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1 Executive Summary

FLASH is the world’s first short wavelength
free-electron laser (FEL) facility and started
user operation already in 2005. It still re-
mains the only high repetition rate free-electron
laser in the XUV/soft X-ray regime worldwide.
Based on the superconducting accelerator tech-
nology developed at DESY, it can provide
presently up to 5000 photon pulses per sec-
ond. Those are delivered to users in pulse
trains of up to 500 pulses with a separation
of 1µs repeated 10 times/s (burst mode oper-
ation). Experiments at FLASH span diverse
fields. Examples are atomic, molecular and
optical (AMO) physics, chemistry, condensed
matter and nanoscience, life sciences, warm
dense matter research and FEL physics and
technology. Science at FLASH also drives the
development of new methods and instrumenta-
tion.

Several hallmark experiments have been per-
formed at FLASH that demonstrated the unique
capabilities of short wavelength FELs. There
are for example the first single-shot coherent
diffractive imaging experiment, the first XUV
multi-photon photoionization at ultra-high inten-
sities, the first femtosecond time-resolved mag-
netic scattering experiment, and the first molec-
ular movie of a gas phase chemical reaction
(Rossbach et al. 2019). Key developments in
photon diagnostics and beamline instrumenta-
tion have been made at FLASH and are now
used at many FEL facilities around the world
(Rossbach et al. 2019).

Since 2016 FLASH is providing users with
pulses from a second FEL line FLASH2 which
is operated in parallel to FLASH1. FLASH2
improves the performance for users through
variable gap undulators that enable easy wave-
length tuning and novel lasing schemes. The
progress in creating and measuring ultrashort,
fully coherent single-spike SASE pulses, as well
as the new state-of-the-art suite of dedicated
endstations (operated by the facility) ensure the
continuing attractivity of FLASH for users.

FLASH provides outstanding opportunities
for time-resolved studies which are based on
exquisite pump-probe instrumentation. This in-
cludes fully synchronized optical lasers, a vari-
ety of X-ray split-and-delay units, a THz source,
which is phase stable with respect to the FEL
pulses, and sophisticated diagnostics for pulse
arrival time and duration. This has led to the
fact that now close to 90% of the experiments
performed at FLASH target ultrafast processes
down to the range below 100 fs.

Looking at the international landscape of FEL
facilities, there are two main distinguishing fea-
tures between the different facilities besides the
wavelength range: FLASH and the European
XFEL are based on superconducting accelera-
tor technology and are thus able to provide up
to a few 10000pulses/s in burst mode. All the
other FEL user facilities are driven by normal
conducting linear accelerators (linacs) which
can only run at significantly lower repetition
rates in the range from 50 to a few 100pulses/s.

The advantage of higher average brilliance of
the superconducting machines enables experi-
ments on targets with a very low density such
as molecular ions in astro- and atmospheric-
chemistry research. Similarly, low hit rate ex-
periments like single molecule imaging would
not be possible otherwise due to unfeasible
experiment durations. Also a second class of
experiments is enabled by the high repetition
rate of superconducting machines, namely ex-
periments which require or suffer from a low
count rate per pulse. A typical example is time-
resolved photoemission spectroscopy on solid
targets that has signal constraints. The FEL
pulses have to be strongly attenuated to avoid
space charge effects in the photoemitted elec-
tron cloud. Similarly, time-resolved inelastic
X-ray scattering experiments as well as coinci-
dence experiments benefit from high average
brilliance. There, a low count rate per pulse is
intrinsic to the experimental techniques.
The increasing demand for high repetition

rate FELs has led to the proposal of new
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facilities such as LCLS-II now being built in
Stanford (USA) expected to go online 2021
and the SHINE project in Shanghai (China).
Both will push the superconducting technology
away from the burst mode operation realized
at FLASH and the European XFEL to a quasi-
continuous wave operation with pulses evenly
spaced in time and repetition rates up to one
MHz.
The second major distinguishing factor be-

tween the different facilities is the application
of external seeding. Currently, there are only
two fully externally seeded FEL user facilities,
FERMI in Trieste (Italy) operating in the XUV
and soft X-ray regime and the new VUV FEL
in Dalian (China). Both are low repetition rate
FELs. Seeding provides an obvious reduction
in pulse-to-pulse variations in comparison to
machines based on the self-amplified spon-
taneous emission (SASE) principle. Improve-
ments in various parameters such as the arrival
time jitter and pulse duration, the spectral con-
tent and to a lesser degree the intensity are
achieved.
More importantly external seeding enables

fully coherent FEL pulses and hence the abil-
ity to not only control the temporal shape but
also the phase of the pulses. This has re-
cently enabled new classes of experiments
such as coherent control over ionisation pro-
cesses (Prince et al. 2016) and the use of
higher-order nonlinear processes such as four-
wave mixing to probe relaxation processes in
solids (Bencivenga et al. 2015). It is antici-
pated that in particular the concepts in multi-
dimensional spectroscopy developed in the op-
tical laser community can be transferred into
the XUV and soft X-ray regime with externally
seeded FELs.
In the framework of the DESY strategy pro-

cess for the next decade – DESY2030 – several
long-term goals for the future of FLASH have
been defined for an upgraded high repetition
rate XUV and soft X-ray FEL facility at DESY.
The resulting FLASH strategy – FLASH2020+
– outlined in this Conceptual Design Report
is based on the FLASH accelerator operating
the two independent FEL lines FLASH1 and
FLASH2. The presented ambitious develop-
ment program aims at significantly improving
the FEL photon beam properties for users.
Within FLASH2020+ both lines will be

equipped with fully tunable undulators being

able to deliver photon pulses with variable po-
larization. Tunable undulators at FLASH1 will
allow full parallel operation of the two FEL lines.
Up to now this was limited due to the fact that
the wavelength requested for experiments at
FLASH1 determined the beam energy of the
linac. The undulator upgrade will increase the
available time for user experiments by almost
40%. Furthermore, with the new undulator con-
figuration it will be possible to run the accelera-
tor with typically only two beam energy working
points. This will significantly reduce tuning time
overhead, increase stability and therefore again
increase the attractivity and available beamtime
for users.

In addition to beam parameter improvements,
the FLASH2020+ project will also add new qual-
ities to the provided beams that are strongly
requested across the user community. After
its completion, FLASH will be in a leading po-
sition to explore new science with FELs: One
of the two FEL lines shall be fully externally
seeded at the full repetition rate that FLASH
can provide in burst mode. The other line shall
exploit novel lasing concepts based on different
undulator configurations. Certain aspects of
such improved concepts can currently already
be tested and implemented at FLASH2, e.g.
harmonic lasing self-seeding (Schneidmiller et
al. 2017). Together with an increase in elec-
tron beam energy to 1.35GeV this will extend
the wavelength range of fundamental harmon-
ics to the oxygen K-edge, in order to cover the
important elemental resonances for energy re-
search and the entire water window for biologi-
cal questions. With this moderate increase in
wavelength range FLASH will stay fully comple-
mentary to the European XFEL.

For a facility such as FLASH, where close to
90% of the experiments are time-resolved and
run in some kind of pump-probe scheme, an
important request by the user community is to
provide pump pulses with a large flexibility in
wavelength range. While the condensed matter
community is asking for THz and mid-IR pump
pulses, experiments targeting molecular reac-
tions mostly would like to have tunable pump
sources from the visible to the UV and even
VUV. Similar to the requirements for seeding at
high repetition rate this requires further efforts
into the development of high average power
lasers which is part of the FLASH2020+ con-
cept.

2
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FLASH1
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Figure 1: Overview of the timeline of the FLASH2020+ project.

There is a strong push from the user side,
not only at FLASH but also at the other facili-
ties, to provide even shorter pulses down to the
attosecond regime. Single-spike SASE FEL
pulses have been recently realized at FLASH
and at LCLS pushing the limits in time-resolution
towards the few-fs and sub-fs regime (Rönsch-
Schulenburg et al. 2014; Huang et al. 2017).
Here, synchronization and timing stabilization
of the FELs with respect to external lasers
will be of key importance for experiments and
are constantly being improved at FLASH. How-
ever, reaching few hundred attosecond pho-
ton pulses requires in particular in the XUV
and soft X-ray regime the realization of new
concepts based on laser manipulation of the
electron bunches. For FLASH2 simulations
have predicted pulses shorter than 100 as with
nJ pulse energies down to a few nm in wave-
length. If this can be achieved with the nec-
essary stability, “attoFLASH” will be superior
in pulse energy as well as repetition rate in
the wavelength range below 10nm. This sub-
stantially surpasses lab-based laser sources,
which rely on high-harmonic generation and
have limits in average power (Heyl et al. 2016).
FLASH2020+ includes a dedicated R&D pro-
gram towards this goal.
The user operation mode after the upgrade

will follow the established procedures at FLASH.
FLASH will continue to have two calls for pro-
posals per year (April 1st, Oct. 1st) with beam-
time distributed following a peer review selec-
tion process by an international proposal re-
view panel. Beamtime will be allocated in
12h shifts. The total amount of time when
the accelerator runs for user experiments will
stay at 4500h/year. With tunable undulators

at FLASH1 we expect to increase the avail-
able time for users by almost 40% as com-
pared to the current situation. It is anticipated
that according to user demands we will sched-
ule dedicated blocks where FLASH runs with
fixed accelerator energy at one of the two pre-
defined working points. Prior to beamtimes,
we will continue to have preparation meetings
with our users which include experts from all
FLASH groups (Operations, Beamlines and Op-
tics, Photon diagnostics and Controls) as well
as experts from the laser group. During beam-
time on-call support will be organized for the
most critical components with the goal to pro-
vide 24h support. Feedback from the users will
be monitored by mandatory beamtime feedback
forms.
Figure 1 shows the planned overall timeline

of the project (grey boxes indicate anticipated
down time followed by commissioning times of
the respective FEL line). The project shall pro-
ceed in three phases:

Phase 0: Linac Upgrade: Increase of the max-
imum energy of the linac, change of the FLASH
compression scheme, implementation of a
transverse deflecting structure (TDS), installa-
tion of improved injector lasers and an after-
burner undulator at FLASH2 (mid of 2021).

Phase 1: Installation of new undulators with
variable gap for FLASH1, upgrade of the
FLASH1 photon diagnostics to FLASH2 stan-
dards (2023/2024), seeding with high repetition
rates of 100 kHz and more (end of 2024).

Phase 2: New configuration of magnet struc-
tures at FLASH2 for novel lasing concepts (end
of 2025).

3
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FLASH1 (Seeded) FLASH1 (SASE) FLASH2

Wavelength range 4 – 60 4 – 60 1.3 – 601 nm
Pulse energy <100 <1000 <1000 µJ
Pulse duration (FWHM) 30 5 – 200 0.1 – 200 fs
Spectral width Fourier limited 0.5 – 2 0.5 – 2 %
Pulses per second2 10 – 5000 10 – 5000 10 – 5000

Table 1.1: Parameters of the two FEL lines after the upgrade.
(1) Including third harmonic. (2) Shared between FLASH1 and FLASH2.

Before analyzing the scientific impact of an
upgraded FLASH in the different science areas,
we summarize the essential new radiation prop-
erties. The upgraded FLASH will combine the
established, unique characteristics of FLASH
(short and intense XUV to soft X-ray pulses at
high repetition rate) with some essential new
features that will be very beneficial for scientific
studies:

• The improved wavelength tunability of
FLASH1 together with the smaller seeded band-
width will optimize the FLASH1 radiation for
high-throughput time-resolved spectroscopy.

• Seeding at FLASH1 will yield fully coherent
pulses with completely new scientific applica-
tions, e. g. for phase control, interferometric
experiments and novel coherent methods.

• Full polarization control at FLASH1 and
FLASH2 allows for selectivity to sample sym-
metries, like orientations of orbitals, chirality or
magnetic properties.

• Few- to sub-femtosecond tunable two-color
pulses at FLASH2 open unique access to sub-
femtosecond dynamics with high resonant se-
lectivity and sufficient intensity, not achievable
with alternative sources.

• The extended wavelength range allows one
to address the narrowest core-levels (Himpsel
2011) of all elements that are found in the soft
X-ray energy region. Therefore, element se-
lective core-level spectroscopies can be per-
formed with smallest lifetime broadening, which

is a prerequisite for large information content.
Dipole-allowed transitions between element se-
lective core levels and the property-determining
valence orbitals are uniquely found in the soft
X-ray energy region and can all be addressed
with the extended wavelength range employing
the fundamental and third harmonic (e. g. 2p-
3d transitions at the L-edges of all 3d transition
metals).

• Novel opportunities for time-resolved experi-
ments will be created with highly flexible exci-
tation schemes for pump-probe spectroscopy
ranging from THz to XUV, which will allow tai-
lored trigger pulses to initiate non-equilibrium
dynamics.

• At FLASH2, options will be studied to create
pulses with a pulse duration below 100as with
nJ pulse energies in a wavelength regime below
10nm which will open up new opportunities for
attosecond science.

In summary, the FLASH2020+ project envi-
sions developments in FEL technology and the
corresponding facility lasers while maintaining
the high average brightness. After the upgrade
FLASH will again offer unique capabilities to
users. FLASH will continue to provide excellent
service to users and will stay at the forefront
of FEL science and technology. Compared to
other major FEL facilities in the world which are
either already running, under construction or
planned, FLASH will be the only high repetition
rate externally seeded FEL facility in the XUV
and soft X-ray regime.
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2 Science Case

The science case for FLASH2020+ has been
shaped in a series of topical workshops in the
last couple of years which culminated in a large
user workshop end of 2017. This workshop
which featured keynote talks in atomic, molec-
ular, and optical (AMO) science, astrochem-
istry, catalysis, functional materials, magnetism,
imaging, and nonlinear X-ray science followed
by break-out sessions resulted in a user list of
requirements for a “dream” high repetition rate
XUV and soft X-ray FEL facility which is outlined
in the

User Wishes

• Wavelength range in the fundamental from
≈60 nm to 2.3 nm covering the full water win-
dow up to the oxygen K-edge.

• Accessibility of 3d-transition metal edges with
third harmonic radiation.

• Easy wavelength tunability.

• Variable polarization.

• Flexible laser excitation for pump-probe ex-
periments ranging from THz to VUV.

• Fourier-limited FEL pulses.

• Very short soft X-ray pulses ranging from a
few fs to sub-fs and even attoseconds.

• Quasi cw-operation with a variable continu-
ous repetition rate up to a maximum of 100 kHz.

Except for the last item on the list, the
FLASH2020+ goals are set such that it should
be able to fulfill those demands of the user com-
munity. In particular, FLASH1 will provide ex-
ternally seeded Fourier-limited FEL pulses with
variable polarization in a wavelength range from
≈60 nm down to about 4 nm with tunable undu-
lators maintaining the high number of pulses
achievable with the superconducting accelera-
tor. FLASH2 will be modified such that it can
cover the full water window up to the oxygen
K-edge in the fundamental as well as the wave-
length range down to 1.3 nm with higher har-
monics.
FLASH2 will include options for very short

pulses from a few femtoseconds to sub-
femtosecond and even down to the attosec-
ond regime. A very important part of the
FLASH2020+ project is also the development
of fully synchronized pump laser schemes with
greatly enhanced wavelength tunability. The
resulting potential for research in different sci-
ence areas is briefly outlined below. Examples
of research and methods that will strongly ben-
efit from the capabilities of FLASH2020+ are
presented in colored boxes.
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2.1 Atomic, Molecular, and Optical Science and
Astrochemistry

In the field of AMO science some of the most
important scientific questions that are targeted
with free-electron lasers are the fundamental
aspects of the interaction of intense short wave-
length radiation with small quantum systems.
Experiments serve as a benchmark for sophisti-
cated theoretical concepts to describe the quan-
tum mechanics of many-body systems, follow-
ing ultrafast charge migration and charge trans-
fer processes in molecular systems, and the
real-time observation of molecular reactions. To
be able to benchmark theoretical concepts for
intense ionizing light-matter interaction of small
quantum systems, it is required to detect simul-
taneously electrons and ions upon ionization.
Furthermore, such studies rely on full tunability
of the wavelength and full control of temporal
and spatial pulse shape, and pulse energy.

