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A. Summary

Understandable description of the main results and progress made from the time of handing in the
proposal (or the last interim report). General overview of next steps and description of the project’s
strategic sustainability.

a) Short Summary
Please give a short understandable description of your project with relevance for the community.
The electronic structure determines many of the macroscopic physical properties of a material.
Photoelectron momentum microscopy (MM) has matured into a powerful tool for the detailed
characterization of the exciting electronic properties of novel quantum materials. By applying the
principles of high-resolution imaging modern instruments simultaneously capture hundreds of
tomographic slices of an electronic structure in a high-dimensional parameter space. Despite the
rapid worldwide adoption as a universal tool for material characterization, there is currently no
common scheme to describe the highly diverse parameters that define a MM experiment. We aim
to establish an extensible and sustainable metadata scheme for momentum microscopy, which
will be stored in a structured file together with the measured data voxels. This will be the basis for
a standardized work-flow that interprets the stored metadata and to reconstruct views of the
multidimensional electronic structure of a material.

b) Progress and main results
Please provide a generally understandable presentation of the actions, main results and the
progress made in the reporting year. Please also give a brief general outlook for future actions
and work(s).

Implementing findable, accessible, interoperable and reusable principles in momentum

10of4



microscopy is a challenging goal due to the abundance of experimental parameters. Significant
progress was made toward implementing FAIR (Findable, Accessible, Interoperable, and
Reusable) data principles in the field of momentum microscopy, a domain characterized by highly
complex experimental parameter spaces. A central focus of the project was the development of
robust metadata structures that effectively link measured data voxels to the underlying electronic
properties of the studied materials.

Following a series of collaborative discussions, the NeXus data format—specifically the recently
introduced NXmpes definition—was identified as the most suitable solution for storing
multidimensional ARPES datasets. This format is particularly well aligned with the requirements of
momentum microscopy and related techniques, offering comprehensive support for metadata
integration and interoperability.

To evaluate and validate the applicability of the chosen data structures, a representative 4D
dataset was generated, consisting of tomographic slices through the Fermi surface of the noble
metal palladium (Fig. 1). Acquired using momentum microscopy, this dataset served as a test
case for developing and refining data management and visualization workflows. As part of this
effort, the visualization software ImagePi was developed to support the inspection and analysis of
multidimensional datasets. Designed as a general-purpose viewer for high-dimensional numpy
arrays, ImagePi delivers real-time performance using pyqtgraph/Qt and has been successfully
deployed at DESY beamlines P04 and P22. The tool received positive feedback from users and is
now distributed via DESY repositories.

In parallel, the M3eta project organized a workshop on multidimensional data management, held in
Julich. The event attracted a diverse, interdisciplinary audience, including experts from neutron
scattering and high-resolution electron microscopy. The workshop facilitated valuable discussions
on shared challenges in storing, analyzing, and visualizing complex datasets, and further
underscored the potential of community-driven data standards such as NXmpes.

Another major technical milestone was the implementation of EPICS and Tango-based data
writers for momentum microscopy instruments in Jilich ant at the DESY. These systems enable
the automatic capture and storage of complete metadata snapshots alongside the experimental
data. A particularly impactful outcome of this development is the automatic generation of entries in
an electronic lab book (ELN) for each recorded measurement. This feature ensures that all
essential experimental information—such as instrument settings, sample position, environmental
parameters, and user annotations—is documented consistently and in real time, without manual
intervention.

The integration with an ELN system enhances traceability and reproducibility across
measurement sessions, facilitates collaboration among users, and significantly reduces the
administrative burden on beamline scientists and visiting researchers. By embedding detailed
metadata directly into structured, time-stamped logbook entries, the system provides a reliable,
searchable record of all experiments, supporting retrospective analysis, auditing, and reporting.

Further collaboration between the Julich and DESY teams led to the definition of essential
metadata requirements for momentum microscopy data, based on the NXmpes schema. A
prototype data writer was developed accordingly, and initial analysis trials with the newly
structured datasets demonstrated the viability of the chosen approach. While core metadata
elements have been standardized, work is ongoing to define and integrate instrument- and facility-
specific metadata into the overall data framework.

Together, these developments represent a significant step forward in establishing efficient, FAIR-
compliant data workflows for multidimensional experimental data in momentum microscopy, while
also modernizing lab documentation practices through the seamless integration of automated
electronic logbooks.




