the wave packages are comparable
to the size of atoms and even their constituents and are perceived as particles. The description of
electron scattering in a wave picture is mandatory because decoherence determines the measured
self-coherence length but does not exist in particle views, which is why a collapse of wave functions
upon detection is often postulated.

[1] Kisielowski C, Specht P, Rozeveld SJ, Kang J, Fielitz AJ, D. Barton, Salazar AC, Oscar D. Dubon
OD, Van Dyck, D & Yancey DF (2021). Microanalysis 27, 1420-1430.

[2] Chen FR, Van Dyck D, Kisielowski C, Hansen LP, Barton B & Helveg S (2021). Nature communi-
cations 12, 5007.

[3] Kisielowski C, Specht P, Helveg S, Chen FR, Freitag B, Jinschek JR & Van Dyck, D (2023). Nano-
materials 13, 971.
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Crystallization is a well-established topic. It covers many life science fields, and its importance varies
from understanding nanoparticle arrays to protein formations and drug engineering through molec-
ular design. One of the most popular methods for direct imaging of crystal formation, defects, etc., is
transmission electron microscopy (TEM), mainly used for inorganic materials since the electron dose
is not as limiting as it is for the imaging of organic materials. While challenging, high-resolution
electron microscopy of organic material is possible due to the recent revolutions of stable and sen-
sitive detectors and microscopes. Real-space images of organic crystals and their aperiodic features
obtained by a modern cryo-electron microscope potentially show the detailed structure. However,
high-resolution details remain hidden because strong defocus conditions must be applied to pro-
duce contrast at a low electron dose. We used phase retrieval by focal series reconstruction (FSR)
developed originally for inorganic samples. We have adapted the method for fast series recording
of hundreds of frames within a few seconds on a direct-electron detector, all at low dose conditions
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(at the order of 101-102 e-/A2 per acquisition) in cryogenic temperatures. After the reconstruc-
tion of the exit-plane wavefunction, we could eventually retrieve focus and two-fold astigmatism
aberration-fixed phase images of small organic crystals with a resolution up to the information limit
of the microscope. Implying further techniques, such as density functional theory (DFT), ultimately
allows for solving a crystal structure with high confidence based on the image in real-space.

Coherent Diffraction Imaging with electrons / 114
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Electron microscopy is a powerful tool for imaging soft biological samples, providing superior reso-
lution compared to both light and x-ray imaging techniques. Unfortunately, biological samples are
weak-phase objects in the electron microscope, providing minimal inherent contrast [1, 2]. This is
in part because our detectors are only sensitive to variations in electron intensity and not phase.
There are different approaches to overcome these limitations, including heavy metal staining (mass-
thickness contrast), defocus phase contrast, and phase plate induced phase contrast.

In this work we are developing thin film based phase plate devices, operating in Zernike and Hilbert
mode respectively, to enhance phase contrast at minimal defocus. These phase plates introduce a
phase shift of pi/2, or pi respectively, to the scattered beam. The phase shift produced by a thin film
is governed by the mean inner potential of the film, the film thickness and the accelerating voltage
of the electron microscope [3].

We utilize off-axis and in-line electron holography to characterize the phase shift induced by the thin
film material of our devices [4, 5]. Employing the accelerating voltage, the known film thickness,
and the measured phase shift, we can determine the mean inner potential for the material [6]. With
the mean inner potential in hand we can now produce phase plate devices with the correct thick-
ness to induce the target phase shift. With these devices we will be able to optimize the contrast
from a variety of weak-phase objects yielding TEM images with both higher resolution and higher
contrast.
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Ptychography at different wavelengths - S3 / 126

Vectorial ptychography: when polarization comes into play

Traditional ptychography usually assumes that the objects being imaged scatter light without chang-
ing its polarization state. However, when this assumption does not hold, we have shown the need
for a more comprehensive vectorial approach to ptychography to accurately characterize such ob-
jects.

In this presentation, I will cover the fundamental concepts of light polarization and introduce the
framework of vectorial ptychography. I will also delve into the experimental and numerical imple-
mentations of this technique. Several recent applications of this method will be presented for various
challenging materials, including biominerals, engineered metasurfaces, and cholesteric liquid crys-
tal films. Additionally, I will discuss the imaging of vectorial light, where polarization varies across
the beam’s cross-section.

Ptychography at different wavelengths - S3 / 95
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X-ray ptychography currently relies on monochromatic sample illumination, typically produced by
selecting an x-ray beam energy with a monochromator to achieve the required temporal coherence.
However, for broadband sources, this means that most of the flux is unused. Finding an alternative to
monochromators to use the flux more efficiently would be transformative, in particular for laboratory
based x-ray ptychography where every photon counts, and spectral filtering is therefore too costly
in terms of flux.

A possibility is to obtain the required temporal coherence at the detection stage by using a detector
sensitive to spectral information. The SLcam hyperspectral detector has such a capability and its
high energy resolution (140 eV FWHM at 6.5 keV), makes it suitable for coherent diffractive imag-
ing. Moreover, using the full broadband spectrum in hyperspectral ptychography enables elemental
identification at high spatial resolution [1].

However, hyperspectral detectors are a relatively new technology, currently with an extremely low
count rate (~5 photons/pixel/second for the SLcam. To overcome this limitation and maximize the
efficiency of hyperspectral ptychography, we have developed two approaches:

1. Reconstruction method: By using “energy smart” ptychographic reconstruction algorithms, spa-
tial information within one energy bin aids the reconstruction of spatial information in another
energy bin.

2. Experimental method: The low count rate also increases the importance of “fairly” distributing
diffraction intensities on the detector to make efficient use of all its pixels, minimizing acquisition
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time. Zone plates are typically used for this purpose, but when used with a broader spectrum
their energy dependent spot size in the sample plane introduces issues. One obvious way to
spread detector illumination while still respecting the sampling condition is to use Kirkpatrick-
Baez mirrors, but they are relatively inaccessible due to their cost and low ease of use. Here we
explore an alternative solution that provides a trade-off between detector illumination spreading
and sample spot size variation: A small diameter zone plate (a few tens of microns), where the
allowed spectral bandwidth of the illumination is limited by the diameter of the zone plate. In
our case we used a 20um zone plate (10-20 times smaller than usual) for a bandwidth of interest
between 7.5 keV and 8.5 keV.

We present the optical design choices and latest results in applying these methods to battery mate-
rials and pushing towards hyperspectral ptychographic tomography.

[1] Batey, D. J. et al. Spectroscopic imaging with single acquisition ptychography and a hyperspectral
detector. Scientific Reports 9, 1-7 (2019).
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Recent advances in phase-retrieval-based x-ray imaging methods have demonstrated the ability to
reconstruct 3D distortion vector fields within a nanocrystal by using coherent diffraction informa-
tion from multiple crystal Bragg reflections [1-6]. However, these works do not provide a solution to
the challenges encountered in imaging lattice distortions in crystals with significant defect content
that result in phase wrapping. Moreover, these methods only apply to isolated crystals smaller than
the x-ray illumination, and therefore cannot be used for imaging of distortions in extended crystals.
In this work, we introduce Multi-Peak Bragg Ptychography which addresses both challenges via an
optimization framework that combines stochastic gradient descent and phase unwrapping methods
for robust image reconstruction of lattice distortions and defects in extended crystals. Our work uses
modern automatic differentiation [7] toolsets so that the method is easy to extend to other settings
and easy to implement in high-performance computers. This work is particularly timely given the
broad interest in using the increased coherent flux in fourth-generation synchrotrons for innovative
material research, and we comment on experimental prospects at these sources.

[1] Maddali, S., et al., Concurrent multi-peak Bragg coherent x-ray diffraction imaging of 3D nanocrys-
tal lattice displacement via global optimization. npj Computational Materials 9, 77 (2023).

[2] Newton, M. C., Leake, S. J., Harder, R. & Robinson, I. K. Three-dimensional imaging of strain in
a single ZnO nanorod. Nat. Mater. 9, 120 (2009).

[3] Hofmann, F. et al. Nanoscale imaging of the full strain tensor of specific dislocations extracted
from a bulk sample. Phys. Rev. Mater. 4, 013801 (2020).

[4] Wilkin, M. J. et al. Experimental demonstration of coupled multi-peak bragg coherent diffraction
imaging with genetic algorithms. Phys. Rev. B 103, 214103 (2021).

[5] Newton, M. C. Concurrent phase retrieval for imaging strain in nanocrystals. Phys. Rev. B 102,
014104 (2020).

[6] Gao, Y., Huang, X., Yan, H. & Williams, G. J. Bragg coherent diffraction imaging by simultaneous
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reconstruction of multiple diffraction peaks. Phys. Rev. B 103, 014102 (2021).
[7] Kandel, S. et al. Using automatic differentiation as a general framework for ptychographic re-
construction. Opt. Express 27, 18653-18672 (2019).

The work at Argonne National Laboratory was supported by the U.S. Department of Energy, Office
of Science, Basic Energy Sciences, Materials Science and Engineering Division.
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Butterfly scales are microscopic bio-composites made of chitin embedded in a protein matrix, of-
ten along with pigments. A common structure consists of a laminar thin film (180-200 nm thick)
connected to a sculpted upper lamina via pillar-like trabeculae. The upper lamina is made of longitu-
dinal ridges connected by cross-ribs [1]. The cuticle of these scales produces colour by incorporating
pigments and by reflecting light off its nano-structured surfaces with different refractive indices. It
remains unknown, however, how the distribution of pigments within a scale correlates with cuticle
mass density variations to impact the refractive index and resultant colour.

X-ray ptychography [2,3] is a lens-less quantitative imaging technique with high spatial resolu-
tion that can be combined with tomography [4] and/or spectral mapping [5] to study the three-
dimensional structure and chemical composition of amorphous materials.

With data collected at the I13-1 instrument at the Diamond Light Source, we successfully used pty-
chographic X-ray computed tomography (PXCT) to determine the three-dimensional mass density
and morphological variations of two pairs of scales with pigmentation differences in two species of
nymphalid butterflies, Junonia orithya and Bicyclus anynana. By comparing densities with colour
profiles, we determined that the lower lamina in all scales has the highest mass density, with den-
sity being inversely correlated with pigmentation within each species [6]. Furthermore, with re-
cent spectro-ptychographic data collected at the 108-1 soft X-ray ptychography instrument at the
Diamond Light Source across the carbon, oxygen, and nitrogen L3 edges, we explored the relative
amount of chitin (CsH;305N) and melanin (C135H1¢902N2) making up the photonic nanostructure of
Junonia orithya and Bicyclus anynana butterfly scales.

Butterfly scales are extensions of single cells and how individual cells control the development of
these precisely nano-structured materials is a growing field of study, with applications in future bio-
engineered systems. Though the presence of pigments and chitin in butterfly scales has been known
for decades, quantification of the spatial distribution of these materials has been a challenging task
due to the nanometre length scales of these structures and lack of the technology to investigate it.
With the help of quantitative coherent imaging techniques such as ptychography, we hope to make
headway in answering these questions.

[1] Helen Ghiradella, Appl. Opt. 30, 3492-3500 (1991)

[2] Pierre Thibault et al., Science, 321(5887), pp. 379-382 (2008)
[3] Franz Pfeiffer, Nat. phot. 12(1), pp. 9-17 (2017)

[4] Martin Dierolf et al., Nature, 467(7314), pp. 436-439 (2010)
[5] David A Shapiro et al., Nat phot., 8(10), pp. 765-769 (2014)
[6] Anupama Prakash et al., arXiv 2305.16628 (2023)
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Many nano and quantum devices have intricate, low-dimensional, non-uniform, or hierarchical
structures, spanning from millimeters down to sub-nanometer sizes, on surfaces and interfaces, mak-
ing high-resolution surface-sensitive characterizations imperative for understanding their function-
structure relationship. This often entails visualizing surface-supported and buried planar mesoscale
structures, which can be done non-destructively by high-resolution X-ray imaging and scattering
techniques. Newly developed Coherent Surface Scattering Imaging (CSSI), which operates in grazing-
incidence reflection geometry [1], effectively tackles the aforementioned challenges. We will present
several recent advancements to illustrate the capabilities of different imaging techniques within
the framework of CSSI. For example, hard X-ray ptychographic reflectometry imaging merges the
two-dimensional imaging capabilities of hard X-ray ptychography with the depth profiling capa-
bilities of X-ray reflectivity, for surface and interfacial structures [2]. The amplitude and phase
information obtained from ptychography reconstructions at various reflected angles not only re-
veals surface topography and localized structures such as shapes and electron densities but also
provides statistical details such as interfacial roughness. Moreover, employing advanced 3D finite-
element-based multibeam-scattering analysis enables the extraction of heterogeneous electric-field
distributions and high-resolution 3D mesoscopic surface structures [3]. This holography imaging
method holds great potential for single-shot structural metrology, allowing visualization of irre-
versible and morphology-transforming physical and chemical processes in situ or operando. Ad-
ditionally, we will introduce the unique CSSI beamline currently under construction for APS Up-
grade [4]. Achieving spatial resolution in the order of a few nanometers in all three dimensions is
made possible by state-of-the-art wavefront-preserving X-ray optics for 2-D focusing, high-precision
motion-decoupled nano-positioning stages for surface alignment and scanning, and a cutting-edge
vacuum detector system ensuring sufficient imaging oversampling in a reflection geometry. We will
also discuss the potential for further development of CSSI.

References:

1. Sun, Tao, Zhang Jiang, Joseph Strzalka, Leonidas Ocola, and Jin Wang. “Three-dimensional coher-
ent X-ray surface scattering imaging near total external reflection” Nature Photonics 6, no. 9 (2012):
586-590.

2. Myint, Peco, Ashish Tripathi, Michael J. Wojcik, Junjing Deng, Mathew J. Cherukara, Nicholas
Schwarz, Suresh Narayanan, Jin Wang, Miaogi Chu, and Zhang Jiang. “Three-dimensional Hard
X-ray Ptychographic Reflectometry Imaging on Extended Mesoscopic Surface Structures” arXiv
preprint arXiv:2402.06762 (2024).