An externally seeded high-repetition rate FEL
such as FLASH1 after the upgrade in combi-
nation with dedicated endstations such as e. g.
CAMP will provide excellent conditions for re-
search in this field. With the new capabilities
of FLASH2020+, even more sophisticated in-
terferometric coincidence experiments which
exploit phase control will become feasible.
A very intense area of research is the study

of charge transfer and relaxation processes in
complex molecular systems such as the pri-
mary nucleobases as the building blocks of
DNA. Damage and repair mechanisms are of
fundamental interest as well as wavepacket mo-
tion after controlled excitation. Ideally, the exci-
tation is localized at a specific elemental center
and probed at another center with core level
spectroscopy.

The latter requires very short pulses in the few
femtosecond to attosecond regime and oppor-
tunities to do soft X-ray pump/soft X-ray probe
experiments with independently tunable two-
color FEL pulses: properties of the novel un-
dulator schemes proposed for FLASH2 (see
also Section 5). The former will strongly benefit
from Fourier-limited tunable XUV and soft X-ray
FEL pulses at FLASH1 in combination with fully
synchronized external VUV laser sources.

Another very interesting field of research that
will strongly profit from the enhanced properties
of FLASH after the upgrade is the quest to un-
derstand fundamental steps in astrochemical
reactions. Reactions in interstellar gas clouds,
in close vicinity of star formation, or on small ice
and dust particles are very often triggered or
influenced by VUV- and XUV-induced creation
of molecular ions. To mimic such reactions in
a lab environment requires either sophisticated
ion sources or the creation of molecular ions
directly with FEL radiation and to follow the reac-
tion dynamics with variable delay probe pulses
that enable complete analysis of the resulting
fragments.

Another area of research, where an upgraded
FLASH is beneficial, is a mass spectrometric
approach to analyze the composition of molec-
ular fragments after resonantly breaking larger
biomolecules. Here, the small bandwidth and
tunability of an upgraded FLASH, especially
to various carbon, nitrogen or oxygen K-edge
resonances of selected functional subgroups
of a large molecule, would enable novel ap-
proaches to determine photo-sensitivity and
chemical structure of such molecules, again
with high statistical accuracy.

Through the generation of ultrashort coher-
ent pulses, where the broad bandwidth can
create coherent electronic wavepackets at se-
lected sites via resonant excitation at specific
elements, the upgraded FLASH can also con-
tribute to our understanding of the photoprotec-
tion mechanisms of e. g. the DNA molecule by
analyzing the influence of coherent electronic
motion onto the energy flow in such molecules
as outlined above.
The colored box below outlines concepts

for “complete experiments” to follow different
classes of light-induced gas phase chemical
reactions in real time with a source like FLASH
after the upgrade.
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Multi-coincidence experiments to follow chemical reactions in real time

An extremely powerful Ansatz to obtain a full picture of light-induced chemical reactions
is to ionize the resulting products with an XUV pulse with variable delay and to record all
the resulting particles (i. e. electrons and ions) and their momenta in a multi-coincidence
experiment. Studies like this require tunable pump lasers for resonant excitation of the
reactants as well as easy tunable, ideally Fourier-limited short-pulse XUV probe pulses
for product detection. Furthermore, time-resolved multi-coincidence experiments are only
feasible with high-repetition rate sources and extremely efficient detection of all fragment
channels. This class of experiments will strongly benefit from the unique combination of
powerful instrumentation (e. g. the existing ReMi (reaction microscope) endstation) and well-
defined Fourier-limited pulses (either seeded or in single-spike SASE operation) available
at FLASH after the upgrade.

PC63CH28-Ullrich ARI 27 February 2012 19:13

PES: potential energy
surface

at FLASH, and pulses <7 fs have been demonstrated at LCLS, with realistic prospects to penetrate
the subfemtosecond regime for 1-Å photons—the key for time-dependent structural investigations
with both time and position resolution at the atomic scale.

1.1.4. Coherence. The coherence of FEL radiation in the transverse direction has been measured
at FLASH to be ∼300 µm (15), i.e., fully coherent across the entire focus diameter even for weak
focusing conditions, and similar measurements have recently been performed at LCLS. In the
longitudinal direction, owing to the SASE principle, the pulses show a spiky structure in time
as well as in the Fourier-transformed energy domain, with typical coherence lengths of a few
femtoseconds recently measured at the FLASH (16, 17) and SCSS test facilities (18) and lengths
of hundreds of attoseconds at X-ray energies calculated for LCLS.

1.2. Novel Challenges and Opportunities
Based on the above features, in combination with advanced detection and preparation techniques
for molecular samples, fascinating possibilities and challenges in ultrafast and photochemistry
emerge. Owing to the high intensities and short pulse times, FELs now allow researchers to
perform ultrafast pump-probe experiments in the VUV to X-ray regime. Thus, for example,
short wavelength pump pulses enable us to directly populate and therefore investigate ionic or
exotic, highly excited states. Moreover and even more important, having coherent probe pulses at
hand extending into the X-ray domain has several major consequences, some of them of potential
breakthrough character as outlined below.

In Figure 2, the general scenario for a pump-probe experiment is depicted in a reaction
involving four molecular potential energy surfaces (PES) highlighting the new possibilities. First,
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Figure 2
General scheme of a pump-probe experiment with a ground state, nuclear wave packet (NWP) dynamics
along the reaction coordinate R on various excited potential energy surfaces, and a time-delayed, soft or hard
X-ray probe pulse (blue arrow) as compared with a low-energy probe (red arrow). (Left inset) Calculated
time-dependent (TD) 2D positions of carbon atoms in a benzene ring extracted from a simulated
photoelectron holographic image. (Right inset) Time-independent 3D photoelectron momentum
distribution from CO molecules. Inset images adapted from References 20 and 21, respectively.
Abbreviations: VUV, vacuum ultraviolet; vis, visual.
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Figure 2.1: A potential energy landscape is depicted (TD time-dependent; NWP nuclear
wavepacket). By multi-coincidence techniques the evolution of the electronic and nuclear
wavepackets after a primary excitation can be analyzed using a time-delayed ionizing
XUV probe pulse from an FEL. From such a “complete experiment” the excited state
potential can be reconstructed without further spectroscopic knowledge.
Reproduced with permission from (Ullrich et al. 2012). © 2012 by Annual Reviews.
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excitation can be characterized in terms of the Keldysh parameter, 
γ = a√—2m——Eg

—/ħ—
ε ,where a is the lattice spacing, m the carrier mass, 

Eg the bandgap, and ε the Floquet parameter (given as ε = eaE/ħω, 
where E is the electric #eld and ω the frequency). Tunnelling domi-
nates for γ < 1, while multiphoton absorption dominates for γ > 1. 
For su$ciently high #elds (1–10 MV cm–1) at THz and mid-infrared 
frequencies, the tunnelling regime (γ < 1) is operative, resulting in 
novel phenomena and unexpected e%ects such as massive popula-
tion transfer between bands far in excess of the photon energy (that 
is, Eg >> ħω)44,48,49. An exciting research direction that will remain 
outside of the scope of this Review is the electrical and optical con-
trol of magnetism50,51.

Nonlinear phononics. Light-induced lattice displacements can in 
principle change the symmetry of a material and signi#cantly alter 
its free-energy landscape, leading to new, low-energy quantum 
states. Speci#cally, mid-infrared pulsed excitation of infrared-active 
phonons has been utilized to impart and/or to relieve net structural 
distortions. &is novel method, dubbed nonlinear phononics, capi-
talizes on coherent coupling between light and lattices. &e lattice is 
altered by the oscillating #eld due to anharmonic coupling between 
infrared and Raman-active modes52,53. Spectacular photoinduced 
phenomena promoted by nonlinear phononics are discussed in 
‘Revealing hidden phases and new states of matter’.

Metastable states. Impulsively induced electronic phases are typi-
cally short-lived, with lifetimes on the order of the electromag-
netic pulse width or the energy relaxation time of the material. 
Yet, in quantum materials with corrugated free-energy land-
scapes, impulsive stimulation can trap the system in new phases 

at auxiliary free-energy minima, separated from the true ground 
states by a signi#cant kinetic barrier54–56. &ese metastable phases 
persist inde#nitely on experimental timescales but can be control-
lably erased by external parameters such as temperature and mag-
netic #eld. 

Polaritons. &ese quasiparticles (Box 1, panel a) are hybrids of light 
and matter involving collective oscillations of charges in materi-
als25,57. &e most thoroughly investigated and utilized of these are 
surface plasmon-polaritons supported by electrons in conducting 
media and light. Other examples include phonon- and exciton-
polaritons. A common denominator of many classes of polaritons is 
that they permit the con#nement of light at the nanoscale, thereby 
dramatically enhancing light–matter interaction. Polaritons provide 
a natural route to strongly enhance the interaction of light and mat-
ter. As such, polaritons are well suited to increase rates of ‘forbidden’ 
transitions in solids58, may enable e$cient heat transfer at the nano-
scale, and even alter chemical properties of molecules—a method 
dubbed polaritonic chemistry59.

Direct hopping modulation and Floquet engineering. Time-
periodic perturbation has recently emerged as a promising 
strategy for tuning the microscopic interaction parameters in a 
quantum many-body system. &is dynamical approach, dubbed 
Floquet engineering, involves modulating the system at frequen-
cies on par with or exceeding intrinsic interaction energy scales 
(Box 1, panel c). In the high-frequency regime, the system evolves 
under a simple e%ective equilibrium Hamiltonian with a hopping 
amplitude that is renormalized by a factor J0(ε), where J0 is the 
zeroth Bessel function of the #rst kind, and ε is the aforementioned 
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Figure 2.2: Methods for controlling quantum phases. Elementary excitations in quantum materi-
als and select control techniques arranged (clockwise) in order of ascending frequency.
Reproduced with permission from (Basov et al. 2017). © 2017 by Springer Nature Limited.

2.2 Quantum Materials, Magnetism

Condensed matter systems where quantum
effects play an important role show an extremely
rich and interesting variety of macroscopic phys-
ical properties such as high temperature super-
conductivity and colossal magnetoresistance
as well as a variety of phase transitions such as
e. g. metal-insulator transitions and/or different
magnetic phases. These fascinating phenom-
ena are caused by a subtle interplay between
electronic (charge, orbital, and spin) and lattice
degrees of freedom. This interplay leads to var-
ious nearly degenerate competing states and
hence complex phase diagrams as a function
of temperature, doping and external fields.

A possible pathway to understand the mi-
croscopic driving forces underlying these phe-
nomena is to probe the relaxation of the rel-
evant electronic states with ultrashort X-ray

pulses after the complex systems have been
excited out of equilibrium using light pulses from
THz-radiation to soft X-rays. The idea is to
take electronic structure maps as a function of
time after a system is driven out of equilibrium.
Here, one can use a well-established static elec-
tronic structure tool such as photoelectron spec-
troscopy which offers great potential when time-
resolution in the (sub)-femtosecond range can
be added with free-electron laser sources.

X-ray based spectroscopic techniques such
as X-ray absorption and X-ray emission specifi-
cally allow to investigate the ultrafast response
of the electronic structure in a site-selective,
element-specific way and hence help to re-
veal the pathways from microscopic excita-
tions to changes in macroscopic properties
in these complex systems. In addition, us-
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ing time-resolved resonant elastic and inelastic
x-ray scattering techniques one can correlate
dynamic electronic structure information with
changing structural or electronic order.
Light-induced ultrafast dynamics is not only

of interest in the quest for a fundamental under-
standing of emergent phenomena in quantum
materials but also because of the possibility for
fast reversible switching between states with
different macroscopic properties and control-
ling quantum phases. Figure 2.2 illustrates how
flexible excitations schemes ranging from THz
to visible can drive different fundamental excita-
tions which lead to new macroscopic properties.
The search for fingerprints of light-induced

transient, metastable phases which could in
turn enable one to understand and steer transi-
tions between the different stable phases of the
complex materials has attracted tremendous
interest recently. For all these studies FLASH
will be ideally positioned after the upgrade with
flexible pump-probe schemes and unique ca-
pabilities to monitor the evolution of electronic
structure and fundamental excitations.
A powerful electronic structure tool such as

time-resolved photoemission spectroscopy on
high density, solid targets requires a low count
rate per pulse because the number of emitted
photoelectrons emitted in a single ultrashort
pulse is constrained due to space charge ef-
fects in the photoemitted electron cloud. Other
tools intrinsically deliver only low count rates
per pulse, such as time-resolved inelastic X-ray
scattering.
Both classes of experiments are only pos-

sible with the high repetition rates the super-
conducting machines can provide. In compar-
ison to laser driven high-harmonic generation
(HHG-)sources which are very well suited to
study time- and angle-resolved photoemission
(TR-ARPES) on condensed matter samples
in the VUV spectral range with excellent time

resolution, high repetition rate FELs such as
FLASH are superior because they provide ultra-
short pulses in a much broader spectral range
from the XUV to the soft and even tender X-ray
regime with easy tunability. Higher photon ener-
gies for TR-ARPES enable studies which cover
an extended range in momentum space. Tun-
ability of the excitation energy gives access to
the full 3d momentum information and provides
means to study surface vs. bulk phenomena
since the inelastic mean free path of the photo-
electrons and hence the information depth can
be tuned by changing the kinetic energy of the
photoelectrons.
Furthermore, using the tunability of the

FEL, TR-ARPES studies can be combined
with time-resolved X-ray photoelectron spec-
troscopy (TR-XPS) monitoring local charge
state changes and/or time-resolved X-ray pho-
toelectron diffraction (TR-XPD) studies of ultra-
fast changes in the geometric structure in the
same experiment. While time-, angle- and spin-
resolved photoemission is already success-
fully performed and quite heavily demanded at
FLASHmaking use of most efficient detection of
the emitted photoelectrons with a momentum
microscope these studies will further benefit
from a high-repetition rate seeded FEL such as
FLASH1 with enhanced spectral stability and
decreased spectral bandwidth in combination
with Fourier-limited XUV and soft X-ray pulses.

On the other hand, the combination of ul-
trashort FEL pulses with a time-compensating
monochromator at FLASH2 will provide unique
new opportunities to achieve a time-resolution
of less than 20 fs which is in particular required
to follow ultrafast changes in the electronic sys-
tem in these materials (Hellmann et al. 2012).

