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Abstract

The European Synchrotron Radiation Facility — Ex-
tremely Brilliant Source (ESRF-EBS) represents a major
upgrade that enables the scientific community to benefit
from the first high-energy fourth-generation storage-ring
light source. In December 2018, following three decades
of operation, user activities were suspended for a 12-month
shutdown to allow the installation of a completely new
storage ring. On 25 August 2020, the user program re-
sumed with beam parameters close to nominal values.
Since then, the facility has returned to full operational per-
formance, demonstrating excellent reliability.

This paper presents the operational performance of the
source over the past year, with particular emphasis on on-
going and planned developments. Current projects aimed
at upgrading the injector are also described, including/the
proposal of a full-energy linear accelerator.

INTRODUCTION

The European Synchrotron Radiation Fatility (ESRE),
located in Grenoble, France, is a resedrch infrastructure
supported by a consortium of 19 partner countriest Since
the start of user operation in 1994 [1-3], the facility has
provided approximately 5,500 hours of beam time annually
from up to 49 beamlines. The accelerator complex
comprises a 200 MeV lingar accelerator (linac)ya 4 Hz full-
energy boostef synchrotron, and a 6 GeV storage ring (SR)
with a citcumference of ‘844 \m. The ESRF upgrade
programme (2015-2022), inyolved the design and
installation of a new storage ring based on a hybrid multi-
bénd achromat (HMBA) lattice, replacing the former
double-bend achromat configuration [4-9]. This upgrade
reduced the, horizontal emittance from 4 nm.rad to
133 pm.rad (see Table 1), resulting in a dramatic increase
in beam brillianceiand transverse coherence.

A wide rangeof insertion devices —including in-air, in-
vacuum, and cryogenic in-vacuum undulators, and
wigglers [10] —are installed along the 28 available straight
sections (33 beamlines). In addition, radiation from
bending magnets, now generated by short bending-
magnets and wigglers, serves 16 beamlines.

Started in 2015, the project was conducted in four years
with one year downtime for installation. The beam has
been back for the users since August 2020 at full operation
with an excellent reliability [11-13]. The renewal of the
infrastructure and the construction of the new storage ring
provided the opportunity to significantly reduce the energy
consumption [14].

Table 1: Main Parameters of the«Old and New SR

Units [ESRF ESRF-EBS
Energy GeV 6 6
Circumference m 8444 844
Lattice DBA HMBA
Current mA 200 200
Lifetime h 50 23
Emittance H pm.rad 4000 133
Emittance V pm.tad 4 10*

(*)Vertical emittance inereased from 1 to 10 pm.rad

USER-MODE OPERATION

The reliability of the new accelerator complex is
comparableito that of the previous machine in 2018 (see
Table 2).\In 2025, a total of 5431 hours of beam were
delivered to users out of 5489 hours initially scheduled,
corresponding to an availability of 98.95% (Fig. 1).
Notably, the operational period included eleven one-week
intetvals without any recorded failures.
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Figure 1: Delivery in April 2026.

Two significant events occurred in 2025. In February,
one of the two dipole power supplies of the ramped injector
power supply of the booster magnets was damaged and
subsequently replaced with a spare unit. During the
intervention, the impact on users remained minimal, as the
beam current decayed smoothly over a period of 30 hours
without any failures. The repair of the H-bridge cabinet
took five months before full operational status was
restored. On 3 September, a power outage led to an abrupt
shutdown of most of the machine’s equipment, with full
restoration achieved after 12 hours. The root cause was
identified as an animal coming into contact with the high-
voltage capacitor bank of the high quality power supply
system. This rare event has occurred twice in 33 years.

In addition to these events, six beam interruptions were
attributed to blocked water flowmeters. These failures



were caused by a sudden drop in the pH of the deionised
water, leading to the formation of copper oxides that
obstructed several needle valves. Following improvements
in pH monitoring and regulation, no further incidents of
this type were observed. During the last winter shutdown,
the Sextupole and Octupole hot-swap modules were
installed, completing the quadrupoles and dipole-
quadrupole units already in service. The hot-swap system
is now fully operational, improving both reliability and
maintenance. Moreover, reliability enhancements resulted
in zero time loss attributable to the linac system.

Table 2: Machine Statistics

2018 2023 2024 2025
Availability (%) 98.5 979 979 99.0
Mean time between 104.3 1056 76.2 133.9
failures (h)
Mean duration of a 1.6 2.3 1.6 1.4
failure (h)
Skipped refills (%) 1.2 2.1 2.4

As in previous years, five different modes were
delivered in 2025: 7/8 + 1, uniform, 16-bunch, 4-bunch,
and hybrid 28x12+1 modes in top-up (every 1 hour).
Following the installation and validation of the new
ceramic kicker chambers beginning of 2025, the 16-bunch
mode was delivered this year at nominal current (90 mA),
with a lifetime maintained at 4.5 hours at 20" pm.rad
vertical emittance.

