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Abstract

FLASH, the XUV and soft X-ray free-electron laser, is
currently undergoing the 2nd of two long upgrade shutdowns
within the FLASH2020+ project. The 1st half of 2024 was
dedicated to user operation. The upgrade shutdown started
in June 2024, and we plan to come back to beam operation
in August 2025.

Here we will discuss the operational highlights of the
first half of 2024, briefly describe the new features being
implemented, and report on the shutdown status.

INTRODUCTION

FLASH [1-6] is an FEL user facility operating in the
extreme UV and soft X-ray regime and is currently in the
second of a series of two substantial upgrade shutdowns
within the FLASH2020+ upgrade project [7—13].

FLASH (Fig. 1) consists of a common injector and linac
section (FLASHO) driving two FEL beamlines (FLASH1/2)
and an experimental beamline (FLASH3) accommodating
the FLASHForward [14] plasma wakefield acceleration ex-
periment. FLASHO was upgraded in the first long shut-
down (LSD 2021/22) while the second, currently ongoing
long shutdown (LSD 2024/25) is dedicated to converting
FLASHI1 from a SASE (Self Amplified Spontaneous Emis-
sion) beamline (the original TTF2/FLASH beamline) to a
beamline for externally seeded FEL operation in High Gain
Harmonic Generation mode (HGHG) [15, 16], and Echo
Enabled Harmonic Generation mode (EEHG) [17, 18].

FLASHO consists of a normal conducting 1.3 GHz 1.6-
cell RF-gun with a Cs,Te photo cathode driven by a UV
injector laser system capable of producing trains of up to
800 bunches at 1 MHz bunch repetition frequency (variable)
with a train repetition frequency of 10 Hz (fixed). The injec-
tor laser system has been completely replaced and upgraded
during the LSD 2021/22 [19]. The injector lasers can now
produce up to 2400 bunches per 800 us train at 3 MHz. Stan-
dard operation in the run period 2023/24 (from November
2022 to June 2024) was with RF pulses of up to 550 us
duration with at most 1 MHz bunch repetition frequency.
However, the RF control (LLRF) requires a leading beam-
loading-free section of the flat top of ~15 us duration, and
the “pulse-length feedback”, used to accurately keep the
temperature of the gun cavity tuned requires another ~15 s,
so that the effective gun flat top is typically 30 us shorter, i.e.
in 2024 it was only up to 520 ps long.
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The FLASHO electron acceleration system is comprised
of 7 cryo modules containing 8 superconducting 1.3 GHz
9-cell niobium cavities each. The superconducting electron
acceleration technology enables the long bunch trains that
FLASHO is capable of providing. The RF pulse is typically
split into two separate flat-tops divided by a typically 70 ps
transition time. The bunches are accordingly split into two
sub-trains supported by the two flat-tops and that are dis-
tributed between the two FEL beamlines by a kicker/septum
beam separation. Adaption of the RF flat-tops as well as
rising flange of the kicker are hidden in the transition time.
Thus both FLASH1 and FLASH?2 can be served at 10 Hz
with sub-trains of at most (520 — 70 = 450) bunches at
1 MHz in total.

The bunches are compressed (in configuration space) in
two stages by imprinting a longitudinal energy chirp on each
bunch in the RF cavities and then letting the bunch tail close
up to the head in the longitudinal dispersion of two magnetic
chicanes (BC1/2). During the LSD 2021/22, the injector
lasers were upgraded, a laser heater [20,21] was installed,
the two original accelerating modules between BC1 and BC2
have been replaced by two specially refurbished EU-XFEL
prototype modules [22], the 2nd bunch compression 6-dipole
chicane was replaced by a movable 4-dipole chicane [23,24],
and an additional diagnostic section was installed for optics-
matching after BC2. Moreover, a 3rd harmonic afterburner
undulator with controllable polarization has been installed
in FLASH2. A comprehensive description of the layout of
FLASH in the run period 2023/24 can be found in [4,5,9,25].

On February 22nd in 2000 ,i.e. 25 years ago, around 04:47
(paper-logbook entry) first SASE lasing at 108.3 nm was
found at the TTF-FEL, which later (Summer 2005, i.e. 20
years ago) became the FLASH user facility [6]. Since then
FLASH has been continuously extended, refurbished, and
upgraded, the latest upgrade being the current FLASH2020+
project [12,13].

FLASH OPERATION IN 2024

In 2024, the FLASH facility delivered beam for 3774 h.
Of these, 1886 h were devoted to user experiments, 1103 h
to FEL studies and preparation of user experiments, and
785 h to accelerator R&D (Fig. 2). The beam time for users
includes the time required for set-up and tuning. The FLASH
team has streamlined the corresponding procedures. As a
result, a record low of 6.7% at FLASH1 and 8% at FLASH2
of user beam time required for initial set-up and tuning was
achieved in 2024. For comparison, 21% were required for
tuning in 2014, 12% in 2019. In 2024, the availability of the
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Figure 1: Schematic view of FLASH in 2024. The part in the red rectangle (FLASH1) was completely removed and is

being rebuild during the ongoing shutdown.

facility was at 98.1% overall. The downtime for users was
2.3% at FLASH1 and 1.8% at FLASH2.

FLASH1: 913 h User Experiments

SASE delivery
91.0% 831h

Initial Set-up
5.3% 48h
N Tuning 1.4% 130
/ 0 Down 2.3% 21 h

FLASH2: 1325 h User Experiments

FLASH Linac

FEL user operation
50% 1886 h
FELand photon beamline

developments
29% 1103 h

SASE delivery
902% 1195 h

N\ 1
j Tuning 1.9% 25h
Down 1.8% 24 h

Figure 2: FLASH 2024 run statistics.

