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EXECUTIVE SUMMARY

LEAPSóthe League of European Accelerator-based Pho-

ton Sourcesó is the largest network of large-scale 

Research Infrastructures (RIs) in Europe. LEAPS brings 

ǘƻƎŜǘƘŜǊ ƴƛƴŜǘŜŜƴ ǎȅƴŎƘǊƻǘǊƻƴ ǊŀŘƛŀǝƻƴ ǎǘƻǊŀƎŜ ǊƛƴƎǎ 
ό{wǎύ ŀƴŘ ŦǊŜŜπŜƭŜŎǘǊƻƴ ƭŀǎŜǊ όC9[ǎύ ŦŀŎƛƭƛǝŜǎ ŀǊƻǳƴŘ 
9ǳǊƻǇŜΦ ¢ƘŜǎŜ ŎǳǩƴƎπŜŘƎŜ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ŜǎǎŜƴǝŀƭ 
tools for advancing fundamental and applied research, 

ŀƴŘ ƛƴŘǳǎǘǊƛŀƭ ƛƴƴƻǾŀǝƻƴΦ

This strategic Technology Roadmap, an update of the 

ŬǊǎǘ ƛƴǎǘŀƭƭƳŜƴǘ ƛƴ нлмуΣ ƛŘŜƴǝŬŜǎ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ 
ƴŜŜŘǎ ŦƻǊ ǘƘŜ ƴŜȄǘ мл ȅŜŀǊǎ ƛƴ ǎƛȄ ǇǊƛƻǊƛǘȅ ǘŜŎƘƴƻƭƻƎȅ 
ŀǊŜŀǎΥ tƘƻǘƻƴ {ƻǳǊŎŜǎΣ tƘƻǘƻƴ 5ƛŀƎƴƻǎǝŎǎΣ ·πǊŀȅ hǇǝŎǎΣ 
{ŀƳǇƭŜ 9ƴǾƛǊƻƴƳŜƴǘΣ ·πǊŀȅ 5ŜǘŜŎǘƻǊǎΣ ŀƴŘ LƴŦƻǊƳŀǝƻƴ 
¢ŜŎƘƴƻƭƻƎȅ ŀƴŘ {ŎƛŜƴǝŬŎ 5ŀǘŀΦ 9ŀŎƘ ǊŜǉǳƛǊŜǎ ŎƻƻǊŘƛ-
nated investment and development amongst the LEAPS 

ǇŀǊǘƴŜǊǎΦ ¢ƘŜ ƛƳǇŀŎǘ ƻŦ ǘƘƛǎ ŎƻƭƭŀōƻǊŀǝǾŜ ŀǇǇǊƻŀŎƘ ƛǎ 
ƎŀƳŜπŎƘŀƴƎƛƴƎ ŀƴŘ ǿƛƭƭ ŀƭƭƻǿ [9!t{ ŦŀŎƛƭƛǝŜǎ ǘƻ ŀŘŀǇǘ 
ŜũŜŎǝǾŜƭȅ ǘƻ ǘƘŜ ǊŀǇƛŘƭȅ ŜǾƻƭǾƛƴƎ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ƭŀƴŘ-

ǎŎŀǇŜ ōȅ ŀǇǇƭȅƛƴƎ ŀ ǎƳŀǊǘ ǎǇŜŎƛŀƭƛǎŀǝƻƴ ǎǘǊŀǘŜƎȅΣ ǘŀƪƛƴƎ 
ŀŘǾŀƴǘŀƎŜ ƻŦ ǎȅƴŜǊƎƛŜǎ ŀƴŘ ŀǾƻƛŘƛƴƎ ŘǳǇƭƛŎŀǝƻƴ ƻŦ 
ŜũƻǊǘǎΦ aŀƴȅ ƻŦ ǘƘŜ ŦƻǊŜǎŜŜƴ ŀŘǾŀƴŎŜǎ ōǳƛƭŘ ǳǇƻƴ ǘƘŜ 
ŀŎƘƛŜǾŜƳŜƴǘǎ ƻŦ ǘƘŜ IƻǊƛȊƻƴ 9ǳǊƻǇŜ [9!t{πLbbh± ǇǊƻ-

ƧŜŎǘΣ ŀƴŘ ƴŀǝƻƴŀƭ ƛƴƛǝŀǝǾŜǎΦ ¢ƘŜȅ ŀǊŜ ŎǊƛǝŎŀƭ ŦƻǊ ŜƴŀōƭƛƴƎ 

ǘƘŜ ƴŜȄǘπƎŜƴŜǊŀǝƻƴ ƻŦ ŀŎŎŜƭŜǊŀǘƻǊπōŀǎŜŘ ǇƘƻǘƻƴ 
sources to provide beams with higher brightness, 

ƛƴŎǊŜŀǎŜŘ ŎƻƘŜǊŜƴŎŜΣ ŀƴŘ ǘƻ ǎǳōǎǘŀƴǝŀƭƭȅ ǊŜŘǳŎŜ ǘƘŜ 
ŜƴŜǊƎȅ ŦƻƻǘǇǊƛƴǘ ƻŦ ǘƘŜ ŦŀŎƛƭƛǝŜǎΦ

{ǘŀƴŘŀǊŘƛǎŀǝƻƴΣ ƳƻŘǳƭŀǊ ǎȅǎǘŜƳǎΣ ŀƴŘ ŀǊǝŬŎƛŀƭ ƛƴǘŜƭƭƛ-
ƎŜƴŎŜ ό!Lύ ƛƴǘŜƎǊŀǝƻƴ ǿƛƭƭ ƛƳǇǊƻǾŜ ǘƘŜ ŜŶŎƛŜƴŎȅ ŀƴŘ 
ǊŜǎƛƭƛŜƴŎŜ ƻŦ ǘƘŜ [9!t{ ŦŀŎƛƭƛǝŜǎΦ  ¢Ƙƛǎ ǿƛƭƭ ƻũŜǊ ǘƘŜ ǎŎƛŜƴ-