FLASH2020+ will also generate excellent op-
portunities for time-resolved resonant inelastic
X-ray scattering studies on quantum materials
as outlined in the colored box below.
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Resonant inelastic X-ray scattering on quantum materials

Nickel monoxide (NiO) is a material with a half-filled conduction band that should be a good
conductor according to simple band theory. Through strong electronic correlations though,
it is insulating and exhibits antiferromagnetic order alongside with a distorted bulk unit cell.
These interesting properties turn NiO into a fruitful test case for time-resolved experiments:
it has been shown, that strong magnonic excitations can be induced by THz or even optical
pumping, the electronic correlations can be influenced directly by very strong, transient
external fields and the magnetic super-exchange mechanism can be blocked by electron
redistributions. All of these properties provide very good experimental benchmarks for
modern solid-state theoretical concepts. A deeper exploration of these phenomena requires
high resolution studies of the dynamics of electronic excitations through e. g. resonant
inelastic X-ray scattering (RIXS). The combination with ultrashort pulses allows to gain such
information with femtosecond resolution across phase transitions, where the correlated
subsystems transiently decouple. One can thus separate in the time domain which of
the different order parameters is more fundamentally stable: the antiferromagnetic order
(destroyed by magnons), electronic order (destroyed by optical pumping) or the lattice
distortions (which can only follow on longer time scales). In general, though, RIXS is a very
photon hungry technique and requires monochromatic, high average flux in small spots to
achieve sufficient energy resolution. Especially at FELs, sample damage is largely limiting
the usable number of photons in a single pulse. To achieve sufficient resolution, SASE
FELs require monochromatization which enhances the fluctuations in the pulse energy on
the sample. In order to prevent sample damage, attenuation levels have to be adapted
to the highest pulse energy, requiring a large safety margin between the damaging peak
and the average pulse energy. This strongly limits the achievable signal levels, results in
hour-long acquisition times for a single spectrum and thus effectively limits the accessible
parameter space. An externally seeded FEL in contrast delivers more stable, much more
monochromatic pulses with the possibility to achieve sufficient resolution even without
further monochromatization, which increases typical beamline transmissions by a factor
between three and ten. But even if a monochromator is applied, the difference between
peak and average pulse energy will be negligible, such that the damage-limited usable flux
on the sample can easily be an order of magnitude larger at a seeded FEL than at a SASE
FEL.

Figure 2.3: Left: Optical setup of the RIXS spectrometer installed at FLASH1, with de-
sign energy resolution <30meV across the FLASH wavelength range (from (Dziarzhyt-
ski et al. 2018)). Right: Simulated relative pulse energies behind a monochromator for
SASE pulses around 100 eV with 50 fs pulse length and a total natural bandwidth of 1 eV
(FWHM) monochromatized to 100meV displaying a difference between peak and av-
erage pulse energy by a factor of more than three (the average pulse energy is shown
dashed).
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2.3 Chemistry, Surface Catalysis and Energy Science

The short pulses at high repetition rates make
FLASH the ideal spectroscopymachine to study
ultrafast dynamics in photocatalytic processes,
heterogenous catalysis on surfaces and charge
transfer dynamics in systems relevant for pho-
tovoltaics. It turns out that all chemical trans-
formations, i. e. the formation and breaking
of chemical bonds, are in general rare events.
Each reaction partner is very rarely and for a
very short time only in the critical intermediate
state of a reaction. It is the availability of short,
well-controlled resonant X-ray pulses with high
repetition rate in combination with adequate
trigger pulses that allows for the study of those
rare reaction intermediates to advance our un-
derstanding how reactions proceed on their nat-
ural femtosecond time scale and how we can
choose optimal reaction conditions for more
energy- and resource-efficient chemistry.

While for photocatalytic reactions the trigger
to initiate a reaction is a femtosecond optical
laser pulse ideally resonant to the relevant elec-
tronic transition in the molecule, industrially rel-
evant heterogeneous catalytic reactions are in
general thermally activated. Here it is impor-
tant to drive the key reaction pathways with the
flexible pump laser pulses in the wavelength
range from THz to the visible that will be of-
fered by FLASH so that those reactions can be
triggered on an ultrashort time scale, such that
a detectable fraction of reactants is found in the
intermediate state at the same time.
A key topic that needs experimental explo-

ration is the study of conical intersections: the
quantum mechanically coupled crossing of dif-
ferent electronic states in the potential energy
landscape of different atomic geometries. Most
theoretical descriptions fail at conical intersec-
tions (these cannot be described by the ubiqui-
tous Born-Oppenheimer approximation). Nev-
ertheless, it is those crossings that determine
which of the possible reaction pathways are
taken by the system and a detailed understand-
ing of the dynamics across conical intersections
is thus crucial for an optimal tuning of reaction
conditions to our needs. Element specific prob-
ing with near-edge X-ray absorption or resonant
X-ray emission techniques after an ultrashort
optical laser pulse has driven a reactant close
to a conical intersection allows to directly follow

the pathway of the products on the potential
energy surfaces. This provides crucial input
and benchmarks for the development of novel
theoretical concepts.

The current FLASH can directly address the
carbon backbone of organic molecules with car-
bon edge probing, while resonant access to
functional blocks containing nitrogen and oxy-
gen is limited. With an upgraded FLASH2, also
these core resonances come into reach and
allow for efficient probing at the functional side
groups of organic molecules.
Adding circular polarization to the FEL prob-

ing step even allows to discriminate different
molecular chiralities using X-ray absorption
dichroism, a field of dynamic studies that is
largely unexplored with the high selectivity and
information content of X-rays, although very im-
portant for everyday life: e. g. only one chirality
of a sugar molecule is digestible for humans al-
though the whole molecular composition and all
chemical properties are identical between both
chiralities. The different effects of molecules
with the same composition and bonding struc-
ture, while one is the mirror image of the other
still provides a large puzzle to our understand-
ing. Full spectroscopic access to the dynamics
and the connected insight into how to tailor e. g.
catalysts to yield only the product with desired
chirality could be uniquely provided by FLASH.
A very powerful technique to probe in par-

ticular catalytic reactions at surfaces is time-
resolved X-ray photoelectron spectroscopy (TR-
XPS). As has been discussed in Section 2.2,
time-resolved photoelectron spectroscopy on
high density targets requires high-repetition rate
FELs. In combination with flexible short-pulse
pump lasers, TR-XPS (or time-resolved elec-
tron spectroscopy for chemical analysis (TR-
ESCA)) provides a fingerprint technique which
allows to follow reaction processes in real time
and in particular to identify key reaction inter-
mediates.
A seeded high repetition rate FEL such as

FLASH1 after the upgrade will be an ideal
source for such studies since it will provide spec-
trally stable Fourier-limited XUV and soft X-ray
pulses with a high spectral photon density that
allow for very efficient further monochromati-
zation to achieve the necessary resolution to
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distinguish between different species present
during a surface catalytic reaction.
When those unique analytical features of

FLASH are applied using newly available ul-
trashort pulses in the few femtosecond to sub-
femtosecond regime, the time resolution in the
study of photo-driven charge transfer processes
in photocatalytic reactions or in systems rele-
vant for photovoltaics can be lifted to a new
level. Even shorter pulses in the attosecond
regime with their large bandwidth further allow

to resonantly create and study localized coher-
ent electronic wavepackets and their influence
onto chemical transformations. With the cur-
rent absence of sufficiently intense, coherent,
and short wavelength pulses, the impact of elec-
tronic coherence on the energy flow e. g. in pho-
tosynthetic reactions can only be speculated
about – with many studies hinting to a larger
influence which might become experimentally
accessible within FLASH2020+.

2.4 Imaging

Imaging experiments at XUV- and soft X-
ray free-electron laser are naturally addressing
nanosized objects such as clusters, nanocrys-
tals or domain structures in condensed mat-
ter. The spectral and pulse energy stability of a
seeded FEL are very beneficial for single-shot
imaging experiments. Here, single-shot imag-
ing is mandatory for transient and/or metastable
structures as well as statistical sampling of ran-
dom oriented structures. Recent experiments
at FERMI have demonstrated the potential of
single-shot imaging of He clusters albeit at low
repetition rate (Langbehn et al. 2018).
A high-repetition rate seeded FEL such as

FLASH1 after the upgrade provides many more
pulses per time in comparison to e. g. FERMI.
To exploit this fact for single-shot imaging
though, novel imaging detectors for the soft X-
ray regime will be required. They are currently
under development (see also Chapter 7) and
will be available soon.

This will then generate new opportunities for
time-resolved studies where the dynamical evo-
lution of nanocrystals and clusters can be stud-
ied on femto- to picosecond timescales gener-
ating sufficiently large data sets so that novel
image analysis tools relying on e. g. machine
learning can be applied.
While most of the life science imaging appli-

cations at high-repetition rate FELs target struc-

tural information at the atomic level and hence
require hard X-ray FELs, certain research as-
pects are well matched to an FEL such as
FLASH after the upgrade.

FLASH2 will reach deeper into the water win-
dow after the upgrade. The term “water win-
dow” characterizes the soft X-ray wavelength
region below the oxygen K-edge energy (about
530 eV), where water is largely transparent, but
above the carbon K-edge energy (about 280eV),
where biomolecules show a large absorption
contrast. Statically it has been demonstrated
at storage ring sources, e. g. at the Advanced
Light Source in Berkeley by the group of Car-
olyn Larabell, that this wavelength region is very
useful for microscopy and tomography of living
structures (Ekman et al. 2017).
Here, the high repetition rate of FLASH will

enable to record large data sets of single shot
images with excellent statistical quality in or-
der to obtain well-sampled information about
small, potentially fluctuating structures in the
specimen without the need of cryofixation for
3d tomography.

Also here, the developments in XUV and soft
X-ray detector technology currently under way
will be crucial to the impact of an upgraded
FLASH2 in this research field.
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2.5 Nonlinear and Attosecond Science

With fully coherent short pulse X-ray sources,
there is potential to transfer techniques to the
X-ray domain that have been developed in the
field of nonlinear spectroscopy and very suc-
cessfully applied in the IR- and optical spectral
regime to study ultrafast relaxation processes.
First successful four-wave mixing experiments
in the XUV regime have recently been per-
formed at FERMI in an attempt to study coher-
ent phonon dynamics in a region of momentum
space not accessible with optical spectroscopy
(Bencivenga et al. 2015). The combination of
nonlinear spectroscopy techniques, such as
e. g. stimulated Raman spectroscopy, with the
element selectivity of resonant core excitations
would open up a new field with the ability to
study electronic wavepacket motion initiated via
core excitation at a specific center in the sys-
tem, e. g. in complex molecules as well as in
complex condensed matter systems.
Application of nonlinear spectroscopy to the

study of electronic coherences with element
selectivity will require independently tunable
two-color options for few femtosecond and/or
sub-femtosecond FEL pulses in combination
with wavelength selective split-and-delay optics
which will become available at FLASH2 after
the upgrade. As outlined in the colored box be-
low, stimulated processes where resonant or
non-resonant core level excitations are involved

will compete with the dominant Auger decay
processes that determine the lifetime (and the
coherence time) of the core excitations. In the
soft X-ray regime (carbon, nitrogen, oxygen 1s,
3d transition metal 2p levels) these lifetimes are
well below 10 fs.

Application of sub-femtosecond to attosec-
ond pulses to study coherent electronic mo-
tion in complex systems such as e. g. bio-
physically relevant molecules is currently lim-
ited by the achievable single pulse energy of
laser based high-harmonic generation (HHG-
)sources. Of particular interest is the wave-
length regime below 5nm if one wants to exploit
the element specificity and chemical selectivity
of resonances in the soft X-ray regime. Simu-
lations show that with the upgraded FLASH2
line, in particular using laser manipulation of
electron bunches as briefly described in Sec-
tion 5.3, it should be possible to generate sub-
femtosecond pulses with µJ level pulse ener-
gies and pulses on the order of 100 attoseconds
with a tunable center wavelength in the range of
a few nm and nJ pulse energies. Compared to
the performance of laser-based HHG sources
this would be an improvement of several orders
of magnitude (Heyl et al. 2016). Combined with
two-color pump-probe schemes this opens up
a whole new field of scientific opportunities. An
example is given in the colored box below.
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Sub-Femtosecond Pulses for Non-Linear Spectroscopies

Non-linear methods hold the promise to improve our ability to study matter by e. g. increasing
selectivity, providing information that is complementary but inaccessible to linear methods
or just by improving signal levels. Here, it remains especially interesting to use these unique
features of non-linear spectroscopy to study ground state valence properties since they
are responsible for materials’ functionality. A common challenge for all non-linear X-ray
spectroscopies though is the separation of the desired direct non-linear process from a
sequential process probing highly valence excited states. The Auger process for example
transfers the excitation energy from one absorbed X-ray photon into valence excitations
within several femtoseconds, such that all following photons will probe an ill-defined highly
excited state of the system. Shortening the pulses into the sub-femtosecond region will thus
largely enhance the contribution of direct non-linear signals (which scale with the radiation
power, fewer photons can therefore be compensated by shorter pulses) as opposed to
signals following sequential processes (here, the scaling is mainly with fluence, largely
independent of the pulse length). The intense, sub-femtosecond or even attosecond pulses
provided by the new FLASH2 thus provide a unique opportunity to perform non-linear
spectroscopies.
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Figure 2.4: Calculated transmission change as a signature of stimulated emission. Stim-
ulated emission constitutes the simplest and most fundamental non-linear process and
can be observed in a two-color experiment by using one (high energy, purple) color to
pump core excitations and a second (low energy, green) color to probe the transmission
of the sample. An increased transmission (color-coded blue) is a sign of stimulated emis-
sion, while a decreased transmission (red) occurs, when a valence excited system is
probed. It becomes apparent that pulse lengths have to be substantially shorter than core
hole lifetimes to observe stimulated emission. The used rate equation model will fail for
pulse length <≈3 fs.
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Attosecond Electron Dynamics in Molecules Dissolved in Water

Tuning two variably delayed attosecond pulses to functional hetero-atom resonances in a
biologically relevant molecule, e. g. at the sulphur L-edge around 160 eV and the nitrogen K-
edge around 400 eV (using third harmonic radiation), allows to resonantly excite an electronic
wavepacket at the sulphur site and probe its real time dynamics across the molecule by
studying its arrival at the nitrogen site. The transmission spectrum of a free-flowing µm-thin
water solution sheet in vacuum can be measured with the nitrogen edge probe pulse and
will contain clear signatures of the presence or absence of additional electron density locally
around the nitrogen atom. The sulphur edge pump pulse excites an electron wavepacket
locally from the 2p core levels to resonantly selected valence states in the solvated molecule.
The flow speed of the jet of typically 40m/s ensures replacing the excited volume in between
the pulses at MHz rate. By making use of recently developed transmission grating based
ideal beam splitters (with low line densities, the spatial overlap as well as the ultrashort
pulse lengths are preserved) (Brenner et al. 2019), one can produce two copies of the FEL
pulses: one to be transmitted through the sample while the other is used for shot-noise
limited normalization of SASE fluctuations in spectral pulse energy. With a spectrometer
downstream of the interaction region, one separates and analyzes the transmitted spectrum
at the nitrogen edge. With this experiment, the attosecond dynamics of an electronic
wavepacket can be tracked in real time, together with potential dephasing and scattering
mechanisms. This can then uniquely answer fundamental questions around charge transfers
on their intrinsic time scale e. g. comparing aromatic systems with unsaturated π-bonded
or saturated carbon chains.

Figure 2.5: Two variably delayed pulses tuned to the sulphur and nitrogen edges in 4-
mercaptopyridine allow to create an electronic wavepacket locally at the sulphur atom
and track its propagation across the aromatic π-electron system by analyzing spectral
fingerprints at the opposing nitrogen site.
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3 Accelerator

The FLASH accelerator emerged from the
TESLA Test Facility linac (Edwards 1995; The
TESLA Test Facility FEL Team 2002) and has
been built in the present footprint in 2003. A
unique feature of FLASH is its high duty cycle
of almost 1/100 thanks to the superconducting
technology. RF pulses with a length of up to
800µs at a repetition rate of 10Hz are used to
accelerate bursts of electron bunches produc-
ing thousands of SASE pulses per second.
Major upgrades have been: adding accel-

erating modules to reach the design energy
of 1GeV in 2007 and 1.2GeV in 2010, adding
3.9GHz cavities to linearize the phase space,
modifying a section upstream of the SASE undu-
lators for seeding experiments (sFLASH) (Ack-
ermann et al. 2013), and finally a second undu-
lator beamline FLASH2 in 2014 (The FLASH II
Team 2010; Faatz et al. 2011; Faatz et al. 2016).