3. Chu, Miaoqi, Zhang Jiang, Michael Wojcik, Tao Sun, Michael Sprung, and Jin Wang. “Probing
three-dimensional mesoscopic interfacial structures in a single view using multibeam X-ray coher-
ent surface scattering and holography imaging.” Nature communications 14, no. 1 (2023): 5795.

4. https://www.aps.anl.gov/Beamlines/Directory/Details?beamline_id=221
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Direct Phase Retrieval with Bragg Peak Gradients in Macromolec-
ular Crystallography
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Abstract:

We present a novel algorithmic approach to solve the phase problem in macromolecular crystallog-
raphy directly. The information captured by Bragg peaks - as used by conventional methods - is not
sufficient to reconstruct the original image unambiguously. In fact, Sayre showed that at least twice
as many data points would be needed to reconstruct a crystal from intensity alone [1]. To overcome
this limitation, we present an approach that uses off peak information.

Our approach involves computing the effective intensity gradients on every Bragg peak giving us
one additional data point per dimension d which potentially increases the constraint ratio by a factor
of 1+d. These extra datapoints are then introduced as an additional Fourier/data constraint based on
work by Elser [2].

We have successfully validated this methodology through simulations in both 2 and 3 dimensions
and we are currently working on its application to real data.

References:

[1] D. Sayre, “Some implications of a theorem due to Shannon,” Acta Cryst, vol. 5, no. 6, pp. 843-843,
Nov. 1952, doi: 10.1107/50365110X52002276.

[2] V. Elser, “Direct phasing of nanocrystal diffraction,” Acta Crystallographica Section A: Founda-
tions of Crystallography, vol. 69, no. 6, pp. 559-569, 2013.
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4th generation synchrotron sources provide two orders of magnitude more coherent photons, and
thus the ability to collect coherent X-ray imaging datasets faster and/or with a higher resolution.
Consequently, the increased volume of data requires dedicated tools to fully take advantage of the
improved coherent flux.

PyNX[1,2,3] is developed at ESRF - it has been written from the ground up to provide state-of-the-art
performance using optimised GPU programming, both in terms of speed and memory requirements
(to handle larger datasets). It is used on multiple beamlines notably at ESRF, Soleil, Petra-III, TPS,
with scripts for data analysis easily expandable for new instruments (only the data input functions
need to be updated). Input/output using the standard CXI format is also supported.

We will present the applications to various experimental techniques: Coherent Diffraction Imaging
(CDI) and Ptychography (far field and near field) for two and three-dimensional imaging, also in
the Bragg geometry to provide strain information in nano-crystals, and finally holo-tomography
(currently in development).

References:

[1]]. Appl. Cryst. 53 (2020), 1404, [arXiv:2008.11511]

[2] main PyNX documentation: http://ftp.esrf.fr/pub/scisoft/PyNX/doc/
[3] git repository: https://gitlab.estf.fr/favre/PyNX
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Bragg Coherent Diffraction X-ray Imaging (BCDI) is a non-invasive X-ray characterisation technique
for probing in three-dimensions (3D) structures of single nano-objects. While traditional BCDI anal-
ysis yields 3D maps of electron density, displacement, and heterogeneous strain, this work intro-
duces a methodology and a user-friendly open-source tool for resolving 3D d-spacing maps within
the examined object.

In BCDI, the primary output of phase retrieval algorithms is a 3D map of phase with a spatial res-
olution of approximately 10 nm. However, analysing BCDI data goes beyond this, and essentially
revolves around deriving this phase into more physics related aspects such as atomic displacement
and strain. To address potential ambiguities and differences in strain definitions across different sci-
entific communities, we introduce the concepts of heterogeneous and homogeneous strains. Hetero-
geneous strain aligns with traditional BCDI strain analysis, while homogeneous strain corresponds
to the shift of the Bragg peak in reciprocal space, a fundamental quantity in X-ray analysis under
Bragg conditions. To combine both types of strain information, we present a methodology for com-
puting 3D maps of local d-spacing, an absolute and more fundamental quantity than traditional
heterogeneous strain maps. Expanding on this concept allows for the generation of 3D maps of
global strain, a quantity analogous to d-spacing.

Cdiutils [1] is a python package designed to facilitate pre- and post-processing stages of BCDI data.
It meticulously manages the cropping of the Fourier window prior to phasing, with a particular focus
on handling the centre of mass of the 3D Bragg peak intensity relative to the cropped Fourier window.
This feature enables the subsequent post-processing of the phase ramp, strain shift, and particularly,
d-spacing maps. When coupled with PyNX software [2] for the phasing stage, cdiutils integrates all
the steps of the entire data analysis process, including pre processing, phasing and post-processing,
all within a single user-friendly notebook. Multiple methods for heterogeneous strain computation
are routinely employed and compared to ensure robust data analysis. Cdiutils runs on ESRF machine
environment, transitions between CPUs and GPUs when required, can handle several data formats
and beamline geometries and is easily adaptable to any other machine environments and beamline
geometries.

[1] Atlan, C., Chatelier, C. & Olson, K. A python package to help Coherent Diffraction Imaging (CDI)
practitioners in their analysis. (2023) doi:10.5281/zenodo0.8013233.

[2] Favre-Nicolin, V. et al. PyNX: high performance computing toolkit for coherent X-ray imaging
based on operators. ] Appl Crystallogr 53, 1404-1413 (2020).
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The SoftiMAX beamline at MAX IV is currently installing and commissioning a new brancline dedi-
cated to coherent methods. The new CXI branch is is equipped with a KB focusing system to create
a 20-micrometer focus, making it suitable for methods such as XPCS, FTH, and CDI. The branch
can be used as an open port for user end-stations, but an internal end-station is currently under
assembly.

The main feature of the CXI end-station is the sample and detector can rotate in the horizontal plane,
and a large detector distance of up to 2 meters from the sample. In this contribution, we discuss the
design of the branch line and end-station, provide a status update, share commissioning results, and
outline the scientific program ahead. The CXI branch promises exciting capabilities for coherence
method development and complex materials research.
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Modern 4th generation synchrotron-radiation sources like the ESRF Extremely Brilliant Source are
characterized by large transverse coherence lengths and high-flux coherent X-ray beams thanks
to the jump in source brilliance [1]. X-ray Photon Correlation Spectroscopy (XPCS) retrieves the
dynamics in condensed system via the intensity-intensity temporal correlation of the speckle fluctu-
ations and largely benefits from the brilliance gain as the coherent flux scales with the brilliance and
the smallest accessible sampling time has a quadratic dependence on the brilliance gain for the same
signal-to-noise ratio (SNR). One major new opportunity is the availability of intense X-ray beams
with a sufficient degree of coherence at high energies above 20 keV. We show that when combined
with modern two-dimensional detectors this makes possible to apply XPCS to probe atomic dynam-
ics in compressed matter down to the ms timescale with high SNR. In particular, we demonstrate
that XPCS is feasible at high pressures in diamond anvil cells [2,3]. Applying pressure on a metallic
glasses (MG) leads to dynamical effects as peculiar aging behaviors differing from common wisdom.
We also show that when combined with temperature protocols it is possible to tune the ergodicity
level of the glass out-of-equilibrium state and drive the system into different polyamorphic states
persisting in the re-heated equilibrium (super-cooled) liquid [4].

[1] P. Raimondi et al., Commun. Phys. 6, 82 (2023)
[2] A. Cornet et al., Acta Materialia 255 (2023) 119065
[3] X. Zhang et al., PNAS 120, 24 (2023) 230281120
[4] A. Cornet et al. (submitted)
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Coherent X-ray imaging is often used to image nanoscale systems with high spatial resolution and
is increasingly being applied to studying dynamical processes [1,2]. However, many materials show
stochastic dynamics at the nanoscale, effects like fluctuating domain structures or the motion of
charge carriers [3]. While single-shot imaging could in principle directly return images of these ef-
fects, damage thresholds from intense X-rays usually limit us to acquiring many exposures in order
to construct an image, and so the stochastic components are blurred out. Recent advances in track-
ing correlations between partial frames relax these limitations [4], but there remain many cases in
which tracking individual fluctuations will remain infeasible.

In this work, we theoretically and numerically demonstrate a method to separate the contribution
of stochastic processes from the static part in a coherent diffraction pattern by using the principles
of Fourier transform holography. This allows to directly recover the statistical properties of the fluc-
tuations, independent of other deterministic dynamics. For a few special cases, we can also retrieve
both the amplitude and phase information by applying iterative phase reconstruction algorithms on
the retrieved momentum spectrum of the fluctuations. Our versatile approach will enable the direct
recovery of the spatial, spectral, and temporal properties of stochastic material dynamics in a wide
variety of systems currently unobtainable with existing methods.

[1] A. Sakdinawat and D. Attwood, Nanoscale X-ray imaging, Nat. Photonics, 4, 840-848 (2010).

[2] Johnson, A.S., Perez-Salinas, D., Siddiqui, K.M. et al. Ultrafast X-ray imaging of the light-induced
phase transition in VO2. Nat. Phys. 19, 215-220 (2023).

[3] Park, S.H., Katoch, A., Chae, K.H. et al. Direct and real-time observation of hole transport dy-
namics in anatase TiO2 using X-ray free-electron laser. Nat Commun 13, 2531 (2022).

[4] Klose, C., Biittner, F., Hu, W. et al. Coherent correlation imaging for resolving fluctuating states
of matter. Nature 614, 256-261 (2023).
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Single-shot full-field imaging is a major application of Free Electron Lasers (FELs), able to study the
spatial structure of non-repeatable dynamics on the femtosecond timescale. However, the methods
currently in use at FELs either require a mask to be deposited on the sample (coherent diffractive
imaging and off-axis holography) or require a relationship between the amplitude and phase contrast
of the sample to be known a priori (single-frame in-line holography). We report on our implemen-
tation of a new diffractive imaging method called Randomized Probe Imaging (RPI) at the FERMI
FEL. RPI enables reliable, scalable, and mask-free quantitative imaging using a simple experimental
design. This implementation achieved single-shot reconstructions with a full-pitch resolution of 400
nm across a space-bandwidth product in excess of 20,000. We will outline the prospects for improve-
ment in both resolution and space-bandwidth product, and discuss possible applications in fields
including nanomagnetism, the physics of shock wave propagation, and the dynamics of collective
electronic phases.

The results we will present are based upon work supported by the Department of Energy, Office of
Science, Office of Basic Energy Sciences, under Award Number DE-SC0021939. K.K. was supported
by the German Research Foundation (DFG) under project number 428809035.
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Coherent diffractive imaging continues to produce unique insights into the structure and dynamics
of materials. At NSLS-II, we are nearing completion of a new beamline designed to provide novel
controlled x-ray illumination, sample environments, and experimental geometries. The design con-
siderations, beamline optical system simulations, endstation provisions, and progress toward its
completion in 2025 will be presented here.

The CDI beamline’s source will be provided by an 18-mm-period in-vacuum undulator and the 3
GeV electrons from NSLS-II. The undulator will feature a variable taper, delivering an increased x-
ray bandwidth of at least 5% RMS at 10 keV. The optical system will use two bendable x-ray mirrors
in conjunction with two fixed-figure mirrors to provide a sample illumination that allows variable co-
herence properties in a “zoomable” x-ray focal spot of about 1 to 10 microns in lateral size. Thus, the
optical design provides a unique opportunity to tailor beam properties to the needs of any particular
coherent imaging experiment. The final optics will provide a very long working distance of approx.
1.5 m and the sample-to-detector distance will be variable from 0.5 m to 10 m. Two area detectors
will be independently positionable, allowing for simultaneous measurements in either or both of the
forward-scattering and a Bragg-reflection geometry. The angular coverage of the detector system
varies from approx. 70(V) x 120(H) to 11(V) x 120(H) degrees as a function of sample-to-detector
distance.

The CDI beamline will present an exciting capability for routine, high-stability coherent imaging
measurements and a uniquely-capable test-bed for the development and refinement of future imag-
ing methods. We are currently on-track to commission this beamline in Summer 2025.
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Ptychography has become a standard technique in X-ray and electron microscopy and enabled nu-
merous applications from integrated circuits to biological molecules. Despite of its tremendous suc-
cess, obtaining accurate reconstructions remain nontrivial as it requires optimization of numerous
types of experimental and algorithmic parameters that are highly data-dependent and often selected
by trial-and-error in practice. To address this issue, we have developed an automatic parameter tun-
ing workflow for ptychography using Bayesian optimization with Gaussian processes (BO-GP). With
minimal assumptions about sample and data, our workflow consistently produces high-resolution
reconstructions similar or even superior to those processed by human experts. The technique also
enables researchers to efficiently search for the most ideal experimental conditions and probe struc-
tures at low dose levels. In this talk, I will discuss our ongoing research that further improves the
workflow’s efficiency with additional prior knowledge. We first carried out data analysis on various
simulated datasets to obtain comprehensive relationships between key parameters and reconstruc-
tion quality. The trends were modeled by custom decision boundaries that can be readily integrated
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with BO-GP as constraints to reduce the search space. What’s more, we developed customized large
language models that can interact with beamline users and suggest tailored parameters based on
physical principles or instrument-specific knowledge.
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Maossbauer spectroscopy delves into atomic-level properties of an object by examining how atomic
nuclei interact with their magnetic and chemical surroundings. With the advent of advanced syn-
chrotron sources, a time-domain version of this technique, called nuclear resonant scattering (NRS),
has emerged - which relies on the recoil-less resonant scattering of synchrotron radiation by Moss-
bauer nuclei. NRS detects the nuclear excitations as beat patterns in time, serving as a tool for
material science and studying light-matter interactions.