ǝŬŎ ŎƻƳƳǳƴƛǘȅ ǘƻƻƭǎ ƭƛƪŜ ƘƛƎƘ ǘƘǊƻǳƎƘǇǳǘ ƪƛǘ ŀƴŘ ǿƻǊƪ-

ƅƻǿǎ ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǝƻƴ ƻŦ ƳŀǎǎƛǾŜ Řŀǘŀ ŦƻǊ ƳŀǘŜǊƛŀƭǎ 
discovery; advanced sample environments and data 

ƳŀƴŀƎŜƳŜƴǘ ŦƻǊ ƳǳƭǝπŘƛƳŜƴǎƛƻƴŀƭ ŜȄǇŜǊƛƳŜƴǘǎ ǘƘŀǘ 
enable catalyser improvements for greener chemistry; 

ƘƛƎƘπǇŜǊŦƻǊƳŀƴŎŜ ǇƘƻǘƻƴ ƻǇǝŎǎ ǘƘŀǘ ǿƛƭƭ ƎƛǾŜ ŀŎŎŜǎǎ ǘƻ 
ǇǊŜŎƛǎƛƻƴ ǎŜƳƛπŎƻƴŘǳŎǘƻǊ ŀƴŀƭȅǝŎǎ ŦƻǊ ƴŜȄǘ ƎŜƴŜǊŀǝƻƴ 
ŎƘƛǇǎΤ ŀƴŘ ǉǳŀƴǘǳƳ ŎƻƳǇǳǝƴƎ ƳŀǘŜǊƛŀƭǎΦ 

¢ƘŜ ƛƳǇƭŜƳŜƴǘŀǝƻƴ ƻŦ ǘƘƛǎ ¢ŜŎƘƴƻƭƻƎȅ wƻŀŘƳŀǇ ƛǎ ŎǊǳ-

Ŏƛŀƭ ǘƻ ǘŀŎƪƭŜ ǘƘŜ ŜƳŜǊƎƛƴƎ ƴŜŜŘǎ ƻŦ ǘƘŜ [9!t{ ǎŎƛŜƴǝŬŎ 
community, to maintain global leadership in accelera-

tor-based photon science, to strengthen technological 

sovereignty, and to ensure RIs meet future societal and 

industrial needs.
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Synchrotron Radiation Storage Ring Free Electron Laser

Scheme 1a. Drawing illustrating the main parts of a storage ring. Scheme 1b. Drawing illustrating the main parts of a free electron laser.
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pilots funded under the Horizon 2020 Research and Inno-

vation programme. A second significant example of col-
laborative effort is DIGITAL LEAPS5, an internal project 

launched in response to the COVID-19 pandemic to fos-

ter more resilient and environmentally sustainable facil-
ities, driven by the development of digital technologies, 
including AI concepts. 

An updated and enhanced Technology Roadmap for the 
LEAPS community is now a vital asset to guide future 
joint developments and quickly address potential gaps. 
To remain competitive on the global stage, and to con-

tinue to provide world-class infrastructures for SRs and 
FELs users, Europe must keep pace with technological 
advancements, particularly those driven by substantial 
investments in Asia and the United States. 

The collaborative work of the LEAPS strategy groups and 
technology working groups6, established within the con-

sortium from the outset, underpins this roadmap and 
ensures the standardised implementation of technolo-

gies across LEAPS facilities. The integration of AI and 
machine learning (ML) tools—common to all technology 
areas—and the promotion of modularisation will result 
in more efficient, resilient, and user-friendly facilities.

All the technologies outlined here hold strong potential 
for industrial engagement, mainly via co-creation. At the 
same time, the technologies aim to improve scientific 
services to the broad user community of the LEAPS con-

sortium and developments built on user engagement 

and consultation. This includes foremost ESUO (Euro-

pean Synchrotron and FEL User Organisation), which has 
defined recommendations7 for improving the technical 
capabilities of the LEAPS facilities to comply with the 
future needs of European researchers. The SESAME8 syn-

chrotron photon source in Jordan, as a very relevant 
associated partner of LEAPS, will both contribute to and 
benefit from the developments, while SRs and FELs 
worldwide are keeping an eye out for achievements gen-

erated by this strong European consortium.

Building on the first, more facility-centred, Technology 
Roadmap from 2018 and the completion of initial joint 
pilot developments in all key technology areas realised 
through LEAPS-INNOV4 with essential input also from 
industry, this new Technology Roadmap aligns with Euro-

pean priorities in digitalisation, standardisation, and 
green innovation. It is structured around six technology 
areas that encompass all major aspects of SR and FEL 
infrastructures: Photon Sources, Photon Diagnostics, 
X-ray Optics, Sample Environment, X-ray Detectors, 
and Information Technology and Scientific Data (Fig-

ure 2). 

The areas highlighted by this roadmap apply equally to 
new generation upgrades and new developments at SR 
and FEL RIs2. They also will find application at, and benefit 
from, emerging compact X-ray sources based for exam-

ple on plasma acceleration which are presently being 
developed within the ESFRI roadmap project EuPRAXIA9 

and supported by European grants like PACRI10.
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INTRODUCTION

LEAPS – the League of European Accelerator-based Pho-

ton Sources – was established in 2017 with the primary 
goal of actively and constructively promoting and ensur-
ing the quality and impact of fundamental, applied, and 
industrial research conducted at its member facilities. 

LEAPS facilities offer highly complementary capabilities, 
spanning a wide range of photon energies, from infrared 
to hard X-rays. These photon sources play a crucial role in 
advancing knowledge and innovation, contributing to 
tackling health challenges, supporting the scientific 
response to climate change, enhancing international 
competitiveness, and strengthening Europe’s technolog-

ical sovereignty. 

The member facilities of LEAPS are categorised into two 
main types: circular machines - synchrotron radiation 
storage rings (SRs), and linear accelerators - free-elec-

tron lasers (FELs) (Schemes 1a and 1b). Over the past fif-
teen years, the development of fourth-generation SRs—
an innovation pioneered in Europe and adopted 
worldwide—has significantly increased the brightness 
and coherence of photon beams produced. These 

advances enable higher performance for users, modular-
ity, and reduced energy consumption. However, further 
technological progress is required to remain at the fore-

front of photon science worldwide. Europe currently 
hosts the world’s most complete and complementary 
collection of accelerator-based photon sources, span-

ning the full spectrum of photon energies and experi-
mental techniques. Advancing the capabilities of the 
LEAPS facilities for the 35,000 users is essential to satisfy 
their expectations of faster experiments and higher spa-

tial resolution, with smart data workflows, and open data 
procedures. Enabling of key technologies is a top priority 
for the LEAPS community. 