Most components of the accelerator are
meanwhile in operation for 15 years and need

replacement or refurbishment. An extensive re-
furbishment program has been started in 2014,
after the completion of the 2nd undulator beam-
line, in order to keep the facility in operation for
the next 10 to 15 years, but also to introduce
upgrades to keep the facility competitive with
soft X-ray FELs worldwide. Table 3.1 shows
refurbishment projects and their status. Major
upgrades and refurbishment will be discussed
in the following sections: energy upgrade, injec-
tor laser upgrade, new compression scheme,
laser heater, low charge diagnostics, and syn-
chronization. Most refurbishments are required
to continue stable and reliable operation of the
FLASH accelerator independent of the full or
partial realization of FLASH2020+. The full up-
grade of the compression scheme and the laser
heater however, will only be realized within the
FLASH2020+ project.

Table 3.1: Refurbishment projects. Not ordered by priority.

Task Status Task Status

E1 Exchange modules on-going E18 Bunch compressor finished
ACC2/3 FLASH2

E2 Injector laser on-going E19 sFLASH EEHG started
E3 Afterburner FLASH2 in design magnetic chicane
E4 Optical synchronization on-going E20 Upgrade LLRF proposed

system (incl. BAM) E21 Coupler interlocks on-going
E5 Upgrade RF on-going E22 RF-gun in preparation

master oscillator with higher duty cycle
E6 BPM electronics finished 2017 E23 ACC39 spare cavity
E7 Toroid system finished 2016 (exchange one cavity)
E8 Machine Protection finished 2018 E24 Modulator 3.9GHz proposed
E9 Screen stations FLASH1 started E25 Modulators 1.3GHz started
E10 Timing system finished 2018 E26 Cryogenics refurbishment proposed
E11 Network switches on-going E27 Water pumping proposed
E12 Magnet controls started stations 1 & 2
E13 Vacuum controls started E28 Cooling towers proposed
E14 Fast intra-train proposed E29 Radiation shield in preparation

orbit feedback Bogengang
E15 Fast intra-train E30 Personnel interlock system proposed

compression feedback proposed E31 Absorber FLASH1 proposed
E16 TDS FLASH2 on-going E32 Cooling water hall 3 started
E17 THz undulator FLASH2 postponed E33 Repair roof hall 3 finished
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5 MeV 145 MeV 

1250 MeV → 1350 MeV 

450 MeV → 550 MeV 

RF Gun M3***/ACC39 Type II M1* M7 Type I/II M4/M5/M6/PXFEL1 
Type III 

Type I feedlines Type I to III transition 

PXM2/3 Type III 

He 

ACC1 ACC2 ACC3 ACC4 ACC5 ACC6 ACC7 ACC39 

Figure 3.1: Sketch of the FLASH accelerator showing the accelerating module sections called
ACC1 to ACC7 (not to scale). Modules M1∗ and M7 at ACC2 and ACC3 will be exchanged
by modern XFEL-type modules PXM2 and PXM3. The helium feedlines shown in blue will be
adapted accordingly. The beam is from left to right. The energies shown are with appropriate
compression RF phases under typical SASE conditions.

3.1 Energy upgrade

FLASH has seven accelerator modules with
eight 1.3GHz 9-cell superconducting cavities
each (Pagani et al. 2001; Pagani et al. 1997).

Since a couple of modules have been added
and replaced in the last 15 years, several differ-
ent types of cryogenic modules are in operation.
The type I module is from the first generation,
type II is an upgraded version of type I. Type III
modules have a complete reworked design with
reduced diameter of the cryostat and a modi-
fied helium feedline to the cavities. XFEL-type
modules are very similar to type III modules.
Type I/II modules are not available anymore

and their maintenance is meanwhile almost im-
possible. The module sections called ACC1,
ACC2, ACC3, and also ACC39 are equipped
with type I/II modules (see Figure 3.1). ACC1
has been refurbished in 2009: module M2∗ has
been exchanged by module M3∗∗∗ having sig-
nificant better performances (e. g. higher gradi-
ents, less field emission, now with piezo-tuners,
magic-T waveguide distribution, remote con-
trolled phase adjustment of single cavities). At
the same time, a special module M39 at sec-
tion ACC39 with four 3.9GHz cavities has been
installed (Edwards et al. 2010).
ACC2 and ACC3 are installed together as a

substring of two modules between the first two
bunch compressors. Therefore, both modules
have to be exchanged at the same time. Two
prototype models called PXM2 and PXM3 used
for module and cavity tests for the European
XFEL are available. The first prototype module
PXFEL1 is already installed in position ACC7.

PXM2 and PXM3 however are not ready to
be used at FLASH and need a refurbishment
on their own. A few cavities can be reused,
others need to be replaced. The goal is to in-
stall cavities with the highest gradients avail-
able. With the refurbished modules we expect
to achieve an energy gain of 430MeV (on-crest).
The present modules reach 325MeV only, be-
cause some cavities are operated at reduced
gradient due to high field emission.
All new cavities will be equipped with dou-

ble piezo tuners and XFEL-type power couplers
with remote-controllable loaded Q. This is an im-
portant improvement compared to the present
situation and will significantly contribute to the
stability of accelerating gradient and phase
along the RF pulse.

The new RF waveguides for ACC2/3 will use
the modern magic-T configuration which is al-
ready in use for modules ACC1, ACC6 and
ACC7, and also at the European XFEL. Com-
pared to the old hybrid splitter configuration, the
magic-T system allows optimizing the transmit-
ted RF power for each cavity. This is used to
individually adapt the RF power to the quench
limit of a given cavity. Otherwise the weakest
cavity in an 8-cavity string would determine the
accelerating gradient of the whole module and
thus would significantly limit their energy gain.

We also plan to upgrade the RF waveguides
of modules ACC4 and ACC5 with the magic-T
technology. Since stub-tuners will be removed
with the waveguide upgrade, this requires for all
ACC4 couplers an upgrade tomotorized remote-
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controllable loaded Qs (presently only manual
tuning). With this upgrade we expect to gain an-
other 100MeV. However, this is only possible
with an upgrade of the RF-station for ACC4/5
from the present 5MW to a 10MW multibeam
klystron. With the present 5MW klystron we
may achieve an increase of at most 50MeV to
70MeV.

The RF-station for the refurbished ACC2/3
will bemoved from the cryo-annex of the FLASH
accelerator hall (100m away) to a position as
close as possible to themodules tominimize the
length of the waveguide system. The new RF-
station will be equipped with a new modulator,
transformer and a 10MW multibeam klystron.

3.2 Photoinjector

The FLASH electron source is based on a
pulsed normal conducting RF-gun (1.3GHz) op-
erating at high gradients for high brightness
electron beams (Schreiber 2005). The RF-gun
matches the duty cycle of the accelerator. The
present RF-gun is operated with an RF pulse
length of 650µs at 5MW RF power (10Hz). An
upgrade of the gun is in preparation with an im-
proved heat removal designed for a pulse length
of 1ms at 6MW (Paramonov et al. 2017). The
electron bunches are extracted with UV laser
pulses on a Cs2Te cathode. Besides the RF-
gun, the laser pulses determine the quality of
the electron beam: transverse and longitudi-
nal shape (in the picosecond range) and timing
in respect to the RF field (in the femtosecond
range).
The present two main laser systems are in

operation since more than 10 years (Will et al.
2011) . Their longitudinal pulse shape is Gaus-
sian and cannot be changed (σ=4.5 ps and
6.5 ps resp.). The bunch pattern in the burst is
limited to equal spaced pulses within the pulse
train. The development of a new generation
photoinjector laser system will have several key
advantages. Modern technology will boost the
performance in terms of stability. New features
like longitudinal pulse shaping will be included.
Longitudinal shaping promises to significantly
improve the beam brightness. Flexible pulse
patterns – including non-equidistant pulses –
will be possible. The system will be able to
serve two beamlines simultaneously with differ-
ent pulse shapes and patterns in each beamline.
As an option, an upgrade from 1MHz to 3MHz

or 4.5MHz intra-train repetition rate is possible.
FLASH has developed a technique to produce
single-spike SASE pulses. This has been made
possible with a third laser system able to pro-
duce short laser pulses of 1 ps. This option will
also be included in the new photoinjector laser
design.

As a common advantage, all DESY operated
electron sources especially at FLASH and the
European XFEL will profit from themodern laser
technology in development. This will ease the
management of spare parts and optimize main-
tenance for all DESY electron sources.

Details of the new laser design are described
in Chapter 6.

3.2.1 Laser Rooms

The present laser rooms do not have a suffi-
ciently stable air-conditioning and -cleanliness
for a modern high bandwidth laser system.
Within a six months shutdown, It seems to be im-
possible to replace the old rooms with new ones,
install the new lasers and commission them.
Since there is no space inside the FLASH ac-
celerator hall, we plan to build new laser rooms
outside of the hall (Figure 3.2). The rooms for
the photoinjector lasers and the laser heater
laser will have a total space of 100m2. Building
the new rooms, installation, and commissioning
of the lasers is thus mostly independent of a
FLASH shutdown, except the installation of the
new laser beamlines.
FLASH will continue to run with the present

laser systems until the new systems are ready.
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ACC1 ACC2 ACC3 GUN 
New 
laser 
rooms 

Figure 3.2: South section of the FLASH accelerator hall showing the injector of the FLASH ac-
celerator starting with the RF-Gun and the first accelerating module ACC1 (beam is from right to
left). The new rooms for the photoinjector and laser heater laser systems (green) will be at the
south front side outside of the hall. The paths of the laser beams are indicated with violet and
red arrows. The old laser room (yellow) will stay in operation until the new lasers are ready.

3.3 New Bunch Compression Scheme

The electron bunch peak current generated
at the electron source is much lower than re-
quired for SASE. Therefore, the bunch length is
presently compressed by two magnetic bunch
compressor chicanes at two different electron
beam energies from about 30A at the source
to 2 kA or more in the SASE undulators.

Compression at two energies is needed to
balance between space charge effects (better
at higher energies) and the required energy
chirp along the bunch (better at lower energies).
An important ingredient of the compression is
the linearization of the phase space using the
four 3rd harmonic cavities at 3.9GHz (ACC39)
following the first 1.3GHz accelerating module
(ACC1). ACC1 introduces an energy chirp on
the electron bunch, linearized by ACC39 before
being sheared in the C-chicane bunch compres-
sor magnets to form a short bunch.

A difficulty occurs due to space charge in-
duced micro bunch instabilities created dur-
ing the compression process. Together with
the emission of coherent synchrotron radiation
(CSR) both effects spoil the phase space.

One measure is to reduce the compression
at lower energies and to transport a beam with
reduced peak current through the extraction
beamline to FLASH2. The high peak current
will be generated as close as possible to the
SASE undulators. This is the main motivation
to install an additional C-chicane bunch com-

pressor after the extraction before the FLASH2
SASE undulators.
The same is planned for FLASH1. The

present FLASH1 dogleg shaped beamline after
the extraction to FLASH2 has been introduced
to collimate beam halo in the energy phase
space. Collimation of beam halo is required in
order to protect the undulators from radiation.
At FLASH2, the extraction beamline is used for
collimation.
Also for FLASH1 we can reduce space

charge and CSR effects by replacing the dog-
leg with a normal C-chicane bunch compressor.
The collimation will then be before and in the
dispersive section of the new chicane. Simi-
lar to the new FLASH2 chicane, a smoother
compression in the low energy part will help to
reduce space charge induced micro bunching
and CSR effects and will be an advantage for
the external seeding options.
An additional advantage replacing the dog-

leg with a C-chicane is that the exchange will
result in a shift of the electron beamline by
40 cm towards the tunnel center. This will signif-
icantly ease the installation of new undulators
for SASE and seeding, since they are placed
farther away from the curved tunnel walls. Fur-
thermore, the horizontal beam shift will allow in-
troducing a mirror system into the photon beam-
line with horizontal and vertical adjustment fea-
tures. Presently, only the horizontal direction of
the photon beam can be adjusted. In addition,
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Figure 3.3: Sketch of FLASH with the new bunch compression scheme. Not to scale. BC1 is
modified to include a laser heater, BC2 is now a C-chicane. Each beamline has now a separate
compressor FL1BC and FL2BC, respectively, for final compression.

this gives the possibility to separate the THz-
radiation produced by the THz-undulator from
the main XUV radiation. For details the reader
is referred to Chapter 4.

3.3.1 Details of the New
Compression Scheme

In the following, we give details on the new
compression scheme and describe the upgrade
plans in the first (BC1), second (BC2), and
the two final compressor sections (FL1BC and
FL2BC), see Figure 3.3.

Bunch Compressor BC1
For a successful seeding in FLASH1 (see
Chapter 4.2), we need to mitigate micro bunch
instabilities more than achievable with the new
compression scheme (Spampinati et al. 2014).
Micro bunch instabilities can be reduced by in-
creasing the uncorrelated energy spread of the
electron bunch before or during compression
(Saldin et al. 2003). Therefore we plan to install
a laser heater before the first bunch compressor
(see Section 3.4 for details).

In order to generate space for the laser heater,
the first bunch compressor chicane BC1 will be

shifted downstream from its current position
(see Figure 3.4) by 1.5m. This will require the
removal of four quadrupoles while keeping the
matching capability of the section. This section
is regularly used for beam optics matching of
the transverse envelope from the injector into
the regular lattice using the four screen method.
For preserving the beam optics matching

functionality of this section and at the same
time enable adequate beam transport through
the accelerator, the remaining quadrupoles will
have to be powered one-by-one. Presently,
the matching quadrupoles have one common
power supply. The bunch compressor itself
(dipoles and vacuum chambers) will not be
changed. The present nominal bending an-
gle of BC1 is 18° with a range of 15° to 21°.
The nominal R56is 181.3mm (range 122mm
to 254mm). We will use a reduced deflecting
angle of 16° with an R56 of 140mm.

Laser Undulator 

ACC1 ACC2 ACC3 RF-Gun ACC39 
1.5 m 

Figure 3.4: Sketch of the first bunch compressor section BC1. The beam is from left to right.
Quadrupoles are indicated as green lenses, chicane dipoles are in blue, screens in magenta.
The top sketch shows the present layout, the bottom the new layout. The laser heater undulator
together with the laser in-coupling vacuum chamber is placed right before the compressor. The
compressor has to move by 1.5m downstream. The matching section with its four view screens
is preserved. The total length of the warm section is 18.5m.
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ACC4 ACC5 ACC2 ACC3 

Figure 3.5: Sketch of the 2nd bunch compressor section BC2. The beam is from left to right.
Quadrupoles are indicated as green lenses, chicane dipoles are in blue, screens in magenta.
The top sketch shows the present, the bottom the new layout. The S-type chicane is replaced
by a compact C-type chicane. This gives space for additional quadrupoles to allow beam optics
matching also in this section. The total length of the warm section is 22m.

Bunch Compressor BC2
The second bunch compressor BC2 will be
modified from the present S-type (6 dipoles)
to a C-type (4 dipoles) chicane with an R56 of
70mm and thus shortens by 3.5m to 10.5m to
generate space for a transverse beammatching
section downstream the chicane (Figure 3.5).
In 2003, an S-type chicane has been cho-

sen since simulations showed that the 2nd in-
verted bend could compensate CSR induced
emittance growth (Stulle 2004). Later on it has
been experimentally shown, that this is actu-
ally not the case. The S-type chicane has in
that sense no advantage compared to a C-type,
but occupies much more space. The gained
space will be used to include a matching sec-
tion using quadrupole scans on a single screen.
Optics matching though is not possible with the
present design.

As described in Section 3.1, modules ACC2
and ACC3 will be replaced by modern XFEL-
type modules increasing the energy gain by
at least 100MeV. The nominal beam energy
in BC2 will thus increase from 450MeV to
550MeV (off-crest). The new modules will be
equipped with a single quadrupole each, in-
stead of quadrupole doublets. The beam optics
will be adapted to this change. The accelerator
section following BC2 from ACC4 to ACC7 up to
the extraction to FLASH2 remains unchanged.