STORAGE RING DEVELOPMENT

Besides the efforts to increase the reliability,
developments of the source are ongoing to improve the
beam quality and performance:

Solid-State Amplifiers (SSA4)

At presents” 10 REncayities, are powered by a single
klystron tfansmitter [15],, with a spare unit available for
redundancy, while three additional cavities are each driven
by dndividual solid-state amplifiers (SSAs). Due to the
obsolescence of klystron technology, 'and in order to
improve system redindancy and maintenance flexibility,
the klystron transmitters will be replaced by ten SSAs. The
amplifierstare currently under procurement and, despite
some delays, are expected to be delivered and
progressively commissioned in the coming years.

4th Harmonic Cavities

An active fourth-harmonic RF system operating at
1.41 GHz (4HC) is being developed to lengthen the
bunches by a factor of 2 to 3 [16]. This bunch lengthening
mitigates intra-beam scattering and Touschek-induced
beam losses, which are particularly critical in low-
emittance, high bunch-current timing modes. The
implementation of the 4HC system is expected to increase
the beam lifetime in 16-bunch mode from approximately
4.5 hours, at a beam current of 90 mA with the present
20 pm.rad vertical emittance delivery, in accordance with

to the bunch lengthening. It will contribute to an increase
in brilliance, enabling operation at the nominal 10 pm.rad,
with a reduced blow-up. Furthermore, the higher
microwave instability threshold, together with the
reduction of heat load and mechanical stress on critical
vacuum components [17], will provide a more favourable
experimental environment for time-resolved and photon-
sensitive beamlines. The design and procurement of the
damped copper cavity and the SSAs are currently in
progress, with testing and commissieniig> planned for
2028.

Photon source

The ESREF is pursuing the development of advanced X-
ray source technologies t0 extend thenspectral range,
improve brilliance, and [provide enhanced, control of
polarization [10]. Preliminary tests of lower gap in-vacuum
IDs (4 mm) showed promisingresults for beamlines. NEG-
coated ID chambers with a‘redueed inner aperture (6 mm)
were also tésted. High temperature superconducting
undulatozs, are ‘under, study, a winding machine being in
construction[ 18]. Contrel system modernization, including
synchronization and" integration with beamline mono-
chromators, is also ongoing, and will provide a major
improvement.

INJECTOR UPGRADE

During the first phase of the upgrade, the injector was
enhanced to ensure reliable and efficient operation in top-
up mode, which has been in use since 2016. The RF
klystron transmitter was replaced with SSAs, and two
additional five-cell cavities were installed to provide
redundancy. The 10 Hz resonant magnet power supplies
were upgraded to a 4 Hz ramped system. For the linac, a
new. thermionic gun was installed, a spare modulator was
implemented, and an additional buncher was procured.
New beam position monitor electronics were also installed
in the booster. For the ESRF-EBS upgrade, the existing
booster injector was retained for reasons of cost, planning
constraints, and risk mitigation, with only a realignment
performed to match the new RF frequency, with off-energy
operation. In particular, the four-kicker bump injection
scheme into the storage ring was preserved. Due to the
significant reduction in beam size of the upgraded
machine, residual injection perturbations have become
much more noticeable than previously. As a mitigation, the
top-up injection frequency was reduced from 20 minutes to
1 hour, allowing the most sensitive beamlines to acquire
data with minimal disturbance. An injection efficiency of
up to 80% can be achieved under optimal conditions; how-
ever, in user service mode the value is typically around
65%. The limitation is mainly due to the booster lattice,
which produces a beam with relatively large emittance and
long bunch length. During the last few years, the injector
system has experienced reliability issues, including septum
failures, several magnet water leaks and extended failures
of both the linac and the ramped booster power supplies.
Upgrades of the injector are currently underway to improve



performance and reliability, as well as to prepare for future
developments of the storage ring.