One of LEAPS first actions was to establish a Technology 
Roadmap as part of a strategic view of the consortium1 

and identifying areas where Europe could reap the larg-

est benefits from establishing common development 
actions. Joint technological development has a 
long-standing tradition among LEAPS members. Since 
the formation of the consortium, the collaboration activ-

ities have accelerated2,3 (Figure 1) - particularly through 
initiatives like LEAPS-INNOV4, one of the innovation 

1 https://www.leaps-initiative.eu/resources/ – LEAPS Strategy 2030
2 https://www.leaps-initiative.eu/resources/ – LEAPS ESAPS Brochure
3 https://epjst.epj.org/epjplus-news/2674-epjplus-highlight-introducing-the-european-strategy-for-accelerator-based-photon-science
4 https://www.leaps-innov.eu/

5 https://www.leaps-initiative.eu/digital-leaps/
6 https://www.leaps-initiative.eu/working-groups/
7 https://www.esuo.eu/
8 https://www.sesame.org.jo/
9 https://www.eupraxia-project.eu/
10 PACRI grant agreement No. 101188004

Figure 1. The LEAPS Roadmapping process.

Figure 2. Diagram of the main Technology areas in LEAPS.

2018
LEAPS Strategy 2030

Goals, strategy &  
1st Technology Roadmap

2022
LEAPS ESAPS 2022

Update of the strategy &
new access and R&D models

2019
LEAPS Landscape Analysis
Outlook European RI ecosystem & 
facility upgrade plans

2024
LEAPS Block Grant Proposal
Stakeholders consultation & priori-
tisation of themes and timeline

2025
LEAPS Technology 
Roadmap 2025
Timeline of emerging R&D & 
2nd Techno logy Roadmap



8 9

At accelerator-based Photon Sources, electrons travel-

ling close to the speed of light are manipulated using 

special magnets to promote the high-brightness emis-

sion of photon beams spanning a wide range of ener-

gies, from infrared light to hard X-rays.

Brightness is the number of photons emitted per 
second, per angular direction, per specific range of fre-

quencies. The photon beams produced at SRs and FELs 

are several orders of magnitude brighter than other 

sources.

SRs and FELs are accelerator-based photon sources 

that play a crucial role in advancing scientific and tech-

nical knowledge and innovation. They directly contrib-

ute to tackling health challenges, accelerating the dis-

covery of novel materials, supporting the scientific 
response to climate change, enhancing international 
competitiveness, and strengthening Europe’s techno-

logical sovereignty.

Undulators are arrays of magnets employed both 

in SRs and in FELs to generate photons.

11 https://www.leaps-initiative.eu/wp-content/uploads/5.-leaps-integrated-platform_final-report-june-2024.pdf – Section 1
12 https://www.leaps-initiative.eu/wp-content/uploads/5.-leaps-integrated-platform_final-report-june-2024.pdf – Section 2
13 https://www.leaps-initiative.eu/wp-content/uploads/5.-leaps-integrated-platform_final-report-june-2024.pdf – Section 7-PyDiT
14 https://www.leaps-initiative.eu/resources/ – LEAPS Fighting COVID-19
15 https://www.leaps-initiative.eu/wp-content/uploads/5.-leaps-integrated-platform_final-report-june-2024.pdf – Section 3
16 https://accelconf.web.cern.ch/fel2022/doi/jacow-fel2022-tup50/

TECHNOLOGY

ROADMAP

The recent development of fourth-generation SRs has 
led to significant gains in brightness and coherence, 
delivering requisite performance upgrades for users. 

These advances go hand in hand with modularity and 

reduced energy consumption. However, sustaining 
Europe’s leadership will require further technological 
innovation to fully leverage these improvements and 
meet future scientific and industrial demands. A signifi-

cant innovation will be the development of high-temper-
ature superconductor (HTS) technologies for next-gener-
ation undulators. Digital twin technologies, and the use 
of AI, will further enhance the performance and opera-

tion of the photon sources.
Existing European FEL facilities excel in peak power, 

tunability, coherence and ultra-short pulse duration. 
Further advancements are still needed to push the 
boundaries of temporal resolution and transverse coher-
ence. This will enable unparalleled capabilities for 
time-resolved studies of matter and structural studies of 
non-crystalline samples. A combination of the technolo-

gies identified in the roadmap will ultimately enable 
ultra-fast and attosecond capabilities, as well as 
extremely high coherence at FELs, allowing direct obser-
vation of electron dynamics in atoms, molecules, biolog-

ical objects, liquids, soft materials, and solids.

Key Enabling Technologies 

Accelerator systems: A key enabler for environmental 

sustainability is the advancement of permanent magnet 

technologies11 for SRs in next-generation photon sources. 
These developments concentrate on tunability, mag-

netic field quality, precise characterisation, temperature 
stability, and aging resistance. They also address sustain-

ability and European sovereignty through materials recy-

cling and efficient use of rare earth elements. Next-gen-

eration SRs, which will have even brighter beams and be 
more efficient compared to the most recent upgrades, 
require the design of next-generation harmonic radiofre-

quency (RF) systems12 to maintain optimal performance. 

High-temperature superconductor undulators: Once 
optimal electron beam parameters are achieved, pho-

tons are generated using magnetic devices known as 
undulators. A major step to achieve ultra-high brightness 
in SRs and FELs is the development of undulators based 

on HTS technologies, which will enable shorter periods 

and higher magnetic fields, potentially increasing bright-
ness by up to two orders of magnitude. HTS-based undu-

lators will enable the generation of higher-energy pho-

tons, with enhanced tunability and flexibility.