Bunch Compressor FL1BC
The FLASH1 beamline downstream the extrac-
tion section to FLASH2 will be completely re-
built to replace the present fixed gap undulators
with variable gap ones and to include a section
to seed the FEL process by an external laser
(see Chapter 4). The energy collimator dogleg
section will be removed and replaced by a C-
type chicane bunch compressor (FL1BC) with

a length of 5m to 6m, and a maximum R56 of
25mm (Figure 3.3). The removal of the dogleg
will result in a horizontal shift of the beamline
by 40 cm in direction to the tunnel center (in
beam direction left). An energy collimator will
be placed between the center dipoles.

FL1BC will have two functions: firstly, an over-
shearing chicane for EEHG seeding and sec-
ondly, a third independent compression stage
for SASE operation. The main advantage
will be a significant reduction of coherent syn-
chrotron radiation and space charge effects,
especially in operation modes which require
close to or full compression. This is accom-
plished by the reduction of compression at lower
energy at BC1 and BC2. The final compres-
sion is achieved at a higher energy E = γmec

2

and thus higher beam rigidity which suppresses
space charge forces. Space charge forces re-
duce with 1/γ2. A compression factor of 4 to 5
is achievable with FL1BC.
In order to measure the compressed phase

space, a transverse deflecting structure (TDS)
will be installed downstream of the undulators.
The present S-band TDS (named LOLA) will be
relocated or a new X-band TDS similar to the
one developed for FLASH2 will be installed.
A small dogleg will compensate the 40 cm

horizontal shift of the beamline and guides the
beam into the otherwise unchanged dump sec-
tion (Figure 3.3).
The overall concept of the beamline is de-

scribed in Chapter 4.

Bunch Compressor FL2BC
The compressor FL2BC is a C-type chicane
with a length of 5m to 6m. It is installed after
the extraction to FLASH2 and before the undu-
lators (Figure 3.3). The R56 of FL2BC will be
tunable between 8 and 25mm.
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Table 3.2: Electron beam energy profile used for the beam optics and compression optimization.

Section On-crest On-crest RF-Phase (°) Off-crest
energy gain energy gain energy (integrated)

(MeV) (MeV) (MeV)
present after upgrade after upgrade

GUN 5 5 0 5
ACC1 160 160 5 164
ACC39 −19 −19 −15 146
ACC23 325 430 20 550
ACC45 360 380 0 930
ACC67 420 420 0 1350

Details of Simulations to Design
the New Compression Scheme
As a boundary condition we have to consider
the achievable energy profile along the accel-
erator. Especially the achievable gradient in
the four 3rd harmonic cavities ACC39 will limit
the choice of the compression scheme. The
present cavities reach a maximum voltage of
21MV. In the future, we might be able to re-
place the weakest cavity by a new one with
an improved field gradient. Taking this into ac-
count together with a realistic assessment of the
attainable gradients of the modules, we have
concluded the energy profile for the optics and
compression optimization as listed in Table 3.2.

As a first consideration, a smaller bending an-
gle of BC1 would be preferable from the point of
RF tolerances. Moreover it would allow imprint-
ing a larger energy chirp on the bunch while
preserving the compression in the first stage
because of the lower R56 of BC1 (see Sec-
tion 3.3.1). This would also relax the off-crest
phase of ACC2/3 while achieving the same com-
pression and thereby enhancing the effective
energy gain of ACC2/3. However, reducing
R56 of BC1 would require a higher gradient in
ACC39 to achieve approximately linear com-
pression which is not possible with the present
voltage limitation of 21MV.

A second consideration is the limitation of
the peak current to reduce space charge forces
(SC) and to preserve a small slice emittance.
For higher charges (≈500 pC) the tolerable
peak current is higher than for smaller charges
(≈100 pC). This is because bunches produced
with higher charge already have a larger trans-
verse emittance and therefore a smaller trans-
verse charge density. In addition, the larger
bunch length of high charge bunches reduces

the density gradient, thereby partly linearizing
the SC forces. If we allow a few percent in
emittance growth, the peak current limit at BC1
is about 100A for high charge bunches, and
only 30A for low charge bunches. A similar
effect limiting the maximum reasonable peak
current holds also at BC2. Because of the new
third bunch compressors at final energy, these
limitations do not reduce the final peak current
required for efficient SASE operation.

The influence of the CSR wake on the bunch
depends critically on the Twiss parameters in
the corresponding compressor chicane. The re-
duction of CSR effects requires careful optimiza-
tion of Twiss parameters in all three chicanes.
We have chosen to independently minimize the
CSR disruption for each compressor stage. We
have performed extensive tracking studies on
bunch compression and beam transport simu-
lations.

Four cases of bunch charges have been stud-
ied: 500 pC, 250 pC, 100 pC, and 20 pC. The
studies were performed using 10 million parti-
cles (1 million particles for 20 pC) using the AS-
TRA code for the photoinjector part and Xtrack
for the remaining parts of the beamlines. Com-
pared to the present beamline design with two
compression stages, the new beamline design
significantly improves the beam quality in terms
of transverse emittance, longitudinal linearity,
and slice energy spread for all four cases. As an
example of the simulations, Figure 3.6 shows
a comparison of the longitudinal phase space
in FLASH2 at 1.35GeV, for a bunch charge of
250 pC, and a peak current of 2 kA with and
without the 3rd bunch compressor. It clearly
shows that space charge and CSR effects are
much reduced using the new scheme with three
compressors.
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Figure 3.6: Comparison of the longitudinal phase space in FLASH2 at 1.35GeV with the present
bunch compression scheme using two bunch compressors (left) and with the new scheme using
a third compressor (right). The simulation includes space charge and CSR effects. The peak
current in both cases is 2 kA, the bunch charge 250pC.

In the new design, the compression factors
of the 1st, 2nd, and 3rd bunch compressor are
4 to 5, 8 to 10, and 2.5 to 6, respectively. The
peak current after BC2 is 250A to 800A, while
the final peak current is 2 kA. For the 20 pC
case, a peak current of 1.5 kA is achieved. In
the present two compressor scheme, the slice
emittance growth is as large as a factor of 2.
For all new cases, the slice emittance growth

is small (≈10%), while the projected emittance
growth can be as large as almost a factor of 2.

Table 3.3 summarizes selected beam param-
eters resulting from start to end simulations
from the RF-gun to the FLASH2 beamline. The
deflecting angle of BC1 is 16° (R56=140mm),
in BC2 5° (R56=70mm), and in FL2BC 4.7°
(R56=25mm).

3.4 Laser Heater

Space charge induced micro bunch insta-
bilities spoil the phase space of compressed
bunches. This is a severe issue for a success-
ful seeding of the electron beam by an external
laser. At best, the phase space of an electron
beam for seeding requires a flat energy with a
small spread along the bunch.

Even though minimized by the new compres-
sion scheme described above, space charge
induced micro bunching and coherent syn-
chrotron radiation (CSR) effects still deterio-
rate the bunch in a non-tolerable way for seed-
ing. Other FEL facilities use a so-called laser
heater to mitigate micro bunch instabilities by
“heating” up the bunch with an external laser
in an undulator field (Spampinati et al. 2014;
Huang et al. 2004). The uncorrelated energy
spread is increased so that a potential longitudi-
nal space charge (LSC) induced energy modu-

lation is rather smeared out in the compression
chicanes than transformed into a charge density
modulation. This suppresses the micro bunch-
ing instabilities (Saldin et al. 2002a; Saldin et al.
2003).
A start-to-end simulation including the laser

heater and its influence on seeding has not yet
been carried out. We have studied the beam
transport from the RF-gun section to behind
the 3rd bunch compressor FL1BC to the EEHG
chicane. Studies of the FLASH1 and FLASH2
undulator beamlines including their bunch com-
pressors and GENESIS simulation with realistic
bunches are still to be done. The photo injector
was simulated with ASTRA and then tracked
with Xtrack to the undulator entrance.

The beam was matched to the optimal Twiss
functions at the entrance of the bunch com-
pressors. A perfect matching of a symmetric
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Table 3.3: Selected beam properties from the RF-gun to the FLASH2 beamline, along the accel-
erator for 4 different bunch charges (Ip peak current, εp projected emittance, εs slice emittance,
δEs slice energy spread).

20pC 100pC
Energy
(MeV) Ip (A) εp (µm) εs (µm) δEs

(keV) Ip (A) εp (µm) εs (µm) δEs

(keV)

GUN 5 5 0.40 0.40 22 8 0.60 0.60 15
ACC1 160 5 0.35 0.30 22 8 0.40 0.40 15
ACC39 145 5 0.35 0.30 22 8 0.40 0.40 15
ACC23 550 25 0.35 0.30 36 35 0.40 0.40 20
ACC45 930 250 0.40 0.30 50 350 0.50 0.40 50
ACC67 1350 250 0.40 0.30 50 350 0.50 0.40 50
EXTR 1350 250 0.40 0.30 50 350 0.50 0.40 50
FINAL 1350 1500 1.00 0.30 250 2000 1.00 0.40 250

250pC 500pC
Energy
(MeV) Ip (A) εp (µm) εs (µm) δEs

(keV) Ip (A) εp (µm) εs (µm) δEs

(keV)

GUN 5 16 0.90 0.90 18 25 1.40 1.20 20
ACC1 160 16 0.70 0.60 18 25 1.10 0.8 20
ACC39 145 16 0.70 0.60 18 25 1.10 0.8 20
ACC23 550 60 0.70 0.60 25 100 1.20 0.8 27
ACC45 930 550 0.80 0.60 50 800 1.20 0.8 50
ACC67 1350 550 0.80 0.60 50 800 1.20 0.8 50
EXTR 1350 550 0.80 0.60 50 800 1.40 0.8 50
FINAL 1350 2000 1.40 0.60 250 2000 1.60 0.8 250

waist between electrons and laser is not pos-
sible due to the space requirements for the
electron beam optics. The CSR waist in the
downstream bunch compressor BC1 is of more
importance than the symmetric waist of the elec-
tron inside the laser heater undulator. We have
found a compromise to achieve a sufficiently
small electron beam. This helps to reduce the
required laser pulse energy to modulate the
electron beam.

For a study with realistic shot-noise driven
micro bunching, the macro particle tracking
approach is not well suited, since it overesti-
mates the initial granularity. We are pursuing
two strategies to overcome this issue.

Firstly, analytical models capable of studying
micro bunching beyond first order, and numeri-
cal models simulating smooth bunches are be-
ing developed. Preliminary results using the
well established linear gain approach indicate
that the energy spread induced by the laser
heater can suppress the micro bunching gain to
a large extent. Secondly, a 1-to-1 particle track-

ing of a finite section of the bunch core with
periodic boundary conditions is in preparation.

The best location for the laser heater is before
the 1st compression stage BC1, where space
charge effects are largest. The energy modula-
tion from the laser heater is oversheared in the
subsequent bunch compressor chicane BC1.

We need an additional small chicane for the
in-coupling of the laser. We decided not to
put the undulator into this chicane. In order
to achieve bunch compression in BC1, the elec-
tron bunch acquires a negative energy chirp
through off-crest acceleration in ACC1. An off-
crest accelerated beam has a large correlated
energy spread and is transversely spread out
via dispersion in the middle of the small in-
coupling chicane. This is thus not an ideal place
for the laser/bunch interaction in the undulator
due to widening and transverse correlations.
The second advantage of our layout is, that

we do not expect any trickle heating which is
an issue for LCLS.

27



Accelerator | Laser Heater

The external laser beam is reflected via an
in-vacuum mirror along the beam path. The
laser pulses are synchronized with the electron
bunches such that the laser overlaps with the
electrons and travels with the bunch through an
undulator. The electrons are guided around the
in-vacuum mirror by a small C-chicane offset-
ting the electrons horizontally by 20mm.
The undulator has 8 to 10 periods and a

length of 40 cm. The resonant wavelength is
515 nm matching the wavelength of the laser
beam. The laser pulse duration is σ=20ps
(Gaussian), a bit longer than the electron
bunches. The required peak power of 1MW
is obtained with a laser pulse energy of 50µJ.
FLASH operates in a burst mode which means
that the laser produces pulse trains of 800
pulses spaced by 1µs (1MHz) with a repetition
rate of 10Hz. The average laser power is rea-
sonable with 0.4W. The laser field overlapping
with the electron bunch in the undulator imprints
an energy modulation with an amplitude of up to
35 keV. The initial uncorrelated energy spread
from the RF-gun is about 3 keV. The laser pulse
duration is chosen such that themodulation vari-
ation along the bunch is not more than 40%.
The bandwidth of the modulation process is

about 10% compared to the maximal RF in-
duced energy chirp of the electron bunch of
≈5%. This leads to smaller modulation ampli-
tude at the tails of the bunch, which is accept-
able. A laser wavelength of 515 nm is chosen
to have a better smearing out of the periodically
induced energy modulation by the large R56 of
the following bunch compressor BC1. Even
shorter wavelengths, however, would lead to a
smaller coupling between the laser field and the
electron bunch, which is a disadvantage. The
green wavelength is a good compromise. Ta-
ble 3.4 summarizes basic laser and undulator
parameters.
The laser will be located in a laser room to-

gether with the photoinjector lasers (see Fig-
ure 3.2). The size of the laser room will be
large enough to allow further upgrades of the
laser system.

We plan to test sophisticated schemes to ma-
nipulate the electron bunches with the laser, like
transverse pulse shaping including multi-spot
techniques and longitudinal pulse stacking. The
laser itself is based on the same design as the
new photoinjector laser to offer the same flexibil-
ity in longitudinal pulse shaping. See Chapter 6
for details.

Table 3.4: Basic properties of the laser heater laser system and the undulator.

Laser

Wavelength 515 nm
Single pulse energy 50µJ
Pulse duration (Gaussian σ) 20 ps
Burst mode 800 pulses at 1MHz
Repetition rate 10Hz

Undulator

Magnets Permanent
Number of periods 8 – 10
Period length 40mm
Gap 16mm
K 1.3
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3.5 Diagnostics

Beam instrumentation and diagnostics of
electron beam properties have been originally
designed in 2003 for a bunch charge in the
range of 0.5 nC to 2 nC. Already now we use
compression schemes which require bunch
charges as low as 20 pC, where most diagnos-
tics had either no signal or a very limited res-
olution. A refurbishment program has already
been started in 2013 and is meanwhile mostly
finished.

3.5.1 Standard Beam Diagnostics

Standard beam diagnostics comprise the mea-
surement of the charge, beam position, trans-
verse profile, and beam losses.

Beam Charge and Beam Loss Monitors
The toroid system to measure bunch charges
along the accelerator including the toroid protec-
tion system (TPS) has already been upgraded
in 2016. The resolution has improved from 3pC
to better than 0.5 pC. Low noise front-end elec-
tronics as well as MicroTCA®-based electron-
ics have replaced the old VME system. The
1MHz ADCs have been replaced with modern
108MHz ADCs. This improved tremendously
the pulse identification and reliability of the sam-
pling of the toroid pulses to determine the beam
charge in a reliable way.

The TPS is an important machine safety fea-
ture. It measures the charge transmission along
the accelerator and vetoes the beam if a certain
single pulse, slice, and/or integrated loss has
occurred. In addition to the TPS, local beam
losses especially at the undulators are mea-
sured with a higher resolution to ensure pro-
tection of sensitive beamline components. All
beam loss monitors (BLM) along the acceler-
ator have been refurbished as well. This was
necessary in order to cope with the two beam-
line operation, where part of the pulse train is
split off and directed to the second undulator
beamline FLASH2. The two beamline opera-
tion is very flexible; different beam patterns can
be used for both beamlines, and also different
laser systems. The new protection system (TPS
and BLMs) is able to distinguish between losses
occurring in one part and/or the other part of
the train and vetoes only the part responsible

for the losses, not the whole train. This is an
important feature to keep the operation of both
beamlines as independent as possible.