Stable and reliable user operation at a maximum e-beam
energy of 1350 MeV was established and SASE pulses with
wavelengths down to 3.2 nm in the fundamental could be
achieved with pulse energies of about 6 uJ. In May 2024
FLASH was operated completely stable at 1350 MeV for
4 weeks. During this period the first user experiments that
employed FEL radiation with variable polarization at the
3rd harmonic from the afterburner undulator in FLASH?2
have been performed successfully [26]. The APPLE-III-
type afterburner undulator [27] in FLASH2 can be seen as
a prototype for the radiators to be installed in the seeding
beamline FLASHI during the currently ongoing shutdown.

A new access mode designed to enhance the efficiency
“net experimental hours” over “hours for facility setup” for
special classes of experiments was tested at FLASH2. In
the standardized access mode (SAM) five different user ex-
periments were performed within 2 weeks using the same
FEL setup and the same photon end station with only minor
re-tuning. During the SAM test, FLASH2 was set up for
FEL pulses of 3.8 nm and 5.4 nm with bandwidths below
0.5% and pulse durations of about 50 fs.

The highest power consumers at the FLASH facility are
the RF stations and the cryogenic plant. In April 2024 the
setting of the RF stations and the RF controllers were opti-
mized in order to reduce the power load and at the same time
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preserving the maximum e-beam energy and the possible
number of bunches. The power consumption required for
operation of FLASH with all RF stations was reduced from
825 kW to 620 kW, thus by about 25%.

The accelerator R&D experiment FLARE [28,29] (a col-
laboration of the TU Dortmund University and DESY) has
proven that by “local overheating” the part of the e—bunch
that is capable of lasing can be conveniently controlled. They
used a special laser heater set-up with a beam splitter and a
two-path interferometer to create an effectively “sand-clock”
shaped laser amplitude profile and which can be shifted over
the e—bunch to select the lasing region. Moreover, they have
shown that with used hardware can create a local extra chirp
so that upstream compression creates a local controllable
current spike.

The XRAY oscillator FEL experiment [30] (a collabora-
tion of University of Hamburg and DESY) demonstrated
a transversely fully closed cavity for soft X-ray in the pre-
upgrade beamline FLASHI1. A complete round trip along
the cavity has been performed. The possibility of future
experiments (e.g. at FLASH?) is being investigated.

The beam driven plasma wake-field acceleration exper-
iment FLASHForward [14], located in the experimental
beamline FLASH3, demonstrated the acceleration of a
1200 MeV FLASH beam to an energy of 1700 MeV within
a 500 mm plasma cell and thus an energy gain of 500 MeV.
FLASHForward has also studied the stability of the plasma
when MHz bunch trains are being accelerated.

THE 2024/25 LONG SHUTDOWN

FLASH2020+ was initiated to enhance the quality of the
FEL radiation for the experimentalists. The first stage aimed
at increasing the photon energy range of the fundamental
deeper into the water window (4.4 nm to 2.3 nm) by upgrad-
ing the e-beam energy from FLASHO, enhance the 3rd har-
monic content, and provide controllable photon polarization
at FLASH?2, and establish better control of the e-beam to en-
able seeding in the second step. The second step, performed
in the current shutdown is the conversion of the FLASH1
beamline from SASE to external seeding with longitudinally
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Figure 3: Photograph of the emptied, freshly painted
FLASHI tunnel as of February 2025.

fully coherent FEL pulses at MHz repetition rate in bursts
at 10Hz. Figure 3 shows the (almost) completely empty
FLASH1 tunnel — a prerequisite to the actual upgrade. The
second step (Fig. 4) includes installation of three new chi-
canes, two modulator undulators, two seed lasers and their
laser beam transport system, a modern variable gap radia-
tor section consisting of 3 planar and 1+5 APPLE-III-type
undulators with controllable polarization. For low energy
e-beamlines like FLASH1 (and FLASH2) the undulator fo-
cusing (APPLE-III: both planes) can significantly deteriorate
the e-beam transport up to exponential blow up of the enve-
lope. We are analyzing the mechanism and are developing
an automated procedure for optimal compensation [31, 32].
A transverse deflecting RF structure [33,34] for longitudinal
diagnostics is being installed downstream of the radiators.
In order to separate the e-beam dump system from the FEL
photon beam diagnostic, remove the geometrical coupling
due to the old dump beamline, generate space for the reused
THz undulator, generate space for potentially installing a
post-compressor chicane to enhance the THz output of the
undulator, and to disentangle the THz beamline from the
FEL photon beamline, the dump pit was moved ~2 m to the
portside. A comprehensive description of the design of the
post-upgrade FLASH1 beamline can be found in [11-13].
While this conference is ongoing, the installation of the new
FLASH]1 beamline in the tunnel is in its final phase, and the
shutdwon will end early August this year.

beam dump
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) overfolding chic. CH2 THz undulator
matching & bunching chic. ~CH3
collimation LOLA-TDS
| FLASHI |
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FI-ASHZ/NT: seed laser 2
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Figure 4: Schematic view of the FLASH1 design after the
shutdown.
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CONCLUSION

For FLASH the year 2024 was divided between 6 months
of user run and the beginning of the long shutdown 2024/25.
The user run was very successful with low tuning- and
high up-time. In addition several accelerator R&D experi-
ments were successfully performed. The shutdown, dedi-
cated to the upgrade of the beamline FLASH1 within the
FLASH2020+ project, started in June 2024. The FLASH1
tunnl was completely emptied and the installation of the new
beamline for external seeding is currently ongoing. In Febru-
ary 2025 FLASH had the “25 years of SASE” anniversary.
We are looking forward to restart FLASH with e-beam in
early August this year.
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