Fig 1: 3D reconstruction of the Fermi
hlgh surface of single crystalline
palladium, measured by momentum
microscopy. The data were acquired
using linearly polarized synchrotron
radiation with photon energies
between 34eV and 200eV. From the
measured 4D photoemission
intensities, the border between
occupied and unoccupied states has
been selected and visualized in 3D
volume of momentum vectors
(k«ky,kz). The color code corresponds
to the measured photoemission
intensities, representing occupied
states in the Pd Fermi surface.
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Achievements & Highlights (bullet points)
Please sum up/list your main achievements and highlights.

Adoption of the NeXus Format with NXmpes Definition

The project identified the NeXus data format—specifically the NXmpes definition—as the most
suitable standard for storing multidimensional ARPES data, ensuring consistency and
interoperability of metadata across experiments.

Creation of a 4D Test Dataset for Workflow Development

A tomographic dataset of the Fermi surface of palladium was acquired using momentum
microscopy, serving as a test case for validating data structures and developing analysis and
visualization workflows.

Development and Deployment of ImagePi Visualization Software

ImagePi, a fast and flexible viewer for high-dimensional numpy arrays, was developed and
successfully deployed at DESY beamlines P04 and P22, receiving positive feedback from users.
Implementation of an EPICS- and Tango-Based Data Writer

A data writer was developed to automatically capture and store complete metadata snapshots
during measurements, enhancing data reproducibility and enabling rollback to previous
experimental conditions.

Automatic Generation of Electronic Lab Book Entries

Each measurement now automatically generates a structured entry in an electronic lab book,
ensuring consistent, real-time documentation of experimental parameters and improving traceability
and collaboration.

Organization of an Interdisciplinary Workshop on Multidimensional Data

A workshop hosted by the M3eta project brought together researchers from various fields to discuss
challenges and solutions in multidimensional data management, fostering cross-disciplinary
exchange.

Definition of Metadata Requirements for Momentum Microscopy

Essential metadata structures were defined in alignment with NXmpes, laying the groundwork for
standardized, FAIR-compliant data handling.

Initial Integration and Testing of Metadata-Enhanced Workflows

A prototype metadata-enhanced workflow was implemented and successfully tested with real
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datasets, demonstrating the feasibility and benefits of the newly developed data infrastructure.

Outlook
Please give a general overview of your next steps and a description of the project’s strategic
sustainability/planned integration into HMC.

We anticipate a significant improvement in the efficiency of scientific workflows through the
interoperability of various experimental techniques and the establishment of a unified metadata
structure. In the long term, standardizing metadata handling is expected to benefit the momentum
microscopy community by making data and analysis more comparable and reusable. Given the
inherently multidimensional nature of the data, the impact extends beyond momentum microscopy
to other fields such as high-resolution electron microscopy and diffraction experiments, where
modern imaging detectors are increasingly used. A unified metadata format will also enhance the
reusability of published datasets by third parties. Moreover, commonalities in data structures
between momentum microscopy and advanced techniques like 4D STEM and transmission
electron microscopy (TEM) suggest strong potential for synergy. Both fields now generate large,
complex datasets requiring similar management strategies, offering opportunities for shared tools
and workflows for multidimensional data analysis in future research.

Publications

[List] Please list your project outcome resulting from this project (publications, conference
presentations, conference posters, any other type of outcome like research data, factsheets,
code, software, workflows, videos ...).

Conference presentation of Meta:

e C. Tusche, M3ETA - An extensible Metadata scheme for advanced Momentum
Microscopy in the age of big data, HMC Welcome meeting, online 04.04.2023

e C. Schlueter, Software and data formats from Momentum Microscopy, DESY Momentum
Microscopy meeting, Hamburg 11.05.2023

e S. Cernov, Status of the P22 MM, DESY users meeting 2024 - satellite meetings:
Momentum microscopy at PETRA and FLASH, Hamburg 22.01.2024

e C. Tusche, Towards 8D Photoelectron Spin and Momentum Microscopy for the Complete
Dynamics Analysis in Advanced Matter, M*eta Data workshop, Julich 07.03.2024

e M. Hoesch, NXarpes, the Data File Standard for ARPES in NeXus, M*eta Data workshop,
Jilich 07.03.2024

e C. Tusche, Advanced spin-resolving momentum microscopy: from magnetism to topology,
DESY users meeting 2025 - satellite meetings: Momentum microscopy at PETRA and
FLASH, Hamburg, 20.01.2025

e S. Chernov, Status of the MM@P22, DESY users meeting 2025 - satellite meetings:
Momentum microscopy at PETRA and FLASH, Hamburg 20.01.2025

e S. Chernov, ImagePi for data visualization at P04 and P22, DESY Momentum Microscopy
meeting, Hamburg 04.09.2025