Time-domain NRS offers advantages over traditional energy-domain Md&ssbauer spectroscopy, in-
cluding better resolution, sensitivity, and shorter measurement times - thanks to the superior focus,
coherence, and brilliance of synchrotron radiation compared to lab-based sources. However, ana-
lyzing time-domain NRS data is complex, prompting a focus on developing synchrotron Mdssbauer
sources for energy-domain measurements. However, these sources are difficult to fabricate, sta-
bilize and replicate. Instead, we propose a computational approach inspired by Ptychography, a
scanning imaging technique, to extract the scattering magnitude and phase in the energy domain
from time-domain measurements using their Fourier relationship. This is a one-dimensional phase
retrieval problem. Numerical tests and proof-of-concept experiments on samples containing °"Fe
nuclei demonstrate the robustness of our approach, highlighting its potential for future research
with modern X-ray sources and other Méssbauer isotopes.
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Multi-beam ptychography with stacked Fresnel zone plates

Authors: Mattias Astrand!; Ulrich Vogtlg Maik Kahnt?; Ulf Johansson®

! KTH Royal Institute of Technology
? MAX IV
> MAX IV Laboratory

Multi-beam X-ray ptychography enables faster imaging of larger areas than standard ptychography
and has been demonstrated with refractive, reflective, and diffractive optics. Here we present a novel
implementation with stacked Fresnel zone plates. The optics are not fixed and moving them apart
generates separate probes. The resulting probes are close in space (just a few microns apart) and are
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coherent with themselves and (partially) with each other. This gives us a framework for studying
interference effects on probe and object reconstructions in multi-beam ptychography. By treating
the separate probes as incoherent modes that are separate in space, we are able to obtain successful
reconstructions. This regime of operation is new to the application of multi-beam X-ray ptychog-
raphy, and the flexibility of our method holds promises for boosting synchrotron experiments and
saving beamtime.
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The dewetting kinetics of a supported polymer bilayer were measured in-situ using coherent grazing
incidence x-ray scattering. X-ray photon correlation spectroscopy (XPCS) provides both the two-
time correlation functions and the cross-correlation function which measures the average spatial
shift of the speckles produced by the coherent x-rays. The stress in the ultra-thin dewetting top film
can be directly observed due to exquisite sensitivity to sample curvature changes provided by the
x-ray speckle correlation functions. The hole opening events in the film are found to be associated
with significant changes to the stress. These results are interpreted through an analogy between
viscoelastic spinodal dewetting and early-stage bulk viscoelastic phase separation. The frequency of
hole initiation events during dewetting decreases with time as a power law, the power-law exponent
can be linked to non-linear viscoelastic effects; showing similarity in their stress relief dynamics to
aftershock decays.

We will briefly present data on dewetting velocity from holes and late stage coarsening as well.
References
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Understanding the dynamical heterogeneity near the order-disorder
transition of spin-helices in amorphous Fe-Ge thin-films
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Speckle patterns manifesting from the interaction of coherent X-rays with matter provides glimpse
into the dynamics of nanoscale domains that underpin many emergent phenomena in quantum
materials and 2D systems. While the average structure in these materials can be followed with
time-resolved X-ray diffraction, the dynamical heterogeneity as a function of time and length-scale
near phase transitions have thus far eluded detection due to several experimental limitations and
insufficient coherent flux. In this talk, I will present about the work done using coherent resonant
X-ray scattering technique at the Advanced Light Source (ALS) where we observed that nanoscale
spin fluctuations deep inside the ordered states of amorphous Fe-Ge thin-films can characterize phase
transitions, independent of the underlying magnetic interactions. The results showed that the origin
of the helical-to-paramagnetic phase transition lies in the appearance of enhanced fluctuation, or
“hot spots,” deep within the ordered regions. Our analysis method simultaneously extracts the time
and ensemble averaged fluctuations of spin-helices which in turn predicts the nature of dynamics,
whether ergodic or not in this system. Controlling and tailoring the fluctuating fraction can provide
a new direction to predicting and understanding phase transitions in materials relevant to high-
density, energy-efficient microelectronics.
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Electron microscopy has become a powerful tool for visualizing matter at high spatial and temporal
resolution [1-5]. While the ultimate imaging resolution is no longer limited by instrumental perfor-
mances, the main challenge is nowadays beam-sample interactions that intricately modulate atomic
structures by dynamic processes induced by the electron beam [6-9]. Hence, it is mandatory to
exercise control over the electron illumination to extract chemically relevant observations. In this
contribution, we outline atomic-resolution imaging concepts for suppressing electron beam-induced
sample alterations and illustrate their applications for visualizing heterogeneous catalysts in their
working state.
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Specifically, we focus on bright-field transmission electron microscopy to detect atoms with the
fewest scattered electrons as well as restoration of the electron exit-wave function to achieve the
most informative structural fingerprint [10]. Imaging is conducted under low-dose-rate illumina-
tion to ensure only induce weak object excitations [6-9] and include, importantly, coherent-inelastic
scattering events in the single-electron-limit [11]. By analyzing the electron exit-wave function
within channeling theory, we take advantage of the full exit-wave shape of the atomic columns to
account for the three-dimensional atomic structure at single-atom sensitivity as well as for its vibra-
tional excitation [10]. These new imaging concepts are generally applicable to in situ and operando
electron microscopy experimentation and open up for unprecedented new views on the dynamic
behavoir and functionality of catalysts under chemical relevant environments [1-4].
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Synchrotron radiation (SR) have developed from the 3rd to 4th generation, and the electron emit-
tance was reduced to enhance the brilliance and transverse coherence of the emitted X-ray beam.
Benefiting from this, coherent scattering techniques could have new possibilities, such as better
spatial resolution for Bragg coherent diffraction imaging (BCDI). To help design and perform BCDI
experiment, we will present here a complete framework of BCDI experiment, which includes three
modules covering from the pre-experiment analysis to the final data treatment. Firstly, module
1 aims to provide help for performing the BCDI experiment design and pre-experiment analysis
of the sample. With the updated CAT (coherence analysis toolbox) software, source-to-end (S2E)
simulation from coherence beamline to BCDI experiment could be performed taking advantage of
the highly efficient beamline model construction and coherent modes propagation. Secondly, mod-
ule 2 contains functions helping to perform the BCDI experiment, including nanoparticle locating
(scanning X-ray diffraction map), and center-of-rotation alignment. Thirdly, module 3 is pyCXIM
(python-scripted for coherence X-ray imaging methods) software developed for the BCDI data treat-
ment. It includes functions to generate three-dimensional reciprocal space maps, GPU-based 3D
phase retrieval, and post-process data treatment. Based on these three modules, we developed a
novel experimental method aiming to assist the convergence of phase-retrieval process for BCDI
experiment. This method will be applied in hard X-ray coherent scattering beamline of High Energy
Photon Source (HEPS), which is a new 4th generation SR source under construction.
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Structural relaxation processes in glass forming liquids are important for many materials properties.
However, atomic rearrangements underlying the relaxations have not been well understood due
to the experimental difficulties in characterizing the disordered systems. Here we demonstrate an
experimental concept of probing the relaxation dynamics in a model system Ge;5Tegs by employ-
ing coherent X-ray pulses produced by X-ray free electron lasers (XFEL). By collecting the summed
speckle patterns from two rapidly successive, nearly identical X-ray pulses generated using a split-
delay system, we can extract the contrast decay of speckle patterns originating from sample dynam-
ics and observe the full decorrelation of local order on the sub-picosecond timescale. This provides
the direct atomic-level evidence of the highly fragile liquid behavior of Ge;5Tegs above its dynamic
crossover. Our methodology can be applied to a variety of glass forming liquids, opening a new
avenue of direct experimental studies of relaxation dynamics in the ultrafast regimes.
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Using single-shot phase retrieval neural network for the prediction of ptychography probe
positions directly from diffraction patterns

Ming Du<sup>a</sup>, Tao Zhou<sup>b</sup>, Junjing Deng<sup>a</sup>, Daniel ]. Ching<sup>a</sup>,
Steven Henke<sup>a</sup>, Mathew J. Cherukara<sup>a</sup>

<sup>a</sup> Advanced Photon Source, Argonne National Laboratory, Lemont, Illinois 60439, USA
<sup>a</sup> Nanoscience and Technology Division, Argonne National Laboratory, Lemont, Illi-

nois 60439, USA

Introduction

Probe position errors are a major source of image distortions, artifacts or reconstruction failures
in ptychographic imaging. Many existing ptychography reconstruction frameworks correct probe
position errors using optimization-based methods, where probe positions are updated with either
the gradient of the main reconstruction loss function [1], or an update vector solved through lin-
earization [2]. While having demonstrated their success in practice, optimization-based methods
can either fail or take many iterations to converge when the error accumulates along the scan path,
or has very large magnitudes.

We describe the development of a deep learning (DL) based method that targets the problem of
correcting large and accumulating probe position errors using a single-shot phase retrieval neural
network. The network predicts the phase in the local region of each scan point which are then used
to calculate the positional offsets at all scan points. We show that our method brings accumulating
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position errors on the order of 102 pixels down to a few pixels, which can then be easily corrected
by optimization-based algorithms.

Methodology

The core of our method is built on a previously published neural network named PtychoNN [3]
which, once properly trained, can predict the phase of a local area given just one diffraction pat-
tern. Our approach uses PtychoNN to make predictions on every diffraction pattern collected. We
then use common image registration methods to find out the pairwise positional offsets among the
predicted images associated with all scan points. After that, we solve a series of equations in the
form of r; — r; = d;/;, where r; and r; are the positions of scan point ¢ and j, and d;/; is the
offset between them found by image registration. These equations are collectively solved as a linear
problem Ax = b, through which we can obtain a least-square solution of all scan points’ positions
simultaneously.

Results

For the most extreme test case used in our experiment, where data were collected with a nominal
step size of 100 nm and the deviation distance from nominal positions is 800 nm (or 100 pixels with a
prediction pixel size of 8 nm) on average and 1800 nm at maximum, our method was able to predict
the positions with a mean error distance of 24 nm or 8 pixels. If the positions found by our method
are used as the initial guess for optimization-based position correction algorithms, they can precisely
correct the remaining errors; otherwise, these algorithms would fail completely. For smaller or non-
accumulating errors, we also show that our predicted positions can accelerate the convergence of
both position errors and reconstruction loss. Additionally, our method is robust to small training set
size: the averaged position prediction error over all the test cases remained stable when the training
set was shrunk by half.

Conclusion

We demonstrated a novel ptychography probe position prediction method based on single-shot
phase retrieval neural network, which can bring down the probe position error to a few pixels from
over 10? pixels’ large accumulating errors. Our method can work synergistically with optimization-
based position correction methods used in common ptychography phase retrieval frameworks, en-
abling the accurate reconstruction of ptychography data collected without advanced stage position-
ing instruments.
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With a substantial increase in beam coherence from the upgrade of the 4th generation synchrotron,
X-ray Photon Correlation Spectroscopy (XPCS) now processes the capabilities to explore previously
inaccessible aspects of structure and dynamics, including examining cooperativity and heterogene-
ity under external stimuli. However, the existing theoretical framework for analysis has not kept
pace with the improved temporal and spatial resolution achievable through the upgrade, impeding
scientists from fully comprehending subtle dynamical changes over time, consequently limiting the
scientific productivity and beamline performance. In response to this challenge, we have developed
an innovative method to integrate the collective influence of internal and external forces acting on
the system within the framework of Markov chain and introduce a universal parameter, transport
coefficient, to characterize dynamics over time. This method is verified using molecular dynamics
(MD) simulated colloidal system subjected to temperature changes and a complex fluid under ex-
perimental conditions known for their non-equilibrium characteristics. The results reveal detailed
dynamical information in non-equilibrium states and align with previous observation while provid-
ing enhanced vision of the dynamical processes. This approach represents an advancement in XPCS
analysis, addressing the growing demand to extract intricate non-equilibrium dynamics. Further, the
methods presented are agnostic to the nature of the material system and can be potentially expanded
to other condensed matter systems.
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Ptychography is an X-ray scanning microscopy imaging technique which obtains an image con-
taining both structural and chemical information of the sample. Samples can be imaged down to
approximately 10 nm resolution using Ptychography when using light produced at a synchrotron.
This entails a complex data analysis and requires high computational power, as the phase is being
retrieved by iterative algorithms.

Traditionally the ptychographic reconstruction would be started after the scan has finished, and any
feedback of the experimental settings and how well the scan would reconstruct would be further
delayed by the long processing times.

To overcome these barriers, we have developed algorithms to perform the reconstruction in real-
time, as the data is acquired by the detectors. By starting the reconstruction process before the scan
is complete, real-time ptychography facilitates faster optimisation of experimental parameters in
response to the observed sample features. This real-time feedback can also help identify sample drift
and damage, allowing researchers to adjust experimental conditions as needed to maintain sample
integrity and data quality. Real-time ptychography thereby help researchers making more efficient
use of the experimental resources. Continuing forward, our primary focus lies in uncovering the
potential differences between real-time and traditional ptychographic reconstructions.
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Ultrafast and intense laser pulses can induce dynamic phase transitions out of thermal equilibrium,
such as non-thermal melting [1], bond hardening [2], and the formation of dense electron-hole
plasma [3]. When highly intense femtosecond pulses are used to excite semiconductors, a size-
able portion of valence electrons are excited to the conduction band and the interatomic forces are
altered. Consequently, the electrons as well as crystal lattice are pushed out of equilibrium. On the
nanoscale, it is still difficult to observe phase transitions in situ with femtosecond and nanometer
spatiotemporal resolution directly [4]. Furthermore, melting speeds are affected by the deposited en-
ergy and morphology of nanoparticles, which can trigger homogeneous or heterogeneous melting.
These further complicate our understanding of phase transitions in metallic and dielectric-metallic
core-shell nanostructures.

We employed time-resolved single-shot single-particle imaging of free-flying silica-coated gold nanopar-
ticles at the SwissFEL Maloja endstation [5]. The nanoparticles (50 nm diameter core size and 20 nm
shell thickness) were pumped with an intense femtosecond laser pulse (800 nm, 35 fs FWHM, focal
size of 120 ym FWHM). The polarization and pulse energy of the pump laser were tuneable during
the measurement. A minimally absorbed energy density of 23.3cm-3 corresponding to 250 pJ pulse
energy, was used to elevate the lattice temperature above the melting point of gold. The typical
X-ray pulse energy is around 2 mJ, and the X-ray photon energy was set at roughly 1000 eV.