Digital Twins and Remote Access: Digital twin technolo-

gies will further enhance the performance and operation 
of photon sources. The LEAPS community has started the 
development of Accelerator Digital Twins, and in particu-

lar Python-based twins13, which will help to design, com-

mission, and improve operation of the photon sources. 
Modern computing methods will be leveraged, whilst 
remaining open-source and compatible with diverse con-

trol systems across facilities.
During the COVID-19 pandemic, remote access and 

autonomous operation of the LEAPS facilities became 
indispensable14, catalysing the launch of the DIGITAL 
LEAPS initiative. This included the development of 
android robots15 to enhance the accessibility and main-

tainability of instruments, particularly in radiation-ex-

posed environments. The integration of AI for navigation 
and object recognition could enable greater automation 
and reduce human intervention.

Electron beam sources and lasers: The design of future 

FEL sources with high-brightness and high-repeti-

tion-rates will be essential to further advance their per-
formance. This will require the implementation of con-

tinuous-wave electron beam sources, which offer 
unmatched flexibility for studying rare events and unpre-

dictable phenomena - turning FELs into transformative 
tools for future discoveries. Realising this goal depends 

on several enabling technologies: the development of 
photocathodes and dedicated cathode laser systems for 

electron production; superconducting RF acceleration 
systems; and advanced instrumentation for electron 
beam control and diagnostics. The proof of concept of 
XFEL oscillators16 was very recently successfully demon-

strated at the European XFEL. This will offer novel oppor-
tunities for generating X-ray radiation with ultra-high 
spectral purity. The development of high-repetition-rate, 
short-wavelength table-top lasers (in the ultraviolet 

range) will allow further optimisation of electron beam 
sources and open new possibilities for pump-probe 
experiments in SRs.

1   Photon Sources
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Photon Diagnostics are essential for optimal 
machine operation, experimental station setup, 
and optical alignment. High-fidelity, single-shot 
diagnostic data enables users to fully use the unique 
properties of the photon beams.

TECHNOLOGY

ROADMAP

Soft and hard X-ray FELs provide unprecedented scien-
tific opportunities for studying dynamics on shortest 
time scales while also providing photon beams with the 
highest intensities and exceptional beam quality. The 
community of FEL experts is still new and small, and joint 
developments under LEAPS for FEL and SRs will enhance 
efficiency and user accessibility in several ways. Photon 
diagnostics are essential, not only for machine opera-
tion, experimental stations setup, and optics alignment, 
but also because high-fidelity single-shot diagnostic data 
enables users to fully leverage the unique properties of 
FELs. Standardised diagnostics across facilities has the 
potential to free up valuable beamtime for user opera-
tion in Europe, while joint developments optimally use 
the valuable expertise of the facilities.

Key Enabling Technologies 
Attosecond pulse length diagnostics: Realising the full 
potential of femtosecond and emerging attosecond 
X-ray FEL sources demands extremely precise, real-time 
measurements of pulse duration, as well as ultra-fast 
timing and synchronisation control. Current solutions, 
such as THz/Mid-IR or angular streaking techniques, are 
still complex experiments. Making these diagnostics 
robust, reliable, and standardised across facilities is crit-
ical for optimal synchronisation and for maximising the 
scientific output of European FELs.

X-ray arrival-time monitors: Precise synchronisation 
between the X-ray pulse and the experimental laser sys-
tem is fundamental for time-resolved experiments at 
FELs. Single-shot arrival-time monitors provide the cru-
cial measurement of the X-ray pulse timing relative to 
external lasers, impacting directly the achievable tempo-
ral resolution of pump-probe studies. Current state-of-
the-art techniques are limited to an arrival-time preci-
sion of approximately 10 femtoseconds (fs) per shot, 
which constrains the exploitation of attosecond capabil-
ities at next-generation FELs. Future solutions, including 
high-energy fibre-based arrival-time diagnostics and 
advanced multilayer targets, aim to break through this 
limitation—delivering reliable sub-10 fs, and, ultimately, 
sub-1 fs resolution. These advances will enable users to 
access routinely the full temporal potential of FELs.

Wavefront and coherence: The exceptional coherence 
properties of fourth-generation SRs and FELs can only be 
leveraged with fast, reliable, and user-friendly diagnostic 
tools for wavefront characterisation and coherence con-
trol. FELs can lase in multiple spatial and spectral modes, 
leading to complex photon beam structures. Developing 
diagnostic tools—ideally a single platform or suite—for 
real-time spectral, spatial, and temporal analysis will 
improve photon sources performance, reproducibility, 
and experimental success.

Virtual photon diagnostics: Virtual diagnostics, combin-
ing AI and physics-based models, allow the reconstruc-
tion of photon beam parameters from indirect measure-
ments, minimising the need for invasive diagnostics. This 
enhances beam stability, increases experiment uptime, 
and offers deeper insight into FEL operation. Real-time, 
virtual diagnostics are essential for high-performant SR 
and FEL facilities.

Photon beam position control: Standardised, online, 
non-invasive, and AI-supported photon beam position 
monitors—with enhanced spatial resolution—will 
streamline automated alignment of the experimental 
stations and monitoring for both SRs and FELs. Such sys-
tems enable fast and efficient set-up of experiments and 
increase beamtime availability for users. Approaches 
may include optical fluorescence, gas-phase ionisation, 
ML-based reconstruction, or advanced detectors (e.g. 
silicon carbide, diamond) for hard X-rays.

2   Photon Diagnostics

Copywright: M. Ilchen with material from [https://doi.org/10.1103/PhysRevResearch.7.011001, https://doi.org/10.48550/arXiv.2408.03858] and pixabay.com.
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X-ray Optics are the critical link between the pho-
ton sources and the experiments performed at SRs 
and FELs. They provide many purposes, including 
separation of the usable photon beam from the 
background radiation, high purity monochromati-
sation, focussing the photon beam onto the sam-

ple, and preservation of coherence.

TECHNOLOGY

ROADMAP

X-ray optics are the critical link between the photon 
sources and the experiments performed at SRs and FELs. 
Nowadays, X-ray optics are often the limiting factor for 
optimal experiment performance. They serve many pur-
poses, including separation of the usable photon beam 
from the background radiation, high-purity monochro-
matisation, and focusing the photon beam to the sample 
whilst preserving the quality of the wavefront. X-ray pho-
ton sources have advanced significantly over the past 
decade, with the construction of extremely high bright-
ness SRs and FELs. However, few advances have occurred 
for critical X-ray optics, and in some cases withdrawals of 
commercial suppliers. This roadmap aims to overcome 
these limitations.