Beam Position Monitors
Most beam position monitors (BPM) hardware
is sufficient to deliver a good resolution also
for low charges. However, the original electron-
ics designed for high charge operation failed at
charges below 0.3 nC. Therefore, in a first step
in 2017, the read-out electronics has been up-
graded for all strip-line and button BPMs. The
MicroTCA®-based electronics use improved
amplifiers and better sampling with the modern
108MHz ADCs. The cold cavity BPMs inside
most modules however could not be upgraded
at this point. Two of the six cold cavity BPMs
will be replaced by cold button BPMs with the re-
furbishment of ACC2/3 (see Section 3.1). The
resolution of most BPMs is now below 10µm
for a large range of charges. Slow orbit feed-
backs have been established profiting from the
improved resolution. This is an important step
forward to fight against orbit drifts and to stabi-
lize the machine over several hours of operation.
Figure 3.7 shows the achieved improvement in
resolution especially for low charges (Lorbeer
et al. 2018).

All FLASH2 BPMs are already equipped with
the new electronics. The FLASH2 cavity BPMs
used between the undulators have a very good
resolution of down to 1µm. Their electronics
have been provided by Paul-Scherrer-Institute
(PSI) in Switzerland. The plan is to replace the
present button BPMs in the FLASH1 undulator
section by the same type of cavity BPMs when
variable gap undulators are installed.

3.5.2 Longitudinal diagnostics

The longitudinal phase space is measured with
a variety of diagnostics and instrumentation
methods. The bunch length after compression
is monitored by bunch compression monitors
(BCM) based on the measurement of coher-
ent diffraction radiation. The longitudinal phase
space is measured with a transversely deflect-
ing RF structure (TDS). The arrival time of elec-
tron pulses is measured by high bandwidth pick-
ups in beam arrival time monitors (BAM).
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Figure 3.7: Resolution of the beam position monitors (BPM) after the upgrade (“new”) compared
to the previous resolutions (“old”). The resolution has significantly improved especially for low
charges. The left plot shows the button, the right plot strip-line BPMs.

Bunch Compression Monitors
The relative compression of bunches is esti-
mated using coherent diffraction radiation emit-
ted by an electron bunch passing through a
slit in a screen otherwise used to measure the
transverse electron bunch profile using opti-
cal transition radiation (Al coated Si-wavers).
Two bunch compression monitors (BCM) are in-
stalled, one after each bunch compressor. The
coherent diffraction radiation is in the THz-range
and measured with pyro-electric detectors. The
system is laid out to be able to resolve individ-
ual bunches in a 1MHz pulse train with a good
resolution. Pile-up corrections and charge cor-
rections are applied. Up to now, the system
is used in a slow feedback mode to stabilize
the phase of modules ACC1 (BCM in BC1) and
ACC2/3 (BCM in BC2). We plan to upgrade
the system to make an intra-train fast feedback
possible.

In addition to the BCMs, diffraction radia-
tion from off-axis screens are used to measure
the radiated spectrum (CRISP4) (Behrens et
al. 2012). One electron bunch from a bunch
train is kicked to the screen. Three systems
are installed, after the last module ACC7, in the
FLASH1 and the FLASH2 beamlines. The mea-
surement covers a large spectral range from
the near-infrared to THz. From the measured
spectral distribution, the duration and shape of
electron bunches are estimated. The system is
complementary to the transversely deflecting
RF structure (TDS) described in the next para-
graph and gives a good measurement of the
longitudinal phase space of the electron bunch.

Transversely Deflecting Structure
A transversely deflecting structure (TDS) pro-
vides a direct measurement of the longitudinal
phase space (Behrens et al. 2012). FLASH1
has an S-band RF-structure called “LOLA” with
a time resolution of 8 fs (rms) and an energy
resolution of dE/E = 1× 10−3 (rms). LOLA is
located after the sFLASH experiment but be-
fore the SASE undulators. Unfortunately, dur-
ing SASE operation, the electron beam optics
through LOLA is constrained such that the res-
olution is reduced to 30 fs at best. We plan to
relocate LOLA downstream of the new FLASH1
undulators and adapt the beam optics for better
resolution.
In cooperation with CERN and PSI a new

type of X-band TDS called “PolariX” is being de-
signed (Craievich et al. 2018). The new design
will allow a variable streaking direction (LOLA
can streak only in one direction) and a better
resolution. We plan to install two PolariX cavi-
ties downstream of the FLASH2 undulators. We
expect to achieve a time resolution of 4 fs (rms).
PolariX is powered by a 12GHz klystron placed
close to the TDS (see Figure 3.8). The X-band
RF-station is shared with the TDS prototype in
operation at the FLASHForward experiment lo-
cated in the FLASH3 electron beamline parallel
to the FLASH2 line and currently not used for
user operation.
Instead of relocating LOLA, we may also

use a new PolariX TDS downstream the new
FLASH1 undulators.
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Figure 3.8: Layout design of the implementation of PolariX, the new X-band transversely deflect-
ing RF structure to be installed in FLASH2. For optimal resolution, two structures are required
at a beam energy above 1GeV. The two cavities are mounted on the green colored tables. The
X-band 12GHz klystron is placed aside.

Bunch Arrival Time Monitors
The bunch arrival time is an important param-
eter for pump-probe experiments (Savelyev et
al. 2017). The arrival time stability should be
less than the photon pulse duration, which may
be as short as a few femtoseconds. There-
fore considerable effort has been made in or-
der to improve the arrival time stability and its
measurement. In collaboration with University
Darmstadt, new pick-ups with a bandwidth of
40GHz and a good sensitivity for low charges
have been developed and installed at FLASH
(Figure 3.9) (Angelovski et al. 2015). These
new bunch arrival time monitors (BAM) are in-
stalled before and after each bunch compressor
chicane. Instabilities and drifts in arrival time
are generated by energy variations of individual

bunches or along the bunch train translating
into arrival time instabilities or drifts after disper-
sive sections like bunch compressor chicanes:
cdt = R56dE/E.
The arrival time is measured by cross-

correlating the signal from the pick-up with a
reference of the master laser oscillator (MLO).
A stabilized optical link realized with the new
polarization preserving fibers is running from
the synchronization lab to a location as close as
possible to the BAM pick-up. For details on the
synchronization system see Section 3.6. The
cross-correlation is realized in electro-optical
modulators (EOM) (Viti et al. 2018).
The new system is presently partially under

commissioning. First measurements show an
achievable resolution of better than 5 fs at a

Figure 3.9: Body of the bunch arrival time monitor (BAM) with its pick-ups (left). As an example,
a BAM installed after the 1st bunch compressor is shown. The body with the pick-ups is visible
left to the bellow. The cables from the pick-ups are mechanically stabilized using the red-colored
support frame.

31



Accelerator | Diagnostics

Figure 3.10: Example of a measurement of the arrival time stability of electron bunches along a
bunch train of 200 bunches (1MHz) with the BAM system (red trace). The fast intra-train feed-
back improves the stability by a factor of 2 (blue trace). Due to the low bandwidth of the super-
conducting cavities the steady state is achieved only after 20µs.

charge range of 200 pC to 1 nC and less than
10 fs (rms) down to 20 pC. The previous sys-
tem had a clear cut-off at 200 pC, where the
resolution was not sufficient for beam based
stabilization with feedbacks.

The BAMs are not only used to measure the
arrival time, but also to provide a slow feedback
as an average drift compensation and a fast
intra-train feedback acting along the pulse train
to correct for pulse-to-pulse jitter (Figure 3.10).
The arrival time is stabilized by acting on the
amplitude of the modules before the bunch com-
pressors. The intra-train feedback is especially
important for pump-probe experiments (Schulz
et al. 2015). SASE with very short pulses of
a few femtoseconds requires bunches with a
small bunch charge below 200pC. For single
spike SASE operation, the bunch charge may
be as low as 20 pC. Due to its enhanced sensi-
tivity for low charges, the new system allows to

use slow and fast feedbacks also for very short
SASE pulses, where it is most important.

Beam Arrival Time Feedback Cavity
To improve the arrival time stability, the energy
stability of the acceleration amplitude especially
before the 1st bunch compressor with its large
R56 needs to be stabilized as good as possible.
Also important in this context is the charge vari-
ation which causes variations in acceleration
due to beam loading effects. This constrains
also the energy and arrival time stability of the
photoinjector laser. The superconducting accel-
eration cavities operated in closed RF feedback
loop have a bandwidth of ≈100 kHz. Slow vari-
ations along the pulse train and fluctuations
from macro pulse to macro pulse can be ef-
ficiently regulated. An amplitude stability of
dA/A = 5× 10−5 (rms) and a phase stability of
better than 0.01° (rms) is achieved. A stability
of dA/A = 5× 10−5 in ACC1 corresponds to

Figure 3.11: BACCA, the new S-band RF cavity for fast arrival time feedback installed up-stream
of the first bunch compressor (copper structure on the right). The first dipole of BC1 (blue) is on
the left of the picture.
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Figure 3.12: Sketches of the three basic tasks of the optical synchronization system, providing
synchronized laser signals for the arrival time measurement, for laser-to-laser synchronization,
and to stabilize the RF phase of accelerating modules.

30 fs arrival time jitter after BC1. In order to im-
prove this, an RF cavity with a higher bandwidth
needs to be used.

A warm RF S-band cavity called BACCA has
been designed as part of the EuCARD project
and is installed after the 1st acceleration mod-
ule and before the 1st bunch compressor BC1
(Figure 3.11) (Pfeiffer et al. 2019; Pfeiffer 2017).
Its bandwidth is 500 kHz to 1MHz. The arrival

time is measured after BC1 with the new im-
proved BAM system and is fed back to BACCA
with a low latency of 0.7µs. BACCA is presently
under commissioning. The cavity is driven by a
1 kW amplifier and has an energy modulation
range of ±50 keV corresponding to ±200 fs. The
sensitivity is 4.3 keV/fs. The goal is to improve
the arrival time stability to better than 5 fs.

3.6 Synchronization

Synchronization of the various components
of the accelerator as well as synchronization
of the electron bunches with external laser sys-
tems to the femtosecond level are of utmost
importance for stable operation and for time-
resolved pump-probe experiments. The syn-
chronization is based on an RF master oscilla-
tor (MO) feeding a laser based master (MLO).
An ultra-stable master laser oscillator reference
is distributed via actively length-stabilized opti-
cal fiber links to the various clients (Müller et al.
2019). The synchronization system has three

basic tasks: providing synchronized laser sig-
nals for the bunch arrival time measurements
(BAM), laser-to-laser synchronization, and as
a reference for the low-level RF system to sta-
bilize the RF phase of accelerating modules
(REFM-Opt). Figure 3.12 shows sketches of
the three basic tasks.
The previous system required upgrades in

several aspects. The maximum number of eight
links is not sufficient to serve all clients. The
new system will be more compact and provides
24 links. The timing jitter of the optical links
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is significantly reduced from 3 fs to 0.5 fs (rms)
by using polarization-maintaining fibers. The
residual drift over 24 h is measured to be only
3.3 fs (rms). The jitter of the MLO will be signifi-
cantly reduced from 30 fs to 3 fs by a new syn-
chronization scheme based on a Mach-Zender
interferometer. The synchronization from laser
to laser is expected to be reduced from 15 fs to
5 fs.
The upgrade has started in summer 2018.

Step by step, new links are being commissioned
in the order of priority for FLASH operation. The
system is expected to be in full operation by
2020. The plan is to provide links to 3 RF sta-
tions, 8 BAMs, and 12 external laser systems.

The master laser oscillator (MLO) is the main
optical reference. The laser oscillator is a com-
mercial product, passively mode locked, oper-
ating at a wavelength of 1550 nm (standard for
telecommunication products). It exhibits ultra-
low noise, such that the integrated timing jitter

from 10 kHz to 100 kHz stays below 3 fs. Two
MLOs are operated in parallel, both synchro-
nized at all time. In case of a failure of one sys-
tem, switching to the back-up is fast: no link lock
will be lost, all timings will be preserved. The
synchronization of external laser systems (in-
jector, pump-probe, seed lasers) is firstly based
on RF signals from the MO. This is simple and
reliable with a jitter of about 20 fs, but exhibits
large drifts of hundreds of femtoseconds over
hours. To reduce the drifts and also the jitter,
laser-to-RF and/or laser-to-laser synchroniza-
tion is applied (Lamb et al. 2018). The local
laser pulses are cross-correlated to the optical
reference laser (optical synchronization) and to
the RF applied to the local oscillator (RF syn-
chronization). The jitter is reduced to 3 fs (laser
to RF) or to 1 fs (rms) with long-term drifts of
less than 10 fs (rms). See Figure 3.13 for de-
tails.

Figure 3.13: Block diagram of the laser-to-RF and laser-to-laser synchronization options. The
laser pulses from the local oscillator are cross-correlated to the reference laser source (optical
and RF synchronization) or the reference RF only.
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4 FLASH1 FEL Line

The FLASH1 beamline will be completely re-
built and optimized for seeding. The envisaged
wavelength range is 4 nm to 60 nm in the 1st har-
monic with variable polarization. As described
in Chapter 3, the beam is going straight from
the accelerator into the section with modulators,
chicanes and radiator undulators. Behind the
transverse deflecting structure, which in this
geometry can measure the bunch length in dis-
persive geometry and therefore immediately
determine the fraction of the bunch which has
overlap with the seed laser (and therefore the
absolute length of the radiation pulse), a dog-
leg is used before entering the THz undulator
(see Chapter 3 for details). The layout of the
FLASH1 undulator line is shown in Figure 4.1.

The radiator undulator will have an APPLE III
type geometry. The standard layout for which
all simulations have been performed, assumes
2.5m long undulators with intersections of
about 0.8m, similar to FLASH2 in its present
form. Details can be found in Table 4.1. Fur-
ther optimization is ongoing. As compared to
FLASH2, part of the intersections in the radia-
tor undulator will contain either wirescanners
or screens to allow easy matching of the elec-
tron beam into the undulator. Instead of phase
shifters, chicanes are foreseen. Furthermore,
a more advanced design of the undulator is un-
der discussion which would divide the 2.5m into
two 1.2 long sections with chicanes in between.
This combination of chicanes and shorter un-
dulators allow also in FLASH1 more advanced
schemes to reduce radiation bandwidth, pro-
duce superradiant spikes with significantly in-
creased peak powers and harmonic lasing, thus

possibly bringing the seeded wavelength further
down to cover the complete water window.

Undulator APPLE III

Period 33mm
Gap 8mm to 15mm
Polarization Variable
Length 2.5m
Number 12

Table 4.1: Nominal undulator parameters as-
sumed in this chapter.

Although the FLASH1 undulator line will be
optimized for seeding, it can still be operated
in SASE mode. Without a seed to start the
amplification process, the saturation length will
increase. On the other hand, because the beam
can be compressed in a final stage using the
EEHG chicane, higher peak currents will be
used in SASE mode, thus increasing the pulse
energy and shortening the gain length. There-
fore, Section 4.1 deals with the simulation of
SASE in the radiator undulator. The total num-
ber of undulators assumed in the simulations
is 12, which is the maximum that fits into the
available space. The parameters for SASE are
the same as those found in Chapter 3. Sec-
tion 4.2 is dedicated to detailed seeding simu-
lations. Because for seeding the compression
is reduced in order to improve the beam qual-
ity, more details on those parameters will be
discussed in that section. The final undulator
length required to reach saturation with seeding
will be shorter. Therefore the minimum wave-
length which can be reached with SASE will
probably be longer (see Section 4.1 for details).
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4.1 Undulator Concept

The simulations in this section have been per-
formed assuming 2.5m long APPLE III undula-
tors in helical setting with 0.8m intersections. In
this case, the minimum wavelength which can
be reached with SASE will be around 4nm to
5 nm. The space which would become available
when less undulators are required for seeding
could be used for options such as harmonic
lasing or schemes developed at PSI under the
name CHIC (chicanes for high power and im-
proved coherence). This effectively increases
the wavelength range down to the complete wa-
ter window with linear polarization, though with
reduced pulse energy. The safety margin that
should be included to take into account varia-
tions of beam parameters or the influence of
imperfections in alignment or strength of the
quadrupoles is discussed in Section 4.1.2

4.1.1 Achievable Wavelength
Range

The wavelength range which can be achieved
depends on beam parameters, assumed tol-
erances and the available length. At the mo-
ment, the effective undulator length is estimated
based on space needed for seeding and the
type of undulators that are built in. For seeding,
several chicanes and modulators have been
considered, but for example what is needed for
diagnostics or characterization of the seed laser
is a rough estimate.