Sequential single-shot single-particle diffraction patterns with femto- to nanosecond delay times
yield insight into the ultrafast laser-induced dynamics. The coherent images of the nanoparticles
show a consistent pathway depending on the pump lasers pulse energy and polarization. For lower
pump energies (250 pJ), clear gold diffraction speckles can still be seen after 200 ps. At greater pump
energies (1400 pJ), the particles are nearly annihilated after 10 ps. For medium pump energies (500
and 750 pJ), a fast structural change occurs at around 10 ps after that the speckle oscillation smear
out along with the delay time. Streaking tail speckles were also found from the medium pump en-
ergies due to the near-field enhancement. The data also show that during the first few picoseconds,
the silica is fully disintegrated. In particular, for the medium and high pulse energies, the silica
contributes with significant ionization potential to the electron trapping and melting process. Bare
gold nanoparticles without the silica shell melt more quickly than core-shell nanoparticles. Our re-
search suggests an intriguing connection between metallic gold core and dielectric silica shell, which
strongly alters the melting regime and mechanism on the nanoscale and ultrafast timescale.
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At the dawn of x-ray free electron laser (XFEL) science, conceptual studies predicted that x-ray pho-
ton correlation spectroscopy (XPCS), particularly a double pulse variant, would be a powerful tool
to study the structural dynamics of materials over time scales ranging down to tens of femtoseconds
and atomic lengths [1,2]. Two decades later, that promise is beginning to be fulfilled. However, the
application of XPCS and other speckle based techniques at an XFEL is still challenging due to limited
instrument optical performance and radiation effects (e.g. damage) on the sample.

We will discuss design considerations for a dedicated coherent diffraction instrument from the point
of view of minimizing x-ray radiation effects through a series of optimizations including 1) by in-
creasing the sample thickness, 2) defining a temporal coherence that matches the sample thickness,
3) choosing an optimum photon energy and 4) maximizing the illuminated area consistent with max-
imizing speckle contrast and signal rate.

Based on current detector parameters, these optimized parameters require a very long sample-to-
detector distance (SDD) to maintain a high contrast. We will present an instrument design that can
efficiently provide long SDD while maintaining the ability to rapidly set momentum transfer by in-
serting crystals with different instead of moving the detector.

We will present the results of a modeling study of a concept instrument including wave front prop-
agation of FEL pulses through the instrument, analysis of speckle size and contrast as well as the
signal-to-noise ratio for several classes of samples using the optimized beam and sample parameters.
This work was supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy
Sciences under Contract No. DE-AC02-76SF00515.
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Ptychography is now integrated into mainstream microscopy allowing quantitative and high-resolution
imaging capabilities over a wide field of view. However, its ultimate performance is inevitably lim-
ited by the available coherent flux when implemented using electrons or laboratory X-ray sources.
We present a universal reconstruction algorithm with good tolerance to low coherence for both
far-field and near-field ptychography. The approach is practical for partially temporal and spatial
coherence and requires no prior knowledge of the source properties. Our initial visible-light and
electron data show that the method can dramatically improve the reconstruction quality and accel-
erate the convergence rate of the reconstruction. The approach also integrates well with existing
ptychographic engines. It can also improve mixed-state and numerical monochromatisation meth-
ods, requiring a smaller number of coherent modes or lower dimensionality of Krylov subspace
while providing more stable and faster convergence. Hence this approach could have a far-reaching
impact on studies of weakly scattering samples.
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Bragg coherent diffractive imaging (BCDI) has proven to be a powerful tool for mapping the three-
dimensional morphology and lattice deformation in crystalline materials. However, most BCDI
phase retrieval algorithms rely on the kinematic approximation, which assumes that the exit complex
wave of the diffracted beam is simply a projection of the complex crystal function. This approxima-
tion limits the application of BCDI to crystals with dimensions smaller than the corresponding x-ray
extinction lengths.

Before developing a phase retrieval algorithm in the dynamical diffraction regime, it is necessary
to accurately simulate the Bragg coherent diffraction from a finite crystal that incorporates the dy-
namical diffraction effect. Here, we present a forward simulation model and corresponding exper-
imental validation of dynamical Bragg coherent diffraction from an arbitrarily shaped crystal. We
demonstrate that our model accurately reproduces the subtle changes in interference fringes of the
diffraction pattern due to the dynamical diffraction.

The proposed forward simulation method can serve as a cross-validation tool to assess the accu-
racy of Fourier transform-based models and guide the development of new algorithms capable of
accommodating dynamical diffraction effects in BCDI phase retrieval.

Spatio-temporal correlations to study timescales of higher-order
correlations in liquids and glasses
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When a supercooled liquid approaches the glass transition, its relaxation time increases by several
orders of magnitude while the liquid-like structure remains [1]. Although there has been extensive
research into the nature of the glass transition, its mechanisms remain mostly unclear. Recent works
show that long-living locally favored structures (LFS), such as icosahedral structures forming upon
supercooling, may play a key role [2].

In this contribution we show results from a combined X-ray Photon Correlation Spectroscopy (XPCS)
and X-ray Cross Correlation Analysis (XCCA) experiment on colloidal hard spheres in the vicinity
of the glass transition [3]. We defined a new correlation function g_c probing the timescales of
higher-order correlations, which combines both XPCS and XCCA by tracking the time evolution of
the structural higher-order correlations within the sample. We observed an increase in the ratio of
the relaxation times of g_c and the standard individual particle relaxation time obtained by XPCS
from about 0.4 to 0.9. While a value of around 0.5 is expected for free diffusion, the increasing
values suggest that the local orders within the sample are becoming more long-lived approaching
the glass transition. These results indicate that not only the presence but also the lifetime of LFS
grows close to the glass transition. This new correlation approach can in principle be extended to
detect structure-dynamics correlations on many length scales, allowing studies of phase transitions
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or lifetimes of transient structure in liquids and benefits exceptionally from the increased brilliance
of diffraction-limited storage rings.
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Speckle pattern arising from coherent scattering carries fingerprints of mesoscale heterogeneity. We
previously showed how the dilute distribution of antiferromagnetic domains produces clear modu-
lation of intensity as a speckle pattern on the antiferromagnetic Bragg peak. The simplicity and
symmetry of the speckle pattern enabled us to reconstruct the real space distribution of the domains
without the use of any algorithm from a single shot [1]. Here we will expand on our work showing
how to utilize the dilute limit in a densely packed domain distribution.

Our approach involves the creation of new designs of Fresnel zone plates which restructures the
beam footprint on the sample. A finite number of beam spots makes the scattered intensity distri-
bution follow the same argument of simplicity in speckle pattern as observed above. First, we will
discuss these designs of zone plates. Then through simulation, we will explore utilizing structured
beam spots concerning correlation experiments and imaging experiments in condensed matter sys-
tems such as nickelates. Finally, we will show how a structured beam illumination leads to studying
transport phenomena in such heterogeneous systems.

[1] Martin Bluschke, Rourav Basak et al.Imaging mesoscopic antiferromagnetic spin textures in the
dilute limit from single-geometry resonant coherent x-ray diffraction.Sci. Adv.8,eabn6882(2022).D0I:10.1126/sciadv.abn6882
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In this work we present a comparison of row-action methods for the original transport of intensity

equation (TIE) in the Fresnel regime W = —2-div[I(z,y)V 1 ¢(z,y)]. For pure phase objects,

it is already known that the original partial differential equation can be approximately solved by a
convolution kernel (widely known as the Paganin solution). By assuming the original TIE without
approximations, we use the fact that this is a linear problem on the phase, say T'(¢;I) = %,
with T describing the linear TIE-PDE transformation. It is easy to demonstrate that 7" is a self-
adjoint operator allowing us to numerically compose an efficient row-action algorithm for comput-
ing the solution via orthogonal projections. Row-action methods are well know in the literature
of inverse problems and can be used in different contexts, e.g., Cimmino, Hildreth and Bregman
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strategies. Since the discretized matrix of T is sparse, we compare the obtained iterative strategies
with a conventional numerical solution obtained through a sparse solver via finite differences of the
TIE. Several simulated examples are presented, and a comparison with real data is presented. The
proposed algorithms are an effort to numerically solve the phase-retrieval problem of some imaging
beamlines of Sirius, the 4th generation Brazilian Synchrotron.
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From insights of pancreatic tumor tissue in medical research to nondestructive analysis of catalytic
particles, highly resolved three-dimensional imaging provides a fundamental tool. Propagation
based X-ray phase contrast imaging (XPCI) enables imaging of samples lacking conventional absorption-
based contrast. Combined with coherent synchrotron radiation and computed tomography resolu-
tion in the sub-micrometer regime is achieved.

Differences in the samples’ electron density imprints phase shifts in the probing X-ray beam that
manifest in measurable intensity variations on the detector after sufficient propagation. Since the
measurements are intensity-only, phase retrieval has to be performed. For XPCI this poses a severely
ill-posed nonlinear inverse problem. Thus, commonly applied phase retrieval methods incorporate
various approximations and regularization. One ubiquitous for the hard X-ray regime is that samples
are homogeneous, i.e. solely made out of a single (refractive) material. Albeit this approximation is
adequate for a broad range of samples, it poses an inexactness for multi-material compositions, e.g.
stained tissue, that cause quality diminishing artifacts.

To this end, we extend phase retrieval based on the widely used contrast transfer function (CTF) for
samples beyond the homogeneous object. Using the linearized CTF allows fast phase retrieval for
large tomographic datasets. To improve reconstruction quality and robustness, our method allows to
incorporate a priori knowledge in the reconstruction. Moreover, a nonlinear phase reconstruction
algorithm is presented for samples beyond the validity of the CTF. We demonstrate our methods
on experimental data taken at the GINIX instrument located at the P10 beamline of the PETRA III
storage ring at DESY, Hamburg,.
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Multi-beam ptychography limits: a simulation study

Author: Runqing Yang'
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Ptychography has become an essential tool for nanometer-resolution X-ray imaging with the de-
velopment of synchrotron radiation facilities. Based on the working properties of ptychography,
experiment time increases when seeking large fields of view at very high resolution. Employing
multiple mutually incoherent beams in parallel helps to mitigate this problem, which also makes
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use of a greater portion of the available X-ray radiation. Multi-beam ptychography has the potential
to collect information faster than single-beam ptychography, as larger areas are studied in the same
amount of time. Furthermore, prospective requirements for data storage are reduced because the
same information is collected in fewer diffraction patterns.

It has been shown that multibeam ptychography works successfully with up to six beams [1, 2, 3].
Knowing the limitations is a fundamental step in gaining insights into the potential of multibeam
ptychography and driving the refinement. This study is discovering the limit by doing a series of sim-
ulations, and also exploring what factors are limiting the maximum number of beams. Identifying
the maximum number of probes that can be utilized without compromising successful reconstruc-
tion.

Using simulated datasets, the reconstructability of multi-beam ptychography and the dependency
on experimental parameters has been demonstrated. The primary goal is to discern patterns in
the relationship between the number of probes and the feasibility of reconstruction with defined
sampling parameters.
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Many synchrotrons around the world are undergoing multi-bend achromat upgrades to become
diffraction limited storage rings, such as the Advanced Photon Source — Upgrade. These upgrades
will increase the incident photon flux by around 200 times. Theoretically, these upgrades will allow
Bragg coherent diffraction imaging (BCDI) reconstructions to resolve atomic positions in materials.
However, current BCDI phase retrieval techniques would require arrays of immense sizes and corre-
spondingly expensive computational cost when based on fast Fourier transforms alone. In addition,
it is not clear how effective algorithms such as shrinkwrap would be in resolving individual atoms.
To address these challenges, we propose a new algorithm, termed Phase Retrieval with Atomic Mod-
eling and Molecular dynamics (PRAMMol), which attempts to directly solve for atomic positions us-
ing maximum likelihood estimation rather than enforcing a Cartesian grid across the reconstruction.
Solving for atomic positions directly allows PRAMMol to utilize molecular dynamics (LAMMPS) to
restrict the search space to physically realistic objects. We will show that PRAMMol can effectively
reconstruct small grains (5000-10000 atoms) with a screw dislocation or void from their simulated
diffraction patterns.