Key Enabling Technologies 
Conservation and refurbishment of optics: Conserving 
and refurbishing X-ray optics is a major benefit to the 
user community of X-ray sources as replacing these 
highly specialised optics can lead to long downtimes of 
the experimental stations. Understanding the essential 
variables for carbon contamination, and developing 
methods for in- and ex-situ removal, is of critical impor-
tance to the LEAPS facilities. In instances where an X-ray 
mirror meets the user requirements but has been 
degraded by long-term exposure to the intense X-ray 
photon beams produced by the LEAPS facilities, cleaning 
or refurbishment are sustainable solutions. New and 
refurbished mirrors need to be (re-)coated, potentially 
with different materials or multilayer coatings, to 
increase their reflectivity in the energy ranges of inter-
est.

X-ray mirrors: Mirrors coated with a reflective material 
tailored to the photon energy range of interest are used 
on all optics systems at the LEAPS facilities. Following up 
on the successful SuperFlat work package of the 
LEAPS-INNOV4 project, optics scientists plan to extend 
the method towards the manufacturing of even longer 
and higher quality plane mirrors, and provide curved mir-
rors of dedicated geometry to enable beam shaping and 
focusing under coherence preserving conditions. Such 
mirrors require the ultimate quality in the sub-nano-
metre range regarding their figure and finish.

Soft X-ray gratings: Diffraction gratings are critical opti-
cal components in soft and tender X-ray applications, 
enabling dispersion of the X-ray beam either within a 
monochromator or directly onto a detector. However, 
their availability remains extremely limited, particularly 
for blazed (sawtooth-like) gratings. To meet future 
needs, new technologies must be developed to enable 
nanometre-precision imprinting onto thick substrates 
with significantly larger aperture sizes than currently 
achievable. Building on the promising results of the NeX-

tgrating project within LEAPS-INNOV4, further techno-
logical development offers a strong potential to increase 
the TRL and reach production readiness. This effort will 
require close collaboration between the optics experts 
at LEAPS facilities and the industrial ecosystem to lever-
age the capabilities of European companies. 

Hard X-ray focusing optics: Hard X-rays can be focussed 
by compound refractive lenses, usually made of beryl-
lium or diamond. Unfortunately, beryllium lenses are no 
longer commercially available, and new suppliers need 
to be empowered to produce these important optics. 
Similarly, diamond can be used to produce refractive and 
diffractive optical elements, but the European market 
needs to be developed to reach technological sover-
eignty. The development of phase correctors to modify 
or correct wavefront profiles can utilise similar fabrica-
tion technologies and is becoming increasingly impor-
tant for optimising photon transport performance. 
Finally, multilayer Laue lenses, composed of thousands 
of nanometre-thick alternating layers of materials, hold 
the promise to be able to tightly focus hard X-ray photon 
beams. Further developments are required to make 
them a universally accessible tool.

Optical metrology: Verifying that delivered optical ele-
ments meets specification requires metrology instru-
mentation of the highest precision for ex-situ measure-
ments or the availability of calibrated in-situ diagnostic 
techniques for at-wavelength measurements on the 
experimental stations. For the most demanding applica-
tions, topography measurements of the surface as deliv-
ered (and ideally as mechanically mounted) can be used 
for corrective, deterministic polishing techniques, such 
as ion beam figuring. Collaborations to improve metrol-
ogy methodology and instrumentation continues 
through the LEAPS facilities via the exchange of knowl-
edge and resources. New improvements in metrology 
will allow the optimisation of the measurements and 
applications of optical systems, and compare the perfor-
mance of the experimental stations through simulations, 
to better adapt to the automated alignment and stability 
tools. This will rely on AI technology and will take advan-
tage of the advancements in beam positioning diagnos-
tics.

3   X-ray Optics
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Sample Environment encompasses a diverse range 

of highly specialised equipment to manipulate and 

control samples during experiments, particularly 
under extreme or realistic conditions.

TECHNOLOGY

ROADMAP

The Sample Environment technology enables cut-

ting-edge research at European accelerator-based pho-

ton sources, covering a wide variety of scientific applica-

tions. It encompasses diverse and highly specialised 
sample environment equipment required to manipulate 

and control samples during experiments, particularly 
under extreme or realistic conditions. The ability to 
dynamically vary physical parameters during experi-

ments is key to enabling the discovery of new materials 

for future applications, including novel data storage par-
adigms and quantum computing. The technologies for 
sample environments include advanced positioning sys-

tems and environmental controls such as temperature, 

pressure, strain, magnetic and electric fields, and reac-

tions with liquids and gases. Such capabilities are com-

monly applied in advanced characterisation at SRs and 
FELs, especially under in-situ and operando conditions to 
mimic real, industrial processes. 

With the advances of next-generation sources, 
automation and fast sample exchange or delivery will 
become essential for the full exploitation of the beam-

time by the users. To facilitate pan-European access for 
both academic and industrial users, standardisation 
across facilities is essential for equipment, interfaces, 
and data formats. Special emphasis must be placed on 
developing complex equipment for in-situ and operando 

experiments in scientific fields such as electrochemistry 
and catalysis, contributing to European priorities includ-

ing clean energy, sustainable mobility, and zero-pollu-

tion technologies.

Key Enabling Technologies 

Nano-positioning: Ultra-precise, nano-positioning 
stages are vital for exploiting the brightness and spatial 
resolution of next-generation sources. LEAPS aims to 
accelerate the development of time-efficient and precise 
nano-positioning tools. These mechatronic systems will 
support imaging, microscopy, and tomography applica-

tions relevant to medicine, nanotechnology, and funda-

mental science.

Automation & high-throughput measurements: Auto-

mated sample handling, backed with smart data work-

flows, boosts experimental efficiency and high-through-

put data generation. Robotics and AI-integrated 
platforms will facilitate faster, more reproducible exper-
iments and advanced applications relying on trusted 
high-fidelity big data in pharma, biotechnology, and 
energy industries for faster and more effective drug and 
materials discovery, etc. Robotics, microfluidics, and 
AI-driven feedback enable rapid, precise handling of het-
erogeneous samples, reducing downtime and enhancing 
reproducibility. Temperature-controlled stages and fast 
goniometers support seamless shifts between diffrac-

tion, scattering, and spectroscopy. Advances are needed 

for more dynamic, adaptable control in time-resolved 
and operando studies.