Figure 4.2: Tunability of the wavelength
at two different energies (0.75GeV and
1.35GeV). The parameters given in Table 4.1
are assumed. Results are shown for circu-
lar polarization and a charge of 250 pC. For
1.35GeV we have assumed a peak current of
2 kA, and 1.5 kA for 0.75GeV.

In Figure 4.2 and Figure 4.3, the achievable
wavelength range, saturation length and satura-
tion power for nominal parameters are shown.
For both curves, several steady state and a
few time-dependent simulations have been per-
formed. These have been fitted with the Xie-
equations to obtain the intermediate values.
Since the actual number of undulators will be
less (see Section 4.2 on saturation length re-
quired for a seeded FEL), the achievable wave-
length as a function of the undulator length
based on these fits is shown in Figure 4.4.

RF Stations 

5 MeV 150 MeV 1350 MeV 

Bunch Compressors 

550 MeV 

Accelerating Structures 

Lasers 
RF Gun 

Photon 
Diagnostics TDS FLASH1 

FEL Experiments 

Laser Heater 

Seed Laser 
FF Laser 

THz 

Figure 4.1: Layout of FLASH1 optimized for seeding with variable gap undulators including cir-
cular polarization. Note that the XUV and THz transport is now parallel. The total length of the
facility from the electron source to the experimental halls is 315m.
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Beam parameters 1.35GeV 0.75GeV

Emittance 0.4mmmrad to 1.2mmmrad 0.4mmmrad to 1.2mmmrad
Energy spread 0.1MeV to 0.5MeV 0.1MeV to 0.5MeV
Peak current 1.5 kA to 2.0 kA 1.5 kA to 2.0 kA
Charge 0.02 nC to 0.5 nC 0.05 nC to 0.5 nC
Bunch length (RMS) 1µm to 30µm 1.5 µm to 50µm

Table 4.2: Nominal electron beam parameters. It is assumed that the machine runs at two dis-
tinct energies only (1.35GeV and 0.75GeV).

Figure 4.3: Saturation power and length for 0.75GeV (left) and 1.35GeV (right) for parame-
ters given in Table 4.1. Results are shown for circular polarization and a charge of 250 pC. For
1.35GeV we have assumed a peak current of 2 kA, and 1.5 kA for 0.75GeV.

Figure 4.4: Minimum wavelength that can be
achieved as function of the undulator mag-
netic length.

4.1.2 Influence of Alignment of
Components and Electron
Beam

The results of the simulations are shown for
nominal parameters. But even for these param-
eters, the output can vary due to beam jitter
or mismatch and due to misalignment of the
quadrupoles or non-zero field integrals of the
undulator. Furthermore, phase shifter errors
can reduce the performance. All this can re-
sult in a reduction in pulse energy and an in-
creased minimum wavelength. Simulations in
the past have shown that phase shifter and un-
dulator field integrals can be produced such
that they hardly influence the FEL performance,
at least at the fundamental wavelength. Har-
monic lasing will tighten the tolerances, but it
still seems likely that they will not dominate the
performance.

Here, we only consider the following effects:

• Quadrupole (mis-)alignment

• Orbit jitter

• Beam mismatch
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Results in Figure 4.5 show the effect of ran-
dom errors in quadrupole offsets for the most
critical case, which is at 1.35GeV and K=0.6,
which is the minimum K at which saturation can
be reached within the given undulator length.
The gain length is calculated by taking two
points along the undulator (in this case 5m and
25m) between startup and saturation in the so-
called exponential regime. As can be seen, a
quadrupole offset of up to 10µm in x- and y-
plane results in a gain reduction of up to 10%
(inset in Figure 4.5).

Figure 4.5: Influence of quadrupole offset on
the FEL performance. Results show the in-
verse gain length for 1.35GeV and K=0.6 with
helical undulator settings. Offsets are random
in both x- and y-plane for offsets of 10µm,
20µm and 50µm.

In Figure 4.6, the influence of a different
launch condition of the electron beam is shown.
As can be seen, an angle of up to 5µrad is ac-
ceptable, however an angle of 10µrad already
results in a reduction in gain of 20%. Also a
mismatch of the beam inside the undulator of 5
gives a gain reduction of 20%. The mismatch
is defined in the usual way, given in the equa-
tion below, where α, β and γ are the Twiss-
parameters and “m” stands for the value of a
matched beam. This is a rather large mismatch
factor, but in practice, this probably means that
the quadrupole focusing needs to be adjusted
depending on the gap of the undulator.

M =

(
βmγ + γmβ − 2αmα

2

+

√
(βmγ + γmβ − 2αmα)

2 − 4

2

1/2

− 1

It cannot be excluded that due to CSR, micro-
bunching instability and wakefields, the beam
quality along the machine will deteriorate more
than the expactations based on simulations pre-
sented in Chapter 3. Therefore, a number of
tolerance studies have been performed looking
at peak current, energy spread and emittance.
Especially the emittance has a significant influ-
ence on what the minimum wavelength is that
can be reached. However, this is mainly impor-
tant for the harmonics or for the advanced con-
cepts in FLASH2, which aims at wavelengths
down to 1 nm. It is of far less importance to
the design goal of 4 nm and therefore is not
discussed here.

Figure 4.6: Effect of initial angle (left) and optics mismatch, given by the mismatch parameter
M (right) on the FEL performance. Simulations have been performed for 1.35GeV and the most
critical angle, which is in the vertical plane.
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Figure 4.7: Schematic layout of a seeding section implementing EEHG seeding. From the first
modulator on, the quadrupoles (not shown) need to be on quadrupole movers for kick-free opera-
tion.

4.2 Seeding Concept for FLASH1

4.2.1 Seeding of FELs

For externally seeded operation of the FLASH1
undulator beamline in the wavelength range
60 nm to 4 nm we envision a combination of the
seeding techniques “high-gain harmonic gen-
eration” (HGHG, at the long-wavelength end of
the tuning range) (Yu 1991) and “echo-enabled
harmonic generation” (EEHG, at wavelengths
beyond approx. the 10th harmonic) (Stupakov
2009). HGHG seeding is being applied at the
FEL user facility FERMI in user operation since
2012. For HGHG-seeded operation beyond
the limitations of single-stage HGHG, which
works up to approx. the 15th harmonic, HGHG
can be operated as a cascade in which the
second HGHG stage is being seeded by ra-
diation emitted from the first stage (Allaria et
al. 2013). The advanced scheme EEHG al-
lows reaching the needed high harmonics in
a single up-conversion step. In addition to its
favorable bunching efficiency at high harmon-
ics, EEHG seeding is expected to mitigate the
impact of electron beam imperfections on the
properties of the seeded FEL radiation (Hems-
ing et al. 2014; Hemsing 2018), therefore hold-
ing the promise to generate seeded FEL radia-
tion of improved spectral purity. EEHG-seeded
FEL operation at 350 nm (3rd harmonic) was
demonstrated for the first time at SINAP (Zhao
et al. 2012). Currently, FERMI is exploring
EEHG seeding at their short-wavelength “FEL-
2” beamline and emission of seeded radiation
was demonstrated at wavelengths shorter than
10 nm.

4.2.2 Layout of Seeding Section

Figure 4.7 shows the schematic layout of the
seeding section. Two independently control-
lable seed laser pulses are brought into inter-
action with the electron bunch in two so-called
modulators, i. e. variable-gap undulators that
are tuned to resonance with the seed radiation.
For EEHG seeding, a chicane at the exit of
each modulator is required. The chicane at the
exit of the first modulator is used to redistribute
the longitudinal phase-space distribution of the
incoming beam into thin filaments in the lon-
gitudinal phase space. The chicane after the
second modulator then generates the final lon-
gitudinal phase-space distribution optimized for
the harmonic of interest. This preconditioned
electron beam is then injected into the variable-
gap radiator, which is described in Section 4.1.
Reproducible control over the laser-electron

interaction is critical for the successful imple-
mentation of any seeding scheme. The spa-
tial laser-electron overlap in the two modula-
tors is established using dedicated screen sta-
tions installed directly at the entrance and exit of
the modulators. Cerium-doped YAG (Ce:YAG)
screens will be installed for this purpose. The
temporal overlap is established using the es-
tablished two-step procedure employed at the
seeding experiment sFLASH. Initially, the time
difference between the electron bunches and
the seed laser pulses is reduced down to a
few hundred picoseconds. This coarse time
is measured by a photomultiplier tube and an
oscilloscope. Finally, the precise laser timing
is determined by electronically scanning the
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Figure 4.8: Tunability of the seeded FEL for the seed laser wavelength tuning range 294 nm to
328 nm. For wavelengths shorter than 36.4 nm, continuous, gap-free tunability is achieved.

laser timing while looking for the signature of
the laser-electron interaction in the longitudinal
phase-space distribution mapped out by the
transverse-deflecting structure (TDS). In addi-
tion, by using the TDS, information about the
laser-generated modulation amplitude can be
obtained. In order to diagnose and optimize the
bunching generated by the seeding process,
seeded radiation emitted from a single radiator
module in the coherent harmonic generation
(CHG) process can be used. Dedicated laser
diagnostics is planned for the laser pulses arriv-
ing via the two seed laser transport lines and for
the seed laser pulses extracted from the beam-
line downstream of the modulators (see also
Chapter 6). Wavelength tuning of the seeded
FEL radiation will be realized by simultaneously
changing the wavelength of the seed laser radi-
ation and re-tuning the accelerator components
(modulators, chicanes, radiator modules). The
choice of the seed source (see Table 6.1 for a
list of potential seed source options) determines
the gap-free tuning range. For instance, for the
seed source with a tuning range from 294nm to
328 nm, continuous tuning can be achieved for
harmonics h ≥ 9, i. e. wavelengths shorter than
36.4 nm (see Figure 4.8). On the other hand,
for a seed laser tuning range from 300nm to
230 nm, gap-free tuning of the FEL wavelength
would be possible over the entire FEL wave-
length range starting at 60 nm.

4.2.3 Simulations

Numerical simulations were performed to study
the expected performance of the seeded FEL at
the selected operating points listed in Table 4.3.
To capture the complex manipulations of the
longitudinal phase-space distribution during the
process of EEHG seeding, the most recent ver-
sion 4 of the FEL simulation code “GENESIS
1.3” was used, which is still under active devel-
opment (Reiche 2019).
As the harmonic up-conversion factor in-

creases, the signal-to-noise ratio of the seeded
FEL with respect to SASE start-up deteriorates
(Saldin et al. 2002b). Most attractive for the
realization of seeded FEL operation at 10 nm or
even 4 nm are therefore seeds in the visible or
ultraviolet wavelength regions. For a given tar-
get FEL wavelength and laser-induced energy
modulation amplitudes, the required dispersive
strength of the first chicane scales with the seed
laser wavelength λ1 like R56,1 ∝ λ2

1. Moreover,
since longer seed laser wavelengths would re-
quire higher harmonic up-conversion factors,
the operating tolerances of the seeding process
(energy modulation amplitudes and control of
the chicanes) become more demanding. For
these reasons, we focused our simulation stud-
ies on ultraviolet seed wavelengths. We studied
the EEHG-seeded configurations for target FEL
wavelengths of 10 nm and 4nm. We note that
in the 4 nm case, laser-induced energy modula-
tions with an amplitude of 750 keV (both in the
first and the second modulator) are exceeding
the energy spread tolerances of the FEL ampli-
fication process. To mitigate this issue, the first
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60nm HGHG 10nm EEHG 4nm EEHG

Harmonic Number 5 30 75

Electron Beam
Energy / MeV 750 1350 1350
Energy Spread / keV 150 150 150
Peak Current / A 500 500 500
RMS Bunch Length / fs 133 133 133
Normalized Emittance / mmmrad 0.6 0.6 0.6
Chicane 1: long. Dispersion / mm 0 3.10 7.04
Chicane 2: long. Dispersion / µm 47.6 86 81

Seed Laser
Wavelength / nm 300 300 300
Peak Power / MW 0 53 24.5 61.0 25.7 68.0
Waist Size µm 0 763 763 763 763 763
FWHM Pulse Duration / fs 0 50.0 50.0 50.0 50.0 50.0
Peak Laser Modulation Amplitude / keV 0 756 462 748 462 764

Modulators
Period Length / mm 82.6 82.6 82.6
Number of Periods 30 30 30
K-value 5.48 9.97 9.97

Table 4.3: Key parameters of the simulated working points. All laser powers are at the interaction
points in the respective modulators.

modulation amplitude was reduced to about
450 keV, which drives up the required disper-
sive strength of the first chicane. For the long-
wavelength end of the wavelength range (60 nm,
with an electron beam energy of 750MeV), we
propose the implementation of HGHG seed-
ing. Figure 4.9 illustrates the power profile and
spectrum of a 60 nm FEL pulse seeded using
a laser pulse with a wavelength of 300 nm. In
this simulation result, the peak power of the
seeded FEL pulse is approximately 0.6GW.
The remaining radiator is inactive in order to
preserve the quality of the seeded FEL pulse.
The implementation of pure EEHG seeding in
this wavelength range would require the gener-
ation of additional energy spread in the laser
heater to suppress the HGHG bunching mecha-
nism. Further dedicated studies will be needed
to investigate the optimal wavelength or har-
monic for the transition from HGHG to EEHG
seeding, especially taking into account poten-
tial operation of the radiator in a frequency dou-
bling scheme. At short wavelengths beyond the
harmonic up-conversion capabilities of HGHG
seeding, EEHG seeding is required.

Figure 4.10: One slice from the final longitu-
dinal phase-space distribution at the entrance
of the radiator (10 nm, UV-based EEHG seed-
ing). For this illustration, one slice of the longi-
tudinal phase-space distribution was dumped
from the GENESIS simulation.

The EEHG operating points studied in simu-
lations were prepared by studying the analyti-
cal expressions for the EEHG bunching factor
(Xiang et al. 2009) in the multi-dimensional con-
figuration space spanned by the peak modula-
tion amplitudes and the longitudinal dispersive
strength of the two chicanes. For the peak en-
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Figure 4.9: Power profile and spectrum of the HGHG-seeded FEL pulse (wavelength 60 nm)
after 4m of radiator beamline (total undulator length traveled 3.14m).

ergy modulation amplitudes generated by the
two seed laser pulses, a combination of chicane
strengths (R56,1,R56,2) maximizing the bunch-
ing factor for the harmonic of interest was se-
lected. Finally, the seeded FEL performance
was optimized with numerical FEL simulations
by variation of the longitudinal dispersion of the
second chicane.
In the following, the simulation of FEL oper-

ation at 10 nm wavelength initiated by EEHG
seeding with 300 nm seed pulses is discussed.
Figure 4.10 shows the final phase-space dis-
tribution at the entrance of the radiator result-
ing from the aforementioned optimization pro-
cedure. In Figure 4.11 the power profile and
the spectrum of the seeded FEL pulse after 3
modules of the variable-gap radiator are shown.
At this point in the radiator, the power contrast
between seeded FEL and SASE FEL exceeds
three orders of magnitude. If further radiator
modules are active and the gain process is al-
lowed to continue, a superradiant spike devel-
ops at the head of the light pulse. Moreover,
as the power growth of the SASE still contin-
ues, the contrast between SASE and seeded
FEL radiation will degrade (Figure 4.13). Fig-
ure 4.14 and Figure 4.15 show the simulated
FEL power profile, spectrum and gain curve for
seeded operation at 4 nm.