68

3D Bragg Coherent Diffraction Imaging of Extended Nanowire
Heterostructures
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The nanowire (NW) geometry allows for growth of complex device heterostructures that can accom-
modate much larger strains than thin films. Beyond just axial NWs, heterostructures formed along
the NW length, more complex radial heterostructures can be designed to enable unique device ca-
pabilities. For example, InGaAs radial quantum wells (QWs) can be grown on a GaAs core to form
compact near-IR lasers, with the QW acting as the emitter and the NW core acting as a lasing cavity.
Beyond III-V’s, NWs are of interest for light harvesting and sensing, using materials such as CsPbBr3
or WOs3, due to their large surface area compared to thin films. However, the complex structures that
can be designed in the NW geometry are difficult to study due to their 3D nature. Bragg coherent
diffraction imaging (BCDI) is a popular choice for 3D imaging of strain in nanoparticles, fitting with
the constraint that the crystal must be fully isolated and fit within the coherent beam. However,
the extended length of NWs typically preclude them from investigation using BCDI. In this work,
we demonstrate multiple cases of BCDI investigation of extended NW structures by using uninten-
tional and intentional structural variations along the wire length. First, we investigated III-V radial
QW heterostructures with BCDI, looking at NWs larger Zincblende twinning, which does not effect
the overall strain or performance of the NW device allows for an isolated (twinned) segments to be
reconstructed using BCDI. In these reconstructed segments we observe strain associated with the
radial QW and a line dislocation propagating down the length of the wire, giving insights into the
optical performance of the device. Second, we recently investigate III-V heterostructures of GalnP
with embedded InP axial segments. Preliminary reconstructions show features associated with out-
of-plane strain due to the mismatch between InP and GaInP. Both of these examples demonstrate
the feasibility of BCDI as a tool for investigating unaltered extended NWs to access high resolution
strain information in 3D. In this way, we can better understand the relationship between strain and
performance in complex nanowire device heterostructures.
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Nanoscale Diffusion of Supercooled Proteins Investigated by X-
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Understanding protein dynamics is crucial for unraveling cellular processes in complex biological
environments. Here, we present our investigations into the nanoscale diffusion of both hydrated
proteins [1] and concentrated protein solutions [2], extending into the supercooled regime. We em-
ployed X-ray Photon Correlation Spectroscopy (XPCS), a technique that utilizes coherent X-rays and
can resolve collective nanoscale dynamics from microseconds to hours in a broad range of soft con-
densed matter systems. Firstly, our analysis of hydrated proteins reveals an increase in dynamical
heterogeneity upon cooling, along with enhanced fluctuations observed in the two-time correlation
functions and a maximum in the dynamic susceptibility, quantified by the normalized variance of the
two-time correlation functions. These findings align with previous studies on hydrated proteins [3],
suggesting the significant role of density and enthalpy fluctuations in hydration water. Our study is
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consistent with the observed two-state structure of liquid water and the crossing of the Widom line
around 230 K at ambient pressure. Secondly, the concentrated ferritin solutions in a glycerol/water
mixture indicates Brownian-like motion down to cryogenic temperatures (T = 210 K) throughout
the probed g-range (g ~ 0.1-0.5 nm-1), as evidenced by the intensity correlation functions. The ex-
tracted diffusion coefficients exhibit Arrhenius temperature dependence for both dilute (7 mg/ml)
and concentrated (200 — 450 mg/ml) ferritin solutions, with significantly different activation energy
barriers (~30 and ~50 kJ/mol). We hypothesize that this variation is attributable to differences in pro-
tein concentration, which can indicate the presence of protein transient clusters due to the increased
strength of protein-protein interactions. Our studies showcase the applicability of XPCS utilizing
synchrotron radiation to probe collective protein dynamics at the length scale of proteins in super-
cooled conditions. These insights contribute to advancing our understanding of protein stability in
cryogenic environments, with direct relevance to biotechnical cryo-storage technologies.
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The applications of electromagnetic waves with orbital angular momentum (OAM) span from optical
communications and quantum technologies, to optical tweezers and microscopy. OAM fs-pulses at
extreme-ultra-violet (XUV) wavelengths became recently available at High Harmonic Generation
and Free Electron Laser (FEL) sources, allowing for cutting-edge applications, such as the detection
of helical dichroic effects in chiral molecules [2] and magnetic nanostructures [3]. In microscopy
applications, OAM beams were proposed for enhancing edge detection in phase-contrast microscopy
[4], and for increasing spatial resolution [5] in optical microscopy.

In this study, we performed a single-shot-per-position ptychography on a nanostructured object; the
experiment carried out at the DiProl station [6] exploited XUV beams (produced by a seeded FEL -
FERMI) of different topological charge order ¢, generated by different spiral zone plates [7].
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We show that the £-dependent beam-profile features can lead to an improved spatial resolution with
respect to conventional Gaussian profile illumination (£=0) [8].

This result enhances the capabilities of coherent diffraction imaging techniques and paves the way
for time-resolved and high-resolution microscopy of extended specimens, in turn boosting both
imaging and dichroism future experiments.
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The morphology and distribution of nanoscale structures, such as catalytic active nanoparticles and
quantum dots on surfaces, have a significant impact on their function. Thus, the capability of mon-
itoring these properties during manufacturing and operation is crucial for the development of de-
vices that rely on such materials. We demonstrate a technique that allows highly surface-sensitive
imaging of nanostructures on planar surfaces over large areas. The capabilities of hard x-ray grazing-
incidence ptychography combine aspects from imaging, reflectometry, and grazing-incidence small
angle scattering in providing images that cover a large field of view along the beam direction while
providing high surface sensitivity. For homogeneous samples, it yields a surface profile sensitivity
better than 1 nm normal to the surface, with a poorer resolution in the sample surface plane, (i.e.,
along the beam and transverse to the beam). Like other surface scattering methods, this technique
facilitates the characterization of nanostructures across statistically significant surface areas or vol-
umes but with additional spatial information.
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Ptycho-tomography: recent advancements for robust 3D imag-
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Ptychography, a coherent diffraction imaging method, surpasses the limitations of traditional lens-
based microscopy. It involves scanning an object to gather diffraction images from overlapping
probe regions, enabling high-resolution imaging of microscopic specimens. Recent interest lies in
extending ptychography to three dimensions for reconstructing an object’s refractive properties
while maintaining reasonable data acquisition times. Traditionally, this involves sequential steps
of ptychography and tomographic reconstruction, keeping the necessary illumination overlap in
ptychography, which limits efficiency. A more efficient approach involves jointly solving ptychog-
raphy and tomography problems, leveraging the inherent information coupling among projections.
We use a distributed optimization approach by employing alternating direction method of multipli-
ers (ADMM) to split the joint problem into ptychography, tomography, and regularizer components.
In this talk, I will summarize recent advancements aimed at enhancing the robustness of 3D imag-
ing.
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Understanding the behaviour and function of nanomaterials necessitates characterisation in situ
and operando. Achieving high spatial resolution at the required timescales, however, is inherently
difficult. With the emergence of diffraction limited light sources [1] and the development of fast-
framing detectors [2], coherent X-ray techniques, such as X-ray photon correlation spectroscopy
(XPCS) and coherent diffractive imaging (CDI), are changing this situation. XPCS has routinely
been used to characterise dynamics systems with high temporal resolution [3], although it lacks
spatially resolved information. Meanwhile, CDI can provide nanoscale spatial resolution [4], but
requirements of a high signal-to-noise in the diffraction patterns limits the achievable temporal res-
olution, and therefore, CDI has typically been used for static systems. Consequently, although both
techniques require the measurement and analysis of coherent diffraction patterns, the combination
of both techniques has been out of reach until recently [5].

Here, we demonstrate a proof-of-principle experiment to explore the spatio-temporal space which
can be accessed by the combination of XPCS and CDI. We performed an experiment at the P10
coherence applications beamline at PETRA III combining both techniques to study the Brownian
motion of gold nanoparticles with different diameters and at different temperatures. We show that
different motion modes can be determined by XPCS, and that the dynamic behaviour of individual
nanoparticles can be tracked by CDI. The current limits of this combination for the different dynamic
behaviours will also be discussed.
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What does BCDI bring to the study of heterogeneous catalysis
o
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The main objective of this work is to study heterogeneous catalysts in situ and operando during the
oxidation of ammonia by approaching industrial temperature and pressure values.

Currently, this catalytic process and the associated structural changes are poorly understood, we pro-
pose to use different samples in platinum, nanoparticles and single crystals in order to reduce the
gap between scientific studies on model samples and catalysts used in industry. The catalytic activity
of the different samples is measured to link structure and selectivity during the reaction, which can
be focused towards the production of nitrogen (N2), nitric oxide (NO), or nitrous oxide (N20). Three
techniques were mainly used, Bragg coherent diffraction imaging (BCDI), surface X-ray diffraction
(SXRD) and X-ray photoelectron spectroscopy (XPS), combined with mass spectrometry measure-
ments. These techniques are compatible with ambient pressure, making it possible to reduce the
difference in pressure between surface science studies and industrial conditions for heterogeneous
catalysis.

Measuring the structure of nanoparticles at the nanoscale with BCDI makes it possible to reveal the
effects of volume, surface and interface tension and compression, as well as the existence of different
types of defects. In addition to imaging studies by BCDI on individual nanoparticles, the study of a
set of nanoparticles is carried out via grazing incidence X-ray diffraction, revealing critical comple-
mentary information such as changes of particle morphology in the group of particles. Moreover,
different behaviours were revealed during the oxidation reaction on two nanoparticles measured
with BCDI at 400°C, which present a different size, shape, facet coverage and initial deformation
state, while no significant changes were measured below 600°C by SXRD. In addition, two types of
surfaces present on the nanoparticles ({111} and {100}) were also studied using single crystals with
SXRD and XPS, revealing phenomena associated to heterogeneous catalysis invisible with BCDI,
such as the growth of surface oxides, the presence of surface reconstructions, and surface relaxation.
Therefore, the surface structure as well as the presence of adsorbed species can be linked to the
measured catalytic activity, allowing a better understanding of the reaction mechanism.
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Dynamics of Bentonite Water Interaction
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Bentonite is used in a wide range of applications due to its intrinsic density, swelling capacity and
isolation capabilities, including in nuclear waste facility where bentonite swelling is employed to
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isolate the waste from surrounding hydrogeological systems [1]. Sol-gel transitions and colloidal
transport properties are central to bentonite applications [2]. Bentonite materials swelling capacity
has been the focus of many studies, primarily looking at the swelling pressure and extent. Different
bentonites have varying swelling volumes and pressures, those with sodium interstitial ions have
been reported to swell up to 15x their original volume. We investigated, in recent X-ray photon cor-
relation spectroscopy (XPCS) experiments conducted on ID10 at ESRF, the dynamics of calcium and
sodium bentonite swelling as water is added slowly. The momentum transfer region investigated
was between 0.00004 and 0.49 —*!, including the (001) Montmorillonite reflection (primary compo-
nent of bentonites) which moves as the bentonite swells. Early analysis indicate that bentonites
undergo rapid a transition initially as water is added to the sample. This can be roughly interpreted
as the water being drawn into the course grain bentonite, a sort of wetting mechanism. The re-
laxation rate slow slightly with time as water is drawn into the bentonite layers. The onset of gel
formation brings about a stabilization of the bentonite movements, similar to the results reported by
Whittaker et al. [3,4]. As the gel ages the relaxation slows, becoming slower as the sample begins
to dry. Dynamics continue to slow until the relaxation becomes too slow to observe with in the
experiment time. Our experiment has potential impact on the design of containment structures as
understanding the swelling and drying of bentonites is inherent in such isolation systems.

[1] C. C. Harvey, and G. Lagaly. Developments in clay science 1, 501-540 (2006)

[2] L. Moreno, L. Liu, and I. Neretnieks. Phys Chem Earth. 36.17-18, 1600-1606 (2011)
[3] Whittaker, M. L., et al. Nature communications, 13(1), 3382 (2022)
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Calcium carbonate is a ubiquitous substance in nature that appears in three anhydrous crystalline
phases: vaterite, aragonite, and calcite [1]. These different phases can be synthesized by precipitation
from solution by controlling temperature, reactant and additives concentration, reaction time, and
solution stirring rate. The crystals of CaCO3 spanning a few nanometers in size can self-assemble
into microparticles with various shapes and morphologies [2]. Thus CaCO3 is studied as a model sys-
tem to decipher the mechanisms of nucleation pathways and crystal growth, biomineralization, and
self-assembly. In this work, we demonstrate the combined use of coherent diffraction imaging (CDI)
and x-ray diffraction (XRD) to understand the morphology and structure of CaCO3 microparticles.
CDl is a lensless imaging technique that allows us to visualize the three-dimensional organization of
nanocrystals at nanometer resolution [2,3] whereas XRD provides information on crystalline phases
and the preferred orientation of the crystallites in a single particle. In this presentation we will focus
on the following examples — i) the self-transformation of CaCO3 vaterite microparticles into core-
shell and hollow spheres [2], ii) the formation of calcite microparticles in the presence of protein
Fetuin-A, and finally iii) investigate the effect of temperature and reaction time on the formation of
vaterite and aragonite phases. These case studies highlight the unique capabilities of the combined
CDI- XRD technique for the investigation of crystal growth and self-assembly.
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In hard X-ray detectors gaps are common due to manufacturing limitations. The information lost
during detection can lead to artefacts in the subsequent data analysis. Here we demonstrate a novel,
efficient and versatile deep learning algorithm to inpaint these gaps, applied in the field of Bragg
Coherent Diffraction Imaging (BCDI) where artefacts arise when the gaps are left empty.

The key aspect of our method lies in the choice of training the neural network with cropped sections
of both experimental diffraction data and simulated data and subsequently patching the predictions
generated by the model along the gap, thus completing the full diffraction peak. [1]

With respect to other similar works [2,3], this strategy enhances the accuracy of inpainting and by
augmenting the training dataset with experimental data it facilitates faster model training due to its
limited size. The method is image size independent and can be applied to arbitrarily larger BCDI
datasets.

Beyond broadening the scope of application, our approach ensures the preservation of data integrity
and reliability, even in the face of challenging experimental conditions. This novel deep learning-
based inpainting technique represents a significant step towards more robust and accurate recon-
structions.

[1] “Patching-Based Deep Learning Model for the Inpainting of Cragg Coherent Diffraction patterns
affected by detector gaps” - M.Masto, V.Favre-Nicolin, S.Leake, M.I.Richard, T.Schulli, E.Bellec — sub-
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With the emergence of 4th generation synchrotrons, X-ray Photon Correlation Spectroscopy (XPCS)
has improved both in terms of the available coherent photon flux and speckle contrast [Chevre-
mont2024]. Together with fast photon counting pixel array detectors, this technique has become
more attractive for the investigation of a broad range of systems [Narayanan2023]. However, one
of the main limitations of XPCS measurements is the sample degradation by the X-ray beam and
resulting beam-induced dynamics [Chushkin2022]. Yet another bottleneck when performing XPCS
at a high frame rate for a long time is the time and memory needed to process the data, which scale
quadratically with the number of frames.

To address these issues, a novel acquisition scheme has been developed at the TRUSAXS
Instrument (beamline ID02), ESRF. This new scheme has been termed as “time resolved” or “bunch
mode” XPCS. It involves acquiring frames at the highest frame rate according to the lowest lag
time to be measured only when needed and thus exposure of the sample to the beam is minimized.
Bunches of frames are acquired, spaced by variable dead time where the fast beam shutter remains
closed and the sample unexposed to X-ray beam. The autocorrelation functions are still calculated
by performing the correlation between all the frames, and reconstructing the two-time correlation
function (TTCF) before averaging.

In this work, the application of the bunch mode XPCS is demonstrated on samples (colloidal gels
formed by short-range attraction between particles) whose correlation functions span over several
orders of magnitude in lag time. Another interesting application is for XPCS-echo, where the acquisi-
tion is synchronized with an oscillatory motion of the sample imposed by a rheometer [Pham2004].
In this experiment, the detector frames are acquired on each oscillation period and echoes in the
autocorrelation function [g2(q,t)] appear each time the sample returns to the initial position. The
envelope of echoes measured corresponds to the decay of the autocorrelation function due to the
intrinsic dynamics in the sample. For fully reversible motion, the envelope strictly corresponds to
the autocorrelation function of the sample at rest. On the other hand, an acceleration of the decor-
relation occurs when the sample yields with increasing amplitude of deformation. The XPCS-echo
then provides an elegant way to measure the intrinsic dynamics within the sample, discriminating
the Doppler shifts caused by the shear.