Extreme conditions: Advanced sample environments - 
capable of sustaining high pressures, low temperatures, 

and strong magnetic or electric fields - are critical to 
supporting research on quantum materials, supercon-

ductors, and energy materials including fusion-related 

research. For this reason, the joint development of ade-

quate tools such as diamond anvil cells, cryostats, 

high-magnetic fields, and laser heating cells is essential. 

In-situ, operando & multimodal environments: Devel-

oping sample environments for in-situ and operando 

experiments, while enabling multimodal approaches, is 
crucial for advancing both fundamental and applied 

understanding of materials under realistic conditions. 
Existing systems - such as battery and fuel cells, elec-

tronic devices, catalytic reactors, sample-injection and 
pulsed gas systems, and stress/strain devices - are 

already in use across many facilities. However, further 
innovation is needed to fully integrate multimodal capa-

bilities, which are especially important for research and 
innovation in areas such as clean energy generation and 
storage.

Advanced tools for time-resolved experiments: Advanc-

ing sample environments and delivery tools for pump-

probe experiments at FELs and short-pulse modes at SRs 
are essential for studying fast dynamic processes. 
Time-resolved techniques will investigate structural 
dynamics, reaction mechanisms, and phase transitions, 
enabling a deeper understanding of condensed matter, 
biological processes, and fundamental chemical reac-

tions such as bond breaking, bond formation, and elec-

tron transfer, relevant for instance to address catalytic 
reactions. Development of liquid sample delivery sys-

tems, which replace samples in a few hundred nanosec-

onds, is of very high importance.

Standards for sample environment equipment, control, 

data & metadata: The provision of standardised equip-

ment and processes for complex X-ray experiments will 

enhance measurement reliability and quality control, 

whilst improving accessibility for academic and industrial 

researchers. The development of common standards - 
such as universal sample holders, liquid jets, electro-

chemical cells, hardware interfaces and software control 
systems with machine-readable metadata, developed 

with the relevant academic and industrial user communi-

ties. This will facilitate automated sample preparation, 
cross-facility access, increase experimental efficiency, 
and enable reproducibility and comparability across 

European RIs and industrial suppliers. Interoperability 
and smart workflows are central to truly exploiting 
standardisation (see also area 6, IT).

4   Sample Environment
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X-ray Detectors are devices used to measure the 

flux, spatial distribution, spectrum, and other prop-

erties of X-rays. They are key components of the 
sample environment and are used to record and 
process the X-ray signal.

TECHNOLOGY

ROADMAP

The X-ray detectors technology will mainly target two 
key aspects: advancement of innovative sensor technol-
ogies and their integration into new detectors for both 
soft and hard X-rays for SRs and FELs. This prioritises high 
frame rates, low noise levels, and high dynamic range 
performances of imaging/pixelated detectors. A focus 
will be on enhanced count-rate capabilities for 
fourth-generation SRs with higher brightness. A conse-

quence of higher frame rates leads to increased data 
volumes, faster data transfer, online data processing and 
reduction, as well as data storage. Furthermore, devel-
oping specialised detectors for unique applications in life 
sciences, catalysis, studies on energy and quantum 
materials will also be integral to the success of the LEAPS 
scientific user communities in the coming years to fully 
capitalise on the photon beams produced at fourth-gen-

eration SRs and at FELs.

Key Enabling Technologies 
Innovative sensors for hard and soft X-rays: The devel-
opment of innovative low-gain avalanche diodes (LGADs) 
for low photon energies (below 2 keV, down to the car-
bon absorption edge), together with industry and aca-

demia, will strengthen Europe’s position in the global 
market of sensors. These new sensors will turn previ-
ously unavailable technologies into standard products 
accessible to a broader audience and facilitate 
ground-breaking scientific discoveries. Currently, the 
most common detectors for low photon energies are 
CCDs and CMOS imagers with a limited area and frame 
rate. However, introducing large-area, high-frame-rate 
hybrid pixel imaging detectors for the low photon energy 
range will dramatically improve scientific opportunities 
at the LEAPS facilities. A related effort will focus on creat-
ing dedicated sensors for higher photon energies (>20 
keV) to reduce dependence on a single overseas manu-

facturer. This development aims to collaborate with 
European suppliers to facilitate their start-up and, in the 
longer term, establish a European alternative for special-
ised sensors. The capability to grow and process cadmi-
um-zinc-telluride crystals is a key target, pursued in col-
laboration with academic and industrial partners. The 
new sensors will be used for the currently existing hybrid 
pixel detectors. On-going and foreseen developments in 
detectors will profit significantly from the new sensors 
by extending their energy range to low and high photon 
energies at high quantum efficiencies. Therefore, these 
developments, which will be part of a co-creation pro-

cess with European industry and academia, are currently 
a top priority.

Integration of through-silicon via (TSV) technology: 
TSVs allow contacting the application-specific integrated 
circuit (ASIC) in hybrid pixel detectors on both sides of 
the ASIC. One side can connect to the sensor pixels and 

the other to connect the ASICs to the readout electron-

ics. The integration of TSVs as the interconnect between 
the ASIC and the readout electronics will allow larger 
gapless sensor areas. These will benefit experimental 
techniques like ptychography, which rely on high-fidelity 
2D data beyond the performance of current detectors 
with intrinsic gaps between modules.

Ultra-fast large-area photon detector: The advance-

ment of science at SRs and FELs relies on the availability 
of high-performance large-area imaging detectors, espe-

cially those able to detect single photons at low energy, 
have a high dynamic range, and reach high frame rates in 
continuous or burst mode operation up to a few MHz. 
Adequate spatial resolution, as provided by small pixels, 
is also a key ingredient for materials and life sciences 
applications. 

High count rate single photon measuring detectors: The 
upgrade of many SRs to fourth-generation diffraction 
limited photon sources will provide unprecedented pho-

ton brightness and coherent flux. To overcome current 
limitations for many applications at SRs caused by the 
count rate capability of the existing single photon meas-

uring detectors, the development of high count-rate sin-

gle photon counting detectors is essential. Using the 
newly developed sensors for hard and soft X-rays single 
photon counting detectors will cover the entire energy 
range available at LEAPS facilities, from about 250 eV to 
above 100 keV.