Injection Upgrade

Despite improvements in the kicker power supply sys-
tems, the use of compensation techniques and the dis-
placement of the septum closer to the stored beam to
reduce the injection bump amplitude, the current four-
kicker bump injection continues to disturb the stored beam
during top-up [19, 20]. Design studies have shown that the
non-linear kicker (NLK) injection scheme would provide
full transparency while maintaining injection efficiency
[21]. The storage ring injection cell and transfer line optics
and layout will be modified to integrate such NLK. A
prototype non-linear kicker and ceramic chamber was
manufactured and delivered for experimental validation in
the storage ring in the summer of 2026 [22]. Under study,
the deployment of fast stripline kickers could further
improve the transparency [23]. Both projects are paving the
way for continuous top-up with negligible disturbance.
This evolution will be essential for exploiting the ultra-low
emittance of ESRF-EBS and its successors. This project
will also enable the low-gap IDs to be installed in the
storage ring for higher brilliance.

Booster Upgrade

The project consists of replacing 18 quadrupole mag-
nets—namely, the first and last three quadrupoles in/each
of the six booster arcs—with newly designed<magnets
providing different gradients at identical current [24, 25].
This modification introduces three additional quadrupole
families, increasing the total number froi two to five and
significantly enhancing the flexibility/of optics tunifig. All
magnets will remain powered by the existing ramped
power supplies. The revised lattice is expectéd to reduce
the equilibrium horizontal emittance from 85 nm.rad to
59 nm.rad and the bunch length from 22.6 mmyto 19.9 mun.
These improvements,‘in »phase-space characteristics,
increasingdeam brightness at injection, should enhance the
storagedring injection ‘efficiency by approximately 10%.
Thedeplacement of the| I8 quadrupoles will substantially
in€rease the stock of spares (currently two), thereby
reducingithe risk of down-time due to'the aging magnets.
Mass productiondof the new magnets is scheduled for
completion by mid-2027, followed by installation and
commissioning iny2028. Particular attention is given to the
vacuum system, as existing chambers are fragile, scarce,
and associated with long procurement times. To secure the
intervention, additional” spares will be ensured by
replacing, in 2026, the dipole-chambers in the transfer line
from booster to SR with standard stainless steel chambers.
Overall, the booster light upgrade constitutes a cost-
effective and low-risk approach to improving beam quality
and reinforcing injector reliability.

Linac Refurbishment

Failures encountered during user operation in 2024 with
the S-band linac have highlighted the urgent need to
improve the reliability and maintainability of aging

components based on obsolete technologies. To address
these issues, an additional accelerating structure and a
klystron RF modulator unit have been procured. After tests
and conditioning, the new accelerating structure will serve
as a spare for the existing operational units, thereby
ensuring operational continuity in the event of failure. The
new modulator has been installed as a hot spare to further
enhance system availability. The refurbishment program
also includes the modernization of auxiliary systems,
notably the water-cooling infrastructusefocusing power
supplies, grounding network, and the consolidation of
diagnostics and control systems. In addition, a fallback
operational scenario has been prepared, allowing injection
into the booster at 100 MeV instead of 200 MeV in,case of
unavailability of the second section.

COLD Project

The “ESRF long-term- strategy includes the potential
upgrade of the,injector complex to a full-energy 6 GeV
linac. Such 4 lihac must be“accommodated within the
ESRF site, ‘imposing a maximum footprint of
approximately 145 mn, [26]. High-gradient accelerating
strueture technology, developed at SLAC, has been
selected as the key enablingisolution to achieve this level
of compactness [27]. The use of'a photoinjector is expected
to provide a beam with a reduced six-dimensional phase
space at extraction, while the implementation of an RF
pulse‘compression scheme will contribute to a significant
reduction imoverall cost. In this context, the Cool Copper
Operation Linac Demonstrator (COLD) project has been
initiated at the ESRF [28]. Its objective is to develop a pre-
injector dinac and to validate all critical technologies
required for a future high-gradient, cost-effective 6 GeV
linac; COLD will be installed within the available space in
the existing linac tunnel and modulator hall, originally
foreseen for a positron injection option. The infrastructure
is currently being adapted, including liquid nitrogen (LNz)
distribution and water-cooling systems. The beam safety
authorization process is ongoing and is expected to be
completed in due time. Budget is presently secured and
additional human resources dedicated to the project are
being hired. Importantly, the COLD project is fully
compatible with ongoing ESRF user operation.

As a technology demonstrator, COLD represents a key
step toward ensuring the medium- and long-term reliability
and performance of the facility.

CONCLUSION

Five years after the commissioning of the Extremely
Brilliant Source, the European Synchrotron Radiation Fa-
cility has demonstrated reliable operation with a signifi-
cantly increased brilliance. Operational stability has been
achieved, with downtime and machine availability compa-
rable to those of the previous source. Several projects, fully
integrated into the ESRF Long-Term Scientific Plan
(LTSP), are currently underway to further enhance perfor-
mance of the facility, paving the way for the future.
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