Indico rendering error

Could not include image: [404] Error fetching image

W. Chévremont, T. Zinn & T. Narayanan, J. Synchrotron Rad., 31 (2024) 65.

T. Narayanan, W. Chévremont & T. Zinn, J. Appl. Cryst., 56 (2023) 939.

Y. Chushkin, A. Gulotta, F. Roosen-Runge, A. Pal, A. Stradner & P. Schurtenberger, Phys. Rev. Lett.,
129 (2022) 238001.

K. N. Pham, S. U. Egelhaaf, A. Moussa1“d, & P. N. Pusey, Rev. Sci. Instrum., 75 (2004) 2419.
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Real-time XPCS study of an InN thin film growth by Plasma-Enhanced
Atomic Layer Deposition

Authors: Peco Myint'; Jeffrey M. Woodward?; Chenyu Wang"°"; Karl F. Ludwig, Jr.N°"

Co-authors: Xiaozhi Zhang ; Lutz Wiegart ; Andrei Fluerasu ; Randall L. Headrick ; Charles R. Eddy, Jr

! Argonne National Laborartory

> NRL
Corresponding Author: pmyint@anl.gov
III-V nitrides have unique electronic and optical properties and a wide range of applications across
multiple industries. In this work, Plasma-Enhanced Atomic Layer Deposition (PE-ALD) of an epitax-

ial indium nitride film was studied real-time using X-ray Photon Correlation Spectroscopy (XPCS) to
understand the nanoscale surface dynamics during growth. Ultrathin films were synthesized from
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repeated cycles of alternating self-limited surface reactions induced by temporally separated pulses
of the material precursor and plasma reactant, allowing the influence of each on the evolving mor-
phology to be examined. Our results document the surface morphology evolution at each growth
stage. Numerous overlapping stress-relief events are observed during the initial film growth as sud-
den correlation changes in the calculated Two-Time Correlation Function (TTCF). Subsequently, as
the film achieves continuity after the initial growth stage, the nanoscale surface morphology un-
dergoes an abrupt transition to a long-lived state, with correlation times spanning the experiment’s
duration. Throughout the later part of the growth experiment where average scattering intensities
remained stable, there is a consistent repeating pattern of correlations in TTCF associated with the
cyclic growth process, which is modeled as transitions between different surface states. The mea-
sured relaxation time information for each modeled surface state could be useful for studying and
fine-tuning other complicated growth processes that include a greater number of disparate stages
per cycle.

11

Theoretical Analysis of Coherence Properties of the Gratings

Author: Ivan Vartaniants’
' DESY

In this work we aim to clarify theoretically the spatial coherence properties of the X-ray beam pass-
ing the variable line space (VLS) grating in the focal plane of this grating. Assuming that the VLS
grating is located in horizontal direction we are interested in coherence properties of the beam in
dispersion or in the vertical direction. We first consider the fully spatial coherent beam illuminating
the grating. We show that spatial coherence properties depend on the bandwidth of the incoming
radiation. Being fully spatially coherent up to the VLS grating, the spatial coherence properties de-
grade in the focal plane of the VLS grating. We attribute this to coupling of spatial and frequency
components at each diffraction order in the focal plane of the grating. Next, we examine partially
coherent beams incoming on a VLS grating. We assume that the incoming on a grating radiation is
of Gaussian Schell-model type and obtain analytical expression for the spatial coherence properties
of the beam in the focal plane of the VLS grating for such a field. Next, we consider a monochro-
mator setting that is provided by installing slits in the focal plane of the VLS grating and examine
degree of coherence in this case. We finally evaluate the degree of coherence at different openings
of the exit slits assuming coherent illumination of the grating and the bandwidth on the order of
2:10"{-4}.

16

Advancements in Sample Delivery Techniques for FXS: Harness-
ing Sheet Jets at XFEL Facilities

Author: Adil Ansari’
! Arizona State University

<p><strong>Adil Ansari</strong><sup>1,2</sup>, Roberto Alvarez<sup>2</sup>, Dimitra Mana-
tou<sup>2,3</sup>, Kostantinos Karpos<sup>2</sup>, Anubhav Singhal<sup>2</sup>, Diandra Doppler<sup>4</suj
Mukul Sonker<sup>4</sup>, Hao Hu<sup>5</sup>, Patrick Konold<sup>6</sup>, Daniel West-
phal<sup>6</sup>, Tej Varma Yenupuri<sup>6</sup>, Marcus Herrmann<sup>1</sup>, Richard
Kirian<sup>2</sup></p>

<ol> <li>School for Engineering of Matter, Transport and Energy (SEMTE), Arizona State University,
Tempe, AZ 85287, USA</li> <li>Department of Physics, Arizona State University, Tempe, Arizona
85287, USA</li> <li>School of Biological and Health Systems Engineering (SBHSE), Arizona State
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University, Tempe, AZ 85287, USA</li> <li>Biodesign Center for Applied Structural Discovery, Ari-
zona State University, Tempe, AZ 85287, USA</li> <li>Biodesign Beus CXFEL Lab, Arizona State
University, Tempe, AZ 85287, USA</li> <li>Department of Cell and Molecular Biology, Uppsala
University, Uppsala, Sweden</li> </ol>

<p>Fluctuation XRAY scattering (FXS) presents a powerful avenue for 3D imaging of hydrated,
native-state biomolecular configurations without the need for crystallization, cryogenic freezing or
aerosolization. It requires the extremely bright, femtosecond-duration exposures produced at X-ray
Free Electron Laser (XFEL) facilities. The challenge lies in effectively extracting three-dimensional
electron density maps with sub nanometer resolution from ostensibly rotationally isotropic scatter-
ing data, which is achieved by extracting two-point intensity correlations. Our research has focused
on enhancing the Signal-to-Noise Ratio (SNR) in FXS experiments by developing ultra-thin liquid
sample injectors that allow us to reach the shot-noise limit of statistical errors. We investigated var-
ious methods, including nano-droplets, nano-jets, and nano-sheets, for delivering protein samples
during XFEL measurements. Our exploration revealed that nano-sheets are a promising approach
because they produce a stable film thickness of under 100 nanometers with a high hit rate. Through
our experiment conducted at CXI end station at LCLS (LY59), we successfully obtained a SAXS pro-
file of Hemoglobin using a nanosheet, marking a significant milestone in solution scattering and
FXS research. To facilitate sheet-jet injection, we developed a 3D printed nozzle with micron-level
resolution, which utilizes helium gas jet to break a Rayleigh jet into a nanosheet in vacuum. Despite
challenges such as sample freezing in vacuum and high sample consumption rates, our ongoing en-
gineering efforts have significantly mitigated these issues. Subsequent improvements have not only
addressed freezing concerns but have also reduced sample consumption by a factor of three and
potentially higher, paving the way for more reliable and efficient FXS measurements.</p>

<p>This work is funded by the NSF BioXFEL STC (Award 1231306), NSF DBI Award 1943448, and
NSF MCB Award 1817862.</p>

Coexisting Multi-Timescale Fluctuations at the Chiral Nematic
Phase Boundary in Amorphous FeGe

Author: Ryan Tumbleson'

Co-authors: Sophie Morley ?; Emily Hollingworth *; Arnab Singh *; Temuujin Bayaraa *; Nicolas Burdet *; Ahmad
Us Saleheen ?; Margaret McCarter 2. David Raftrey ¢, Ronald Pandolfi 7; Vincent Esposito 8 Georgi Dakovski 5
Franz-Josef Decker ®; Alexander Reid ®; Tadesse Assefa ®; Peter Fischer *; Sinead Griffin °; Stephen Kevan %, Frances
Hellman *; Joshua Turner ®; Sujoy Roy *

! University of California - Santa Cruz
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3 SLAC National National Accelerator Laboratory
¢ Univeristy of California, Santa Cruz

7 Computing Research Division, LBNL
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Corresponding Author: rtumbles@ucsc.edu

Spatiotemporal correlations stabilize exotic phases of quantum materials. Here I present recent re-
sults from resonant soft coherent scattering experiments on the Smectic-like to Nematic-like phase
transition in amorphous Fes1Geqg. By combining synchrotron measurements from the Advanced
Light Source and free electron laser measurements from the Linearly Coherent Light Source, we
have found a region of instability as a precursor to the Nematic-like phase where fluctuations co-
exist on the timescale of both minutes and sub-nanoseconds. These results emphasize the general
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nature of multi-step and multi-time scale topological phase transitions and are likely applicable to a
broad class of materials and phenomena.

54

4D Characterization of Dynamic Samples with X-Ray Multi-Projection
Coherent Imaging

Author: Zhe HuN°"®

Co-author: Pablo Villanueva Perez

Coherent Diffraction Imaging (CDI) has emerged as a seminal technique for investigating nanoscale
structures, enabling non-intrusive insights into the internal composition of specimens. Implemen-
tation of a 3D CDI experiment necessitates a rotation stage, capturing several tens of projections
from diverse angles to reconstruct a 3D object. The characterization of dynamic objects presents
challenges due to the rotational stage limiting maximum speed.

In response to this limitation, our research group has introduced an X-ray multi-projection imaging
(XMPI) method, simultaneously capturing three specimen perspectives. The integration of XMPI
with CDI is introduced to characterize dynamic objects. We propose a novel deep learning-based
reconstruction algorithm to mitigate sparse view challenges inherent to XMPI and the requirement
for reproducible samples in the 3D imaging experiments in XFELs. This method requires fewer than
three projections captured at each time point to reconstruct 4D movies of dynamic samples. Mean-
while, our method overcomes the requirement of reproducible samples through transfer learning.
Samples with similar structures are enough for the neural network to capture the features of these
objects, resulting in a more efficient way to conduct 3D and 4D imaging in XFELs.

By leveraging neural networks and advanced learning strategies, our algorithm can learn and com-
prehend the intricate variations in dynamic samples, effectively preserving details and motion in-
formation during reconstruction and mitigating the requirement for reproducible samples in XFEL
experiments. This innovative approach enables the acquisition of ultra-high spatiotemporal resolu-
tion reconstructions of dynamic samples and opens up new possibilities in various fields, such as
scientific research and medical imaging.

67

The (small) influence of Compton scattering in coherent diffrac-
tion imaging experiments

Authors: Oier Bikondoa!; Dina Carbone?

! Department of Physics - University of Warwick (UK) &amp; XMaS UK CRG Beamline at the ESRF
* Max IV Laboratory

Compton scattering is generally neglected in diffraction experiments because the incoherent radia-
tion it generates does not give rise to interference effects and therefore is negligible at Bragg peaks.
However, as the scattering volume is reduced, the difference between the Rayleigh (coherent) and
Compton (incoherent) contributions at Bragg peaks diminishes and the incoherent part may become
substantial. The consequences can be significant for coherent diffraction imaging at high scattering
angles: the incoherent radiation produces background that smears out the secondary interference
fringes, affecting thus the achievable resolution of the technique. We introduce a criterion that re-
lates the object shape and the resolution. The Compton contribution for several object shapes is
quantified, and it is shown that the maximum achievable resolution along different directions has
a strong dependence on the crystal shape and size. These results can readily be extended to other
types of noise or background.

1 O. Bikondoa and D. Carbone. “On Compton scattering as a source of background in coherent
diffraction imaging experiments”. J. Synch. Rad. 28, 538-549 (2021).
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40

Perfecting the gas-focused liquid microjet

Author: Dimitra Manatou'

Co-authors: Kosta Karpos . Sahba Zaare !; Reza Nazari !; Roberto Alvarez ; Richard Kirian '; Adil Ansari
1

! Arizona State University

® Arizona State University
Corresponding Author: dmanatou@asu.edu

Gas-Dynamic Virtual Nozzles (GDVNs) have been vital for XFEL (X-Ray Free-Electron Laser) ex-
periments since the Linac Coherent Light Source (LCLS) began operating in 2009. They produce
high-speed liquid microjets that are particularly important for serial crystallography and solution
scattering experiments at MHz and for rapid mix-and-inject studies. Despite continuous improve-
ments to GDVN fabrication methods, nozzle failures still cause substantial losses in beamtime pro-
ductivity. In order to minimize such losses, and to expand the operational range of GDVNs, we
have developed a semi-automated platform for detailed characterizations of liquid microjets. We
have studied how microjet properties vary according to nozzle geometry, operating conditions, and
liquid properties.

In this poster, we will outline the automated platform that we developed for this purpose, which in-
cludes an open-source python-based software package with a graphical interface. We will delve into
quantitative results that show how variations in liquid properties such as viscosity and microparticle
size influence the transition from jetting to dripping phases. We will also show how some nozzle
geometries can dramatically affect the jet-to-drip transition and enable ultra-low flows down to 0.1
pL/min, which results in jet diameters below 300 nm. We discuss how nanojet protein solution
scattering of ultra-fine nanojets can help enable XFEL-based biomolecular imaging methods such as
Fluctuation X-ray Scattering.

This analysis correlates closely with experimental observations that were seen in the LY59 beamtime
at the LCLS through diffraction of a nanojet and fringes that allowed us to measure a it in real time.
We are offering a detailed characterization of the transitions between jetting and dripping, and the
dynamics of nanojet formation. Our investigation, delves into the impact of sample concentration
on jet performance, providing valuable insights for optimizing microjet and nanojet configurations
in XFEL applications.

This research is laying the groundwork for future studies to improve XFEL crystallography and
solution scattering experiments. By tackling the challenges of varying sample concentrations, our
findings enhance experimental design, opening avenues for groundbreaking discoveries in XFEL
research.