Dedicated detectors for specific scientific applications: 
These dedicated detectors will substantially comple-

ment the above-mentioned imaging detectors. Exam-

ples include detectors featuring smaller pixels and using 
advanced techniques like position interpolation with 
micrometre precision for imaging, ptychography, and 
time-resolved spectroscopy applications like resonant 
inelastic X-ray scattering.

Spectroscopic detectors: For medium to high photon 
energy, the most promising systems are germanium sen-

sors with pulse processing electronics. To achieve good 
statistics, many channels (>100) with a high count-rate 
capability are required. Within the LEAPS-INNOV4 
framework, a 7-channel prototype is currently undergo-

ing characterisation. In the longer term, the develop-

ment of an energy-resolving detector based on hybrid 
pixel technology could be used for full-field X-ray fluores-

cence or energy dispersive diffraction applications using 
pink or white beams.

5   X-ray Detectors
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Information Technology and Scientific Data 

address the controls of the photon source and 

experimental stations, as well as the management 
of unprecedented data volumes, to maximise 
experimental efficiency. This technology area also 
develops automated workflows that cover the 
entire data lifecycle, reducing data volumes while 
producing FAIR, open, and highly reliable data.

Brighter SRs and FELs present significant challenges for 
information technology and scientific data (IT), due to 
the unprecedented data volumes and rates generated by 
higher frame rates of in-situ, operando, multidimen-
sional scanning, and high-throughput experiments, as 
well as the increasing size of detectors. Although most 
challenges are anticipated, overcoming them will require 
the development of key technologies.

IT is intrinsically present across the Technology 
Roadmap. Given the global nature of its challenges, it is 
essential to address them through a coordinated 
approach, with LEAPS providing the natural framework 
for this collaboration. The embedding of AI methodolo-
gies in different key steps requires a multi-disciplinary 
approach to be effective and usable.

While the IT resources capacity and competence 
required for the operation of each of the LEAPS facilities 
is needed onsite, the downstream processes beyond 
data acquisition can be located elsewhere. This aspect 
motivated approaching the EOSC (European Open Sci-
ence Cloud) to define services which could be jointly 
developed under its umbrella (PaNOSC17 and ExPaNDS18, 
OSCARS19 projects) and which are based on the FAIR 
(findable, accessible, interoperable and re-usable) prin-
ciples. A detailed LEAPS data strategy and its embedding 
in the framework of the EOSC was published in 202320. 
Together with the neutron community, LENS21 (League of 
European Neutron Sources), a PaN-EOSC node22 and a 

contribution to the German national node through 
DAPHNE4NFDI23 was established to ensure the sustaina-
bility of a pan-European collaboration for IT.

Key Enabling Technologies 
Competence centres and networks: This will include the 
design and implementation of competence centres for 
AI/ML techniques to cover the operation of the photon 
sources, experimental control and data analysis, and 
new programming environments. A common framework 
for AI/ML training will be developed, including a shared 
software stack and a cloud of shared resources between 
LEAPS facilities. The creation of a competence centre on 
control systems is foreseen to encourage new collabora-
tions between facilities to foster interoperability. Best 
practices for sustainable software development and 
research software engineering will also be promoted. A 

comprehensive catalogue of high-quality training mate-
rials will be compiled, building on the common training 
portal24 developed through the PaNOSC17 and ExPaNDS18 

projects.

Data and metadata: Adopting rich metadata standards 
will enhance the traceability, reproducibility, and reusa-
bility of data, ensuring that experimental results can be 
more effectively shared, interpreted, and integrated 
across disciplines. The development of a common ontol-
ogy and metadata framework in tight connection with 
the user community, namely ESUO, will be beneficial to 
increase the comparability of measurements of scientific 
data significantly, the compliance with FAIR principles 
and to make it available for AI-based model training and 
analysis. Data watermarks, a set of best practices across 
the LEAPS facilities to prevent scientific fraud, will be 
designed. Through common authentication and authori-
sation, a standardised experience for users performing 
research at multiple facilities will be provided. Unified 
access to data acquired in different facilities and transfer 
of (embargoed) data between facilities is foreseen. A 
mechanism to generate a unique persistent ID to identify 
samples including adequate description will be devel-
oped to make that data FAIR. This will include the agree-
ment on a standardised way to describe the sample (sci-
entific metadata schema) and on the minimum 
information required depending on the experimental 
technique.

Data analysis model development and reduction: Mod-
ern detectors can produce massive data volumes (up to 
petabytes per day). To take full advantage of them, high 
speed data handling techniques will be implemented. 
This can be obtained by optimising traditional compres-
sion algorithms and by adding innovative data manage-
ment steps early in the data acquisition process, includ-
ing the integration of AI/ML-based processing (e.g. 
automatic detection and rejection of “bad” data) and 
high-performance near-edge (e.g., close to the detector) 
hardware acceleration to allow high throughput. Apart 
from on-the-fly data reduction and compression, 
edge-computing capabilities provide preliminary results, 
which will guide the user towards a more effective data 
acquisition. The inclusion of these processing elements 
will require a paradigm shift, embodied by the design of 

17 PaNOSC grant agreement No. 823852, key achievements: https://zenodo.org/records/7347537
18 ExPaNDS grant agreement No. 857641
19 https://oscars-project.eu/
20 https://doi.org/10.1140/epjp/s13360-023-04189-6
21 https://lens-initiative.org/
22 https://eosc.eu/eosc-about/building-the-eosc-federation/
23 https://www.daphne4nfdi.de/english/index.php
24 https://pan-training.eu/

TECHNOLOGY

ROADMAP

6   Information Technology and    
 Scientific Data



20 21

modern acquisition, storage and pre-analysis frame-
works. Finally, a framework for workflow-based analysis 
will also be developed to make data analysis more share-
able, maintainable and reproducible.