4.2.4 Tolerance Considerations

Simulations shown in the previous section were
done assuming a Gaussian electron beam and
seed laser pulse profile. In reality, all kinds of
imperfections play a role, for instance:

• non-Gaussian beams

• jitter of the seed laser and electron beam in
position and intensity

• variation or deviation of the R56 of the chi-
canes, or

• deviations of the laser-generated energy mod-
ulation amplitudes from the theoretical opti-
mum.

For more realistic parameters of electron
beam and seed laser, start-to-end simulations
have been started. Relative laser-electron jit-
ter should not have a big influence, since the
transverse profile of the seed laser is almost an
order of magnitude larger than that of the elec-
tron beam and the region in the electron bunch,
supporting FEL lasing, is sufficiently long. De-
viations in chicane settings and energy mod-
ulation amplitudes will decrease the signal-to-
noise ratio, degrading the performance of the
seeded FEL.
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Figure 4.11: Power profile and spectrum of the EEHG-seeded FEL pulse after 3 modules of the
radiator. Also indicated is SASE operation, i. e. with both seed lasers off (note that the SASE
power profile was multiplied by 1000 in this figure). Simulation conducted with GENESIS 1.3,
version 4.

Figure 4.12: Decrease of bunching at 4 nm
versus deviation from the nominal modu-
lation amplitude in the second modulator
(∆A2/A2 = 0 corresponds to the optimal en-
ergy modulation of A2 = 5). Theoretical, ap-
proximate curve according to Hemsing et al.
2017.

For illustration, in Figure 4.12, the impact of a
deviation from the ideal amplitude of the second
energy modulation

A2(z) =
∆γ2(z)

σγ

(here, normalized to the uncorrelated energy
spread σγ) is shown for seeded FEL operation
at 4 nm. For the parameters studied above, the
optimal value for bunching generation at the
desired harmonic is approximately A2 = 5 (cor-
responding to ∆A2/A2 = 0).
On the other hand, for instance, a slight de-

viation in modulator settings will have only a
small influence, since it has a relatively large
bandwidth.

4.2.5 Summary and Outlook

At the studied FEL wavelength of 10 nm,
even for conservative beam parameters (500A
current, 1.0mmmrad normalized emittance,
150 keV slice energy spread), saturation is
reached well before the end of the radiator. For
this case, the power contrast between seeded
operation and SASE operation after 4 radiator
modules exceeds 3 orders of magnitude.
The remaining variable-gap undulator mod-

ules are fully open to preserve the contrast be-
tween seeded signal and SASE.
Only in the 4 nm case, a smaller emittance

and/or higher peak current are critical for FEL
saturation within the available radiator length,
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Figure 4.13: Gain curve of the seeded FEL (simulation for 10 nm FEL wavelength). In the upper
panel, the aqua boxes indicate the undulator modules.

as also predicted by estimations using the Ming-
Xie formalism. For the simulations discussed in
this chapter, idealized electron bunches were
used. The performance of the seeded FEL
driven by phase-space distributions obtained
from start-to-end simulations still needs to be
assessed. Parameter tolerances will be studied
in simulations of the seeded FEL at the shortest
wavelengths for which the expected tolerances
are most critical.
Also, further studies are required on opera-

tion schemes of the radiator system, such as
transporting the seeded beam along open radi-
ator segments, tapering of the radiator, or lasing
in frequency doubling schemes. At the electron
beam energy of 1350MeV the longest achiev-

able FEL wavelength is 18 nm, making EEHG
seeding the prime seeding technique for oper-
ation at this high-energy operating point. For
operation at 750MeV electron beam energy,
one could apply HGHG seeding in combination
with frequency doubling (to extend the wave-
length range to the long-wavelength limit ap-
plicable for 1350MeV operation). Alternatively,
one could start with a shorter seed wavelength
or slightly increase the radiator undulator pe-
riod to increase the maximum wavelength at
high energy. Further studies are underway to
investigate options which would avoid switch-
ing between HGHG and EEHG seeding while
running at 750MeV electron beam energy.
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Figure 4.14: Power profile and spectrum of the EEHG-seeded FEL pulse at 4 nm after 7 mod-
ules of the radiator. Also indicated is SASE operation, i. e. with both seed lasers off (note that
the SASE power profile was multiplied by 10 in this figure). Simulation conducted with GENESIS
1.3, version 4.

Figure 4.15: Gain curve of the seeded FEL (simulation for 4 nm FEL wavelength). In the upper
panel, the aqua boxes indicate the undulator modules.
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4.3 THz Sources for the THz-XUV Pump-Probe Facility

In the past decade, THz-XUV pump-probe as
well as a limited number of “THz-only” experi-
ments employing the THz undulator at FLASH1
have proven to be a unique addition to the
FLASH1 portfolio. Within the FLASH2020+ up-
grade, we plan to expand and improve the op-
portunities for users in this wavelength range.
In this section new developments on the THz
sources are presented, while the description
of a new THz-XUV pump-probe endstation is
found in Section 7.1.5, and THz diagnostics are
introduced in Section 8.5. The new concept
of a limited number of fixed operating points of
the FLASH accelerator ranging from 0.75GeV
to 1.35GeV have implications on the longest
wavelength which can be reached by the ex-
isting THz undulators. At the highest accelera-
tor energies, it will be limited to ≈30µm (corre-
sponding to 10THz). This wavelength is not suf-
ficient to reach most of the excitation modes in
the THz spectral range (3 THz to 100THz) that
are of interest for the user community at FLASH
(for example soft modes in perovskites, optical
phonon modes in dielectrics, or stretching, vi-
brational or rotational modes in molecules).

Therefore, we propose the development and
installation of a new THz undulator source with
a novel tuning concept (Vagin et al. 2018) that
will make this range fully accessible. In addi-
tion, it will enable important new features: vari-
able polarization and pulse synthesis on de-
mand. A maximum length of the magnetic pe-

riod of 60 cm will allow to reach wavelengths
of ≈100µm (corresponding to 3THz) even at
a 1.35GeV working point as shown in Fig-
ure 4.16. Within the 6m space available in the
FLASH2020+ concept for the machine section
containing the THz undulator, it would be pos-
sible to include an undulator which produces
pulses with a relative spectral bandwidth of
about 10%. To complement the new source,
the THz beam transport will be optimized: trans-
mission at longer wavelengths will be improved
by increasing the smallest angular acceptance
and at shorter wavelengths by utilizing trans-
port with full beam aperture (at FLASH1 the
XUV/THz beam separation is performed us-
ing a THz mirror with an aperture for the XUV
beam). To complement the narrowband tun-
able THz pulses generated by the THz undula-
tor, we will install a coherent transition radiation
(CTR) screen in front of the electron beam dump
magnet. This compact device will expand the
FLASH spectral range into low THz frequencies
(0.3 THz to 3THz) and enhance the available
single-cycle broadband source (edge radiation
from the dump magnet) pulse energies by a
factor of 10-100. This upgrade will be of high
interest to THz field control in solids (e. g. to con-
trol of magnetism, where ≈1T field transients
are estimated as needed driving force). CTR
screen sources have been used (Hoffmann et
al. 2011; Daranciang et al. 2011; Di Mitri et al.
2018)

Figure 4.16: Maximum wavelength that can be reached with the THz undulator at FLASH1
(40 cm period) now and with a proposed FLASH2020+ upgrade to a 60 cm period.
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to generate ultra-broadband single-cycle THz
pulses, with energies approaching 1mJ range
at FLASH and other facilities (LCLS, FERMI).
The THz sources (undulator and CTR screen)
will be installed in the electron beamline paral-
lel to the XUV photon diagnostics section (see
Figure 4.17). This will separate the optical trans-
port beamlines from the source point for XUV
and THz and will allow completely parasitic op-
eration of “THz-only” experiments from the XUV
FEL operation. Therefore, possibilities for new
“THz-only” users will open up with unique THz
pulses from FLASH in addition to the options for
THz-XUV pump-probe experiments described
in the next section.

Figure 4.17: New scheme for the THz section
at FLASH2020+.

4.3.1 THz Doubler at FLASH:
Double Pulses for More
Flexible Pump-Probe
Experiments

In the so called “THz doubler” scheme (Zapol-
nova et al. 2018), two electron bunches are fed
into the accelerator, separated by 21.5 ns. With
this scheme, we are tackling the issue that the
optical path of the THz is about 7m (21.5 ns)
longer than the XUV beamline. The current so-
lution to “artificially delay” the XUV pulse via
a back-reflecting multilayer (ML) mirror with a
focal length of ≈3.5m has a number of draw-
backs, such as limited quality and size of the
achievable FEL focus and minimal wavelength
tunability for the XUV.

The THz doubler scheme is sketched in Fig-
ure 4.18. In order to optimize conditions for
a typical THz pump - XUV probe experiment,
we aim at suppressing XUV lasing of the 1st

bunch to 1% or less of that of the 2nd by appro-
priate machine settings. Up to now this goal
is reached for about 50% of the pulses and
studies to improve this further are ongoing. De-
spite the fact that this approach now uses two
separate pulses for the THz and XUV gener-
ation, the relative timing of the two pulses is

still very stable. Synchronization of the THz-
doubler radiation pulses is measured to be bet-
ter than 20 fs (rms), and a solution for moni-
toring arrival times to achieve an even higher
temporal resolution has been developed (Zapol-
nova et al. 2018; Pan et al. 2019). THz pulse
energies produced with the doubler concept
are currently in the 10µJ range. In collabora-
tion with partners from the European XFEL, we
are developing procedures for FEL optimization
(electron bunch charge, compression and chirp)
to maximize THz pulse energies for the THz
doubler scheme. We foresee to reach similar
numbers as in single bunch operation (>100µJ).
Since exploiting the full potential of this scheme
also requires precise intensity monitoring of the
nanosecond-spaced XUV pulses, the concept
will benefit from the upgrade of the gas moni-
tor detectors (GMDs) at FLASH1 to new, faster
electronics hardware with a bandwidth of up
to 1GHz (Section 8.1). This will enable pulse
energy monitoring of both XUV pulses for post-
mortem sorting of the data. In summary, the
THz doubler scheme is meanwhile almost ma-
ture and will soon be suited to replace the ML
mirror approach at the experimental end-station.
This will allow implementation of a significantly
better and ultimately flexible focusing scheme
at the THz-XUV pump-probe beamline as pre-
sented in Section 7.1.5. In addition, wavelength
limitations of the ML mirror are eliminated, thus
wavelength changes on demand (e. g. for scans
across a resonance) are no longer hindered.
Hence, one can fully profit from the tunable-
gap XUV undulators which are in preparation
for FLASH1.

Figure 4.18: THz doubler scheme: two
bunches generate an XUV and THz pulse
each. THz from the 1st bunch and XUV from
the 2nd bunch are temporally overlapped in
the pump-probe experiment (Zapolnova et al.
2018).
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Figure 4.19: Upper row: Electron density distribution for a temporally modulated electron
bunches produced by two delayed laser pulses on the FEL photocathode. Lower row: Spec-
tra of the THz pulses generated by modulated electron bunches irradiating CTR screen. The
spectra of THz radiation for time delays (a) 0.4 ps, (b) 0.7 ps, (c) 1.8 ps and (d) 3.6 ps.
Reproduced with permission from (Shen et al. 2011). © 2011 by American Physical Society.

4.3.2 Femtosecond THz-Doubler
for Enhanced THz Pulse
Energies

The multiple electron bunch scheme will be
further utilized to enhance the THz output at
FLASH1 following the FLASH2020+ upgrades.
This is particularly important for seeded FEL
operation that relies on lower peak currents
(≈500A) and a smooth electron bunch, which
on its own will generate little to no coherent THz
output in the FLASH THz tuning range (3 THz
to 30THz).
In a first step, a double electron bunch

will be generated using infrastructure at the
FLASH electron gun, that was developed for
the FLASH-FORWARD project. The spacing
between two short electron bunches will be
controlled from 0.1 ps to 10 ps and thus enable
coherent enhancement of two closely spaced
THz pulses. Once the operating conditions for

transport and lasing of such a double electron
bunch are established, the concept will be fur-
ther enhanced towards the generation and las-
ing of modulated electron bunches (see Fig-
ure 4.19). Modulated electron bunches will be
produced by two laser pulses interfering on the
FEL photocathode (Shen et al. 2011) producing
a temporally modulated laser intensity. By care-
ful adjustment of the delay between the laser
pulses, multiple electron bunches can be pro-
duced with variable spacing that can be chosen
to coherently enhance the THz output at the
resonant frequency given by the undulator. Uti-
lizing this scheme, the complete electron bunch
can be made to coherently contribute to the
super-radiant THz pulse generation and we ex-
pect THz pulse energies exceeding the 1mJ
level, across the undulator tuning range, which
accompanied by improved beamline transport
will lead to a pulse energy enhancement by
more than one order of magnitude.
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5 FLASH2 FEL Line

Figure 5.1: (top) Proposed layout of the FLASH2 FEL line. Abbreviations stand for: U1 and U2
for the main undulators (U1: period 3.5 cm, Krms=2.55; U2: period 2.6 cm, Krms=1.5), TDS for
transverse deflecting structure, Uas1and Uas2 for the undulators of the attosecond option, Upol
for an afterburner with variable polarization, Uaob_lsca for the optical afterburner undulator.

5.1 Proposed Layout

The two main goals of the FLASH2 upgrade
are:

• to extend the photon energy range with the
aim to reach the oxygen K-edge (540 eV) on
the fundamental, and 1 keV with the help of ad-
vanced lasing schemes (like harmonic lasing)

• to provide a variety of advanced options for
user experiments: polarization control, flexi-
ble two-color mode of operation with extended
pump-probe capabilities, few-femtosecond and
attosecond options.

In order to reach these goals, the layout of the
FLASH2 FEL line (Figure 5.1) is proposed as
follows: The main undulator consists of two sec-
tions U1 and U2 with different undulator periods
separated by a delay chicane. The undulators
are APPLE-type providing full polarization con-
trol. The choice of this technology in combina-
tion with two different undulator periods allows
for a great flexibility in terms of e. g. wavelength
range, operation modes, polarization control,
and improvement of longitudinal coherence.

The main FEL modes of the scheme in
Figure 5.1 will be (electron beam energies:
1.35GeV and 0.75GeV):

Harmonic Lasing: 1 nm to 2 nm

Frequency Doubling or Reverse Taper with
Harmonic Afterburner: 1.2 nm to 2.3 nm

HLSS: 2 nm to 6 nm @ 1.35GeV and 6nm to
20 nm @ 0.75GeV

SASE: 2.3 nm to 18.5 nm @ 1.35GeV and
7nm to 60 nm @ 0.75GeV

Two colors (SASE @ 1.35GeV): 4 nm to
18.5 nm (U1) and 2.3 nm to 6 nm (U2)

Two colors (SASE @ 0.75GeV): 11 nm to
60 nm (U1) and 7 nm to 20 nm (U2)

The bunch compressor (BC) is expected to im-
prove the electron beam quality as described
in Chapter 3. In addition, the vacuum chamber
of the bunch compressor accommodates an
optical in-coupling system for a laser pulse for
the attosecond scheme. All the other elements
in Figure 5.1 are explained and discussed be-
low in this chapter, some of them have multiple
applications.
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5.2 Operation Modes and