87

X-ray Photon Correlation Spectroscopy of Supercooled Ferritin
Protein Solutions

Author: Maddalena Bin'
! Stockholm University

Studying protein dynamics is fundamental to understanding cellular processes, such as transport,
assembly and disassembly occurring, for instance, in crowded biological environments. Here, I will
present our measurements of the diffusion of concentrated solutions of the protein ferritin in glyc-
erol/water mixture, extending into the supercooled regime 1. We employed X-ray Photon Correla-
tion Spectroscopy (XPCS) to resolve collective nanoscale dynamics ranging from microseconds to
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hours [2]. The intensity correlation functions indicate Brownian-like motion down to cryogenic
temperatures (T = 210 K) throughout g-range probed (q ~ 0.1-0.5 nm-1). The extracted diffusion co-
efficients exhibit an Arrhenius temperature dependence for both dilute (7 mg/ml) and concentrated
(200 - 450 mg/ml) ferritin solutions, although with significantly different activation energy barriers
(30 and ~50 kJ/mol). We hypothesize that this variation is due to differences in protein concen-
tration, which can indicate the presence protein transient clusters due to the increased strength of
protein-protein interactions. Our study demonstrates the applicability of XPCS utilizing synchrotron
radiation, for probing collective protein dynamics at the length scale of proteins in supercooled con-
ditions. These insights can advance our understanding of protein stability under cryogenic environ-
ments, with relevance to biotechnical cryo-storage technologies.

References:
1 M. Bin et al, Manuscript in preparation
[2] M. Reiser et al, Nat. Commun. 2022, 13, 1-10

Microsecond Dynamics in Complex Liquids with MHz XPCS

Authors: Francesco Dallari™"; Felix Lehmkiihler !; Roseker Wojciechl; Irina Lokteva°™; Fabian Westermeir';
Claudia GoyN(’ne; Verena Markmann™°"; Gerhard Griibel N°¢

! DESY

Corresponding Author: francesco.dallari@unipd.it

21

Complex liquids are a broad family of materials that cover key roles in several aspects of every-
day life, from biological processes that can take place only in such environments to industrial ap-
plications that sees complex liquids either as a final product or as a fundamental manufacturing
step. From a physicist perspective most of the interesting phenomena take place at inter-particle
distances, which for proteins and nanoparticles correspond to few nanometers, accessible only via
X-ray based techniques. Moreover, such processes are often connected to diffusion mechanisms,
which for water-based systems implies timescales of the order of few microseconds. These time and
spatial constraints pose a real challenge to current 3rd generation synchrotron sources, limiting ex-
periments only to a handful of complex experiments on prototypical systems 1.

The MHz repetition rate of the European XFEL matches perfectly with these timescales making it an
ideal choice for this kind of experiments. Here we report the results from MHz X-ray Photon Cor-
relation Spectroscopy (XPCS) experiments performed at the instruments MID and SPB/SFX [2,3],
showing how it is possible to execute measurements both on prototypical charge-stabilized silica
in water and on radiation-sensitive core (silica) — shell (PNIPAm) nanoparticles. Tuning the pulse
intensity and repetition rate it is possible not only to measure the original dynamics of the systems
but also to control the radiation-induced heating of the system without necessarily damaging it even
for more delicate PNIPAm - based samples. This possibility, combined with the capabilities of the
XPCS techniques, opens the way to the study of out of equilibrium dynamics in the microsecond
time-scale for a large variety of complex systems.

1 Q. Zhang, E. M. Dufresne, S. Narayanan, P. Maj, A. Koziol, R. Szczygiel, P. Grybos, M. Sutton, and
A.R. Sandy, Journal of Synchrotron Radiation, 2018, 25(5), 1408-1416

[2] F. Lehmkiihler, F. Dallari., A. Jain, M. Sikorski, J. Moller, A. Madsen, A. P. Mancuso, and G. Griibel
et al. PNAS, 2020, 117, 39, 24110-24116.

[3] F. Dallari A. Jain, M. Sikorski, J. Moller, A. Madsen, A. P. Mancuso, G. Griibel, F. Lehmkiihler et
al. TUCtJ, 2021, 8, 5, 775-783,

[4] E.Dallari, F. Lehmkiihler et al, submitted
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Time-resolved Ultrafast Strain Evolution in SrTiO3 Nanocrystals
by Bragg Coherent X-ray Diffraction Imaging
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The formation of polarons and relevant deformations in atomic displacement in perovskite-oxides
is due to the localization of charged carriers within photo-excited crystal lattices. It is important
to understand these phenomena and processes in an ultrafast time scale for practical applications
and the underlying science. Such a polaron affects structural distortions and carrier transport in
perovskite-oxides.

Polarons are expected to form in less than one picosecond (1 ps) by non-thermal effect. So far, po-
laron formation and propagation have been explained by computational outcomes or changes in
observable peaks. There is no clear experimental observation or explanation for polaron formation
and propagation behavior. It is crucial to obtain precise insights into the generation and initial prop-
agation of polarons before their development as phonons to explore the potential of materials.

In this presentation, I will present the ultrafast lattice distortions by photoexcitation in perovskite
oxides to understand initial polaron generation and evolution by time-resolved Bragg coherent X-ray
diffraction imaging (tr-BCDI) with an optical laser pump and an X-ray pulse probe. By doing that,
we can observe the lattice distortions caused by excited carriers at the nanocrystal level. By direct ob-
servation of atomic-scale motions linked to momentary internal structural distortions in nanoscale
perovskite-oxides, I will review the polaronic distortion in ultrafast time scale. This work was sup-
ported by the National Research Foundation of Korea grant NRF- 2021R1A3B1077076.

56

Construction of Ptychography at Taiwan Photon Source

Authors: Yi-Wei Tsail; Kang-Ching Chu!; Bo-Yi Chen'; Gung-Chian Yin'; Jhih-Min Lin'; Chun-Yu Chen’; Yu-Shan
Huang'

' NSRRC
Corresponding Author: tsai.yw@nsrrc.org.tw

Ptychography, a scanning coherent diffraction imaging, has been rapidly and successful develop-
ment over the past decade. This technique allows for the retrieval of complete information with
high spatial resolutions, including the wavefield of incident beams and the transmission function of
samples. In Taiwan Photon Source (TPS), a third-generation synchrotron facility, preliminary tests
of hard X-ray ptychography were conducted at beamline TPS 25A. Using a standard gold Siemens
star specimen, the spatial resolution of the images obtained was determined to be sub-10 nm, as
estimated by half-bit threshold of Fourier shell correlation (FSC).

The system consists of focusing optics (zone plate), piezo-stages and Eiger detectors. The phase re-
trieval program is a custom-built software utilizing the iterative cores of extended ptychographical
iterative engine (ePIE), maximum-likelihood (ML) and difference map (DM) algorithms. Optimized
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Fermat spiral trajectories are employed during the scanning process in ptychography. Position cor-
rection and mixture-state method are included to extend the tolerance for errors casued by beam-
pointing instabilities and non-ideal sources.

28

Merging Xray Diffraction Data with Monte Carlo Expectation Max-
imization
Author: Rainier Mobley ™

The crucial pre-phasing step of merging two-dimensional XFEL diffraction data into consistent,
three-dimensional diffraction volumes is greatly complicated by the presence of latent, shot-by-shot
variations. For example, in the case of single-particle diffraction experiments, the orientation of
the target is unknown. There are many other types of these unmeasured variations that can hap-
pen between shots in a diversity of experiments, such as beam fluence, beam temporal profile, rela-
tive background strength, pump-probe timing, etc. Presented here is an algorithmic framework for
handling these types of merging challenges given a reasonable probabilistic forward model for the
unmeasured variations which leverages Monte Carlo integration to perform the high dimensional
integrations involved.

24

3D CT reconstruction with sparse X-ray projections using Gener-
ative Neural Radiance Fields

Authors: Wenxuan FangN‘me : Manuel Guizar Sicairos’
! Paul Scherrer Institut

Medical imaging plays a crucial role in the diagnosis and treatment of many diseases. Computed
tomography (CT) is a widely used imaging technique that uses X-rays to produce cross-sectional
images of the body. However, the availability of projection data in clinical settings and in the
nanoscale often remains limited. Additionally, the acquisition is expensive, and patients and samples
frequently endure high doses of radiation. Excessive ionizing radiation will have decisive and harm-
ful effects. This motivates the exploration of generating enough 3D-aware CT projections to improve
the reconstruction. Thus, we propose a model that combines generative adversarial networks (GAN)
and neural radiance fields in biomedical applications to render CT projections and improve recon-
struction. We conduct a comprehensive performance evaluation comparing our approach against
existing state-of-the-art techniques.

72

Rapid coupled phase retrieval for multipeak Bragg coherent diffrac-
tion imaging
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Multipeak (or multi-reflection) Bragg coherent diffraction imaging (BCDI) allows for highly consis-
tent reconstruction of the three-dimensional strain field within nano- and microcrystals. However,
the high computational cost of such reconstructions combined with the increasing brilliance of co-
herent x-ray sources presents a problem: data production is increasingly outpacing data processing
and will soon be orders of magnitude faster. To help prevent a bottleneck, we present a multipeak
phase retrieval technique for BCDI, based on serial-constrained optimization (SCO), designed to min-
imize both the time and memory required to perform reconstructions. We show that SCO is able to
quickly and consistently reconstruct experimentally obtained diffraction patterns from crystals with
varying levels of strain.

29

Chrono coherent diffractive imaging with crystallographic data

Authors: Joe Chen'; Kevin Schmidt?; Benjamin Mobley?; Richard Kirian®

! University of Canterbury

% Arizona State University

It is known that crystallographic data under-sample the modulus of the Fourier transform of the unit
cell, resulting in the crystallographic phase problem [1-2].

Here we apply the method of chrono coherent diffractive imaging [3], which utilises multiple datasets
of the same sample collected at different time points to augment the information content of the phase
retrieval problem. The datasets are tied together by continuity constraints, and we explore the dif-
ferent conditions required for successful reconstructions through simulations.

1 D. Sayre. Some implications of a theorem due to Shannon. Acta Crystallogr., 5, 843 (1952).

[2] R. P. Millane. Phase retrieval in crystallography and optics. Journal of the Optical Society of
America A., 7, 3, 394-411 (1990).

[3] Ulvestad, A., Tripathi, A., Hruszkewycz, S. O., Cha, W., Wild, S. M., Stephenson, G. B., & Fuoss,
P. H. Coherent diffractive imaging of time-evolving samples with improved temporal resolution.
Physical Review B, 93(18), 184105 (2016).

30

The BRIGHT Nanoprobe beamline at the Australian Synchrotron

Authors: Cameron Kewish'; Michela Semeraro’; Nader Afshar!; Martin de Jonge1
! ANSTO

The Australian Nuclear Science and Technology Organisation (ANSTO) has commenced the con-
struction of a 100 m-long Nanoprobe beamline at the Australian synchrotron, as part of the BRIGHT
project delivering 8 new beamlines. A cryogenic permanent magnet undulator source provides hard
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X-rays for fluorescence mapping and ptychography imaging. The optical layout of the beamline in-
cludes a secondary source aperture, used to define the beam coherence and render the endstation
insensitive to subtle variations in angle and position of the source. A double-multilayer monochro-
mator will maximize the intensity at the sample. To achieve the spatial resolution target of 60 nm for
fluorescence mapping, with a reasonable working distance of 80 mm between the focusing mirror
vessel and the sample, the endstation is located far from the source in a dedicated satellite building.
The building was designed to minimize the effect of thermal variations, drift, and vibration at the
sample location, as well as providing convenient laboratory space for the users. The sample scanner
provides 3 mm scan range in all directions with <10 nm positioning precision, with a rotation stage
enabling tomographic extension of all imaging modalities. The status of the ANSTO Nanoprobe
construction project will be presented.

78

Correcting angular distortions in Bragg Coherent X-ray Diffrac-
tion Imaging

None
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Bragg Coherent Diffraction Imaging (BCDI) is a powerful X-ray imaging technique to reveal 3D
strain distribution of crystalline nanoparticles. The method records the 3D diffraction intensity of a
nanoparticle slice by slice by incrementally rotating the sample within a very small angular range.
The iterative phase retrieval method will then be employed to phase the sampled 3D diffraction inten-
sity and provides the detailed three-dimensional (3D) distribution of strain. Thanks to the coherence
produced by the latest 4th generation of highly brilliant X-ray beams, BCDI can achieve a very high
spatial resolution. However, any angular distortions from nominal rocking angles due to factors like
the radiation heating, pressure or the imprecise rotation stage in the data acquisition process can
introduce the artifacts in the following phase retrieval, which limits the applicability of BCDI. This
prevents us from exploring more in material science, especially for the case of small nanoparticles.

In this study, we introduce a pre-processing algorithm designed to mitigate the impact of unex-
pected orientations. Inspired by the Extension-Maximize-Compress algorithm commonly employed
in single particle x-ray imaging, our approach generates and refines a 3D diffraction intensity vol-
ume from measured 2D diffraction patterns. It achieves this by maximizing a likelihood function
informed by Poisson statistics. This function includes cross-correlation between photon counts in
each measurement and pixels in each slice of the generated volume, facilitating the determination of
the relative orientation trajectory. Additionally, we further impose spatial constraint (envelope) on
the 3D diffraction volume update, effectively limiting the field of view and enforcing the particle’s
maximum physical dimensions.

Our method demonstrates significant resilience to angular distortions, accurately correcting for dis-
tortions up to 16.4 times (1640%) of the angular step size d6=0.004"-, which is comparable to the
fringe spacing in our simulated dataset. The corrected result remarkably improves the quality of
subsequent phase retrieval reconstruction, even in presence of Poisson noise.

The validation test underscores the potential of our pre-processing method to recover highly dis-
torted experimental data that would otherwise be unusable. This advantage not only salvages data
previously considered lost but also enhances the robustness of BCDI under less-than-ideal conditions.
For example, our method can handle the data from the continuous scanning BCDI experiment.