Experiment controls: Efficient orchestration of data 
acquisition processes and highly reliable controls infra-
structure at experimental stations are important to face 
the increasing speed at which experiments are per-
formed at high brightness sources. Visiting scientists are 
directly interacting with the experiment through con-
trols software, therefore common approaches on the 
LEAPS level will foster homogeneous user experiences 
across facilities.  Furthermore, joined developments in 
this field will help to provide high-quality services in a 
resource efficient way. Enabling key technologies are dis-
tributed control, acquisition, and supervisory systems 
including detector control, and experiment orchestra-
tion frameworks. Finally, data dispatching services will 
be developed for online data access and remote access 
solutions for experiments compliant to cybersecurity 
standards.

Automation and data throughput: The combination of 
automated sample handling (see also area 4, Sample 
Environment), backed with smart data workflows, boosts 
experimental efficiency and supports high-throughput 
measurement campaigns, which is of outmost impor-
tance for industrial users. Robotics and AI-integrated 
platforms will facilitate faster experiments with increased 
reproducibility and advanced applications based on 
high-fidelity big data in e.g. pharma, biotech and energy 
industries for faster and more effective drug and materi-
als discovery. A smart engine for the coordination of the 
experimental stations, sample tracking, error and quality 
checking, and data reduction is foreseen in this Technol-
ogy Roadmap. It will also promote standardised data and 
metadata ensuring interoperability and seamless sharing 
across facilities and platforms such as EOSC.

OUTLOOK AND  

NEXT STEPS

The LEAPS Technology Roadmap 2025 outlines the essen-
tial technologies needed to ensure that European syn-
chrotron radiation and free-electron laser facilities 
remain at the forefront on the global scientific stage, con-
tinuing to provide world-class environments for research-
ers and innovators. This Technology Roadmap promises 
significant advances across different key technology 
areas, ensuring the developments required for improving 
user services. Due to the complexity of the required tech-
nologies, progress can only be effectively achieved 
through a coordinated pan-European co-development 
effort between the facilities, European partner institu-
tions, facility users and highly specialised industrial part-
ners, an approach which has been piloted in the LEAPS- 
INNOV4 project. Its implementation will strengthen 
European sovereignty in critical strategic areas, in close 
collaboration with the industry and existing academic 
researchers.

Support from the European Commission will be crucial for 
the implementation of the full roadmap. Under current 
funding schemes, only a subset of the roadmap can be 

realised. Within the Horizon Europe framework pro-
gramme, LEAPS foresees, in the near future, launching 
early-stage developments, both strategic and achievable 
within existing time and budgetary constraints. These 
include: high temperature superconducting undulators; 
advanced characterisation and synchronisation of atto-
second pulses; refurbishment of X-ray optics; next-gener-
ation hybrid pixel detector developments; standardisa-
tion and quality assurance for electrochemical process 
studies; cross-facility standardised data workflow man-
agement and AI-capacity assessment in LEAPS; and 
autonomous experimental stations technology for 
high-throughput X-ray absorption spectroscopy studies.

To fully address the ambitions of this Technology 
Roadmap, a new European funding framework will be 
necessary to support long-term commitments to joint, 
visionary, roadmap-driven technology developments 
with industry suppliers. Such a framework is essential for 
maintaining Europe’s leadership and impact in an increas-
ingly dynamic and competitive global scientific and tech-
nical landscape.

Appendix 1
A comprehensive list of the technologies that are 
expected to be launched within the LEAPS Technology 
Roadmap is shown in Table 1. It also contains an overview 
of the developments undertaken between LEAPS and its 
partners since the foundation of the consortium, and 

provides a tentative timeline for future developments. 
The communities which could contribute to the develop-
ments are also indicated, as well as the scientific commu-
nities and industrial sectors which could benefit.
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5 LEAPS community Scientific communities which might be 

interested in the development
Industrial sectors which might be  

interested in the developmentSR FEL CS

Photon Sources

Accelerator Systems

Higher brightness electron beam production and control

> High Temperatute Superconducing (HTS) undulators  Manufacturers of HTS

MultiBend Achromat (MBA) lattices  Manufacturers of magnets

Longitudinal Electron beam Dynamics (LEDs) manipulation  CERN, Chinese institutions & univ. Manufacturers of NC and SC RF cavities, lasers

Magnet systems and related vacuum technology

Magnets built with permanent magnet technology  Providers of advanced materials

High-field small aperture magnets and related vacuum technology  Laser Providers of advanced materials

RF acceleration systems with new functionalities

Harmonic Radio Frequency cavities  CERN

Specialized lasers for electron beam production, FEL seeding and plasma accelerators

Table-top lasers in the UV range with high-repetition-rate  Laser Manufacturers of lasers

Development of optical lasers and THz systems Laser

Ultrashort pulses generation and characterisation  Laser

Demonstrator of compact plasma accelerator for photon science  Laser Manufacturers of lasers

Production of fully coherent FELs in soft X-rays

Seeding/self-seeding (seed lasers plus gun)  Laser Manufacturers of lasers

Androids for remote access of the photon sources  CERN

Digital Twin to enchance accelerators operation and performance

Python-based Accelerator Middle Layer (PyAML)  Accelerators, Colliders, Medical installations Software providers for Accelerators, Fusion energy centres and 
Radiation therapy 

Photon Diagnostics

Advanced instrumentation for beam control and diagnostics Optics and Photonic industry

> X-ray arrival-time monitors   

> Pulse length measurements and diagnostics  Laser

Photon Beam Position Monitors (P-BPMs)  Laser

Polarisation measurements  Laser

Spectral distribution measurements  Laser

Intensity monitors for EUV, soft and hard X-rays  EUV Lithography, Plasma sources

Virtual photon diagnostics for automatization towards 24/7 operation 

> AI and ML for virtual photon diagnostics  CERN, Laser, LENS Application for industrial beam diagnostics

ML tools to automatically optimize and stabilize machine and beam  CERN, Laser, LENS Application for industrial beam diagnostics

Wavefront characterisation and coherence control  Laser Optics and Photonic Industry

LEAPS TECHNOLOGY AREAS
Table 1. List of technologies included in the LEAPS Technology roadmap 2025. The scientific communities as well as 
the industrial sectors which might be interested in the developments are inditated. Technologies that are prioritised 
are indicated (>).  SR, Synchrotron Radiation Storage Ring; FEL, Free Electron Laser; CS, Compact Source.