In conclusion, the implications of this work extend to enabling BCDI in more demanding and chal-
lenging environments, fully leveraging the intensity of beam from 4th generation synchrotrons,
pushing the frontiers of material science research.
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Bragg coherent diffractive imaging (BCDI) is a powerful tool in materials science, enables investiga-
tions of a diverse phenomenon at nano-scale. It has proven effective in examining changes in the 3D
shape, strain, and defects of single crystals [1, 2]. BCDI technology has been applied under various
complex conditions, including at different temperatures and atmospheres to investigate catalysts
[3], at varying voltages to monitor particles changes during current flow [4], and at extreme high
pressures to explore strain in particles [5]. However, applying BCDI under high pressure presents
significant challenges, with previous applications primarily limited to simple systems, such as gold
nanoparticles [5]. In this research, we address this limitation by selecting CoSb3 as the sample to
investigate the boundaries of BCDI under high pressure. CoSb3, is a prominent skutterudite com-
pound known for its exceptional thermoelectric properties, it has garnered significant interest from
researchers. Numerous studies have focused on enhancing its Seebeck coefficient and thermoelectric
efficiency through pressure-induced modifications [6]. Pressure-induced structural modifications in
CoSb3 have revealed a ‘self-insertion’ process, characterized by complex atomic redistribution, par-
ticularly above 25 GPa [7].

In this study, we employed phase retrieval and shrinkwrap algorithms to reconstruct 3D images of
CoSb3 single crystal particles. Our reconstruction results demonstrated expected changes in particle
compression, thereby expanding the limitations of BCDI under high-pressure conditions. Through
an analysis of diffraction patterns in 3D reciprocal space, we observed pressure-correlated changes,
with a notable shift in the diffraction pattern occurring above 25 GPa, indicative of a critical thresh-
old in CoSb3’s response to pressure. Additionally, the Bragg peaks intensities as the function of
d-spacing values resulting from the compression revealed discontinuous changes at 25 GPa. This
study illuminated the complicate interplay between pressure and particle evolution, providing valu-
able insights into the underlying mechanisms of CoSb3’s structural transformations elucidated by
BCDI.
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Mesoscale structural features and dynamics, particularly at domain and grain boundaries, signifi-
cantly influence the macroscopic properties of materials across various classes and length scales,
impacting, for example, electronic behavior, mechanical response, and dielectric properties. Corre-
lating macroscopic properties of a system driven by an external stimulus to the fluctuations origi-
nating from mesoscale order provides an opportunity for new insights into structure-property re-
lationships. In particular, for strongly correlated materials systems, these connections remain less
explored.

Transition metal dichalcogenides (TMDCs), exemplified by tantalum disulfide (1T-TaS2), are known
for their unique electronic characteristics, making them promising candidates for applications in
charge-configurational memory devices and beyond. In 1T-TaS2 specifically, understanding the
fluctuations or reconfiguration of charge-density wave (CDW) domains can illuminate mechanisms
central to transport properties. The CDW order is a long-range electron density modulation that
is also strongly coupled to a distortion of the 1T-TaS2 lattice, making it possible to use techniques
based on x-ray diffraction.

In this study, we focus on fluctuations and rearrangement of these CDW domains under an applied
electric field. Employing a combination of DC and AC electric field modulation, we probe the CDW
order using X-ray Photon Correlation Spectroscopy (XPCS) at MHz frame rates at the European X-
ray Free Electron Laser (Eu-XFEL), to study the characteristic timescale and determine the nature of
their fluctuations (continuous or stochastic). Extracting accurate dynamical parameters from MHz
frame rate detectors via frame-to-frame XPCS of weakly scattering peaks, such as those from a CDW
system in a wide-angle scattering geometry is possible with analysis techniques that are adapted to
extremely low per-shot signal rates. The analysis pipeline includes filtering of incident pulses based
on x-ray fluence, accounting for frame-to-frame incident mean photon count variations, weighting
matrix to reduce signal to noise. Time and voltage dependent correlation coefficients derived using
this approach span time ranges from hundreds of ns to tens of s at a wide range of applied elec-
tric fields. Future experiments at XFELs and 4th generation synchrotrons will be used to further
investigate the nature of these CDW domain reconfigurations in different regimes of CDW domain
dynamics.

Our study advances our understanding of mesoscale phenomena in 1T-TaS2 and paves the way for
using XPCS to investigate domain dynamics in diverse materials systems in wide-angle scattering
geometries at high repetition rate XFELs.
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Polycrystals are an essential class of materials. Their use in everyday applications is due to their
unique grain structure and grain boundary phenomena that can be tailored for a broad range appli-
cations and conditions. The grain boundary phenomena can degrade or enhance the macroscopic
properties and device performance, for example due to local ion and charge transport and disloca-
tion motionl. It is therefore crucial to determine the interplay between grain boundaries and grains
within a bulk system to enable the fine control of the grain boundary for tailor made material de-
signs. Existing characterization techniques for bulk polycrystals, such as High Energy Diffraction
Microscopy (HEDM)2, provide micron-scale maps of strain distributions of large grains, typically
those larger than tens of microns. However, HEDM does not capture sub-micron details due to
its spatial resolution (5 microns)2. This results in obscuring sub-micron features critical for under-
standing the interplay between small and large grains and their grain boundaries. Bragg Coherent
Diffraction Imaging (BCDI) offers high spatial (30-50 nm) and strain resolutions (20"-4) critical for
elucidating size-dependent and grain boundary properties and typically maps strain within individ-
ual nanocrystals (0.05-1 microns)3. Extending BCDI into the high energy regime needed to penetrate
a bulk polycrystal system promises to reveal the sub-micron features outside of HEDM’s resolution
limit4. However, fulfilling the Nyquist sampling criterion, or the requirement that the diffraction
pattern’s mean speckle size be twice the detector’s pixel size5, is challenging with HE-BCDI due
to the compression of reciprocal space at high X-ray energies4. Moreover, large crystal volumes
result in smaller fringe spacing on the detector, further exacerbating the challenge of sufficient sam-
pling in these measurements5. Overall, HE-BCDI presents an undersampled regime with overbinned
diffraction fringes that are unsuitable for conventional BCDI phase retrieval4.

Fourth generation synchrotron sources (ESRF & APS-U) have sufficient coherence capabilities in
the high energy X-ray regime to enable HE-BCDI4 and present a ripe opportunity to develop al-
ternative phase retrieval algorithms and data collection methodologies that complete the picture
of the microstructure from bulk polycrystals. In this presentation we address the undersampling
problem and demonstrate a successful recovery of the fringe structure obscured by coarse pixels in
a high-energy diffraction experiment at a fourth-generation synchrotron source. Diffracting from
a well-behaved particle in the overbinned fringe regime at fixed energy, we implement a series of
sub-pixel translations in the detector plane that can reveal the overbinned fringe sub-pixel detail.
We then evaluate the fidelity of this fringe recovery strategy by comparing the recovered fringe pat-
tern to a fine fringe measurement in which fringes were fully resolved via a large sample-to-detector
distance. This approach represents development towards enabling HE-BCDI that can help elucidate
how sub-micron sized features influence large scale domains and their mechanical properties in a
bulk polycrystal system.
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The stiffness and toughness of bone are determined by the organization and relationships between its
main components (minerals and collagen). Intermuscular bone found in herring species presents a
fascinating subject of study due to its absence of bone cells and simplified internal organization. Uti-
lizing Small Angle X-ray scattering techniques, previous research has revealed that collagen fibrils in
intermuscular bone assemble directly into bone, presenting a departure from the complex plywood-
like structure observed in traditional bone. However, questions persist regarding the arrangement
and orientation of collagen fibers within this seemingly simplistic structure.

In this study, we employed plane wave X-ray coherent diffraction imaging to delve into the three-
dimensional architecture of low-mineralized intramuscular bone. Through the direct assembly of
27 diffraction patterns into a three-dimensional Fourier grid for phase recovery and tomography
reconstruction, we achieved a remarkable resolution of 32.7nm based on the criterion 1/e of PRTF.
Our findings unveil a layered composition of low-mineralized intramuscular bone, characterized by
planar layers housing primarily aligned collagen fibrils intersecting at various angles. Notably, these
distinct orientations of collagen fibers, evident in both diffraction patterns and three-dimensional
reconstructions, are absent in high-mineralized fishbone samples.

We propose a method to analyze the data from two aspects of diffraction pattern and real space
structure.The result show that the unique layered structure and diverse orientations of collagen bun-
dles in low-mineralized intramuscular bone underlie its exceptional mechanical properties, offering
insights into the biomechanics of fish bone. This study not only enriches our understanding of in-
tramuscular bone structure but also holds implications for biomimetic material design and tissue
engineering applications.
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The soft X-ray beamline at ESRF (ID32) provides X-rays in the energy range 400 eV — 1800 €V to
perform polarization-dependent spectroscopic studies of magnetic and electronic properties of mat-
ter, with the main end-stations specialized in X-ray Resonant Inelastic Scattering (RIXS) and X-ray
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Magnetic Circular Dichroism (XMCD) measurements. In addition, a compact side-station is dedi-
cated to coherent small angle scattering experiments, in particular Fourier-transform holography
on magnetic samples, with time-resolved and 3D magnetic holo-tomography capabilities.

The end-station is equipped with a fast scientific-grade fully in-vacuum sCMOS camera from Axis
Photonique, provides a 0.4 T magnetic field along the beam direction and a combination of sample
rotations and translations enabling a variety of holographic measurements to be performed, with or
without beamstop.

Examples on studies of magnetic vortices, different domain wall structures and 3D magnetic holo-
tomography together with a detailed description of the experimental setup will be given.

The Extremely Brilliant Source (ESRF upgrade phase 2) has boosted the partial degree of coherence
of the ID32 source, theoretically approaching 50%, satisfactorily preserved throughout the numerous
beamline optical elements. The examples listed above will illustrate how challenging coherent scat-
tering experiments on magnetic materials can be easily performed on a beamline initially optimized
for magnetism rather than coherence.
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The ability to measure small deformations or strains is useful for understanding many aspects of
materials especially in soft condensed matter systems. Systematic shifts of speckles arising from
small angle x-ray coherent diffraction when analyzed enable flow patterns of particle in the elas-
tomers to be inferred. This information is obtained from cross-correlations of speckle patterns. This
speckle tracking technique measures strain patterns with a accuracy similar to X-ray single crystal
measurements but in amorphous or highly disordered materials.
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Identifying the three-dimensional (3D) evolution of dislocations in nanostructures is increasingly
crucial for various fields such as catalysis, energy, and electronics applications. Despite its signifi-
cance, in-situ imaging of 3D dislocation dynamics has been limited to date due to their buried na-
ture. In this study, we unveiled the dynamics of dislocations within perovskite host oxide nanopar-
ticles during the exsolution process, wherein doped transition metals migrate and form catalytic
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nanoparticles on the surface. By utilizing the retrieved phase information from Bragg coherent X-
ray diffraction imaging (BCDI), we revealed the nucleation of dislocations starting within the bulk
and propagating towards the surface. Further analysis of multiple dislocations demonstrated that
these dynamics occur differently depending on the dislocation types. Combined with elementally
resolved electron microscopy, a correlation between structural deformation and chemistry changes
along dislocations was also identified. These results suggest that dislocations can act as energetically
favored pathways for segregations, migration, and exsolution.

This work was supported by the National Research Foundation of Korea grant NRF-2021R1A3B1077076.
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Over the last decade, hard x-ray split delay (HXRSD) optics have been designed and implemented
at several X-ray Free Electron Laser (XFEL) facilities due to the high demand for multi x-ray pulse
capabilities. At Linac Coherent Light Source (LCLS), we have designed and commissioned HXRSD
systems, which are wavefront splitting and amplitude-splitting. Here we present a operation and
performance of each HXRSD. We present examples of the experiment schemes that combine x-ray
probe-probe, x-ray pump-probe with x-ray diffraction and absorption spectroscopy.
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Understanding molecular processes in living cells is of great interest, not only to model and predict
the dynamic properties such as intracellular transport, but also to develop future drug formulations
for the pharmaceutical industry. In vitro experiments often focus on model systems, such as proteins
in diluted solutions. However, molecular crowding takes place in living cells. In such highly concen-
trated environments, the protein dynamics deviate significantly from those in diluted systems due
to increased molecular and hydrodynamic interactions modifying the collective diffusion constants
D(q). Here, we study these collective dynamics in crowded protein systems on molecular length and
microsecond time scales employing Megahertz X-ray photon correlation spectroscopy (MHz XPCS)
at beamline MID of the European XFEL 1. We investigate model systems for crowded solutions con-
sisting of the globular protein ferritin and different types and concentrations of crowder molecules.
Our experiments reveal a strong dependence of the crowding agents on the q-dependence of the
collective diffusion D(q). For small crowding agents we observe a pronounced decrease in D(q) for
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increasing g-values which is linked to the predominantly repulsive interaction between the proteins
and small crowder molecules such as sucrose and polyethylene glycol 400. However, a different
picture emerges for larger crowder molecules such as the polysaccharides Ficoll and Dextran. Here
we observe an almost constant behavior of D(q) at high concentrations which we attribute to in-
creasing attractive interactions and increasing mean-field behavior of hydrodynamic interactions.
In addition, modulations in the D(q) of dextran related to the molecular weight and concentration
of the crowder molecules became apparent. This indicates a (transient) structure formation of the
crowder molecules within the solution upon exceeding the overlap concentration threshold.

In summary, our experiments shed new light on the diffusive dynamics of proteins in crowded en-
vironments on molecular length scale. They reveal a strong dependence of the protein dynamics on
both type and concentration of the crowding agents.

References:
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The water liquid-liquid critical point hypothesis (LLCP) suggests the existence of two distinct liquid
states in water, namely high- and low-density liquid (HDL, LDL), with an LLCP concealed in the
deeply supercooled range at heightened pressures. The effects of liquid polymorphism on solvation
and structural dynamics in organic aqueous solutions still remains unclear. In this study, a dilute
solution of water and glycerol (3.2 mol%) was employed, serving as a prototypical system to explore
the presence of the HDL/LDL states. By utilizing evaporative cooling of microdroplets along with
ultrafast X-ray scattering, crystallization was successfully avoided down to a temperature of approx-
imately 229 K. In addition to the experimental findings, molecular dynamics (MD) simulations were
conducted across an extended temperature range, revealing increased fluctuations and the first struc-
ture factor peak of the mixture, as temperature decreased. The methodology introduced in this study
opens up new possibilities for experimentally identifying an LLCP in aqueous solutions by adjusting
the solute concentration.

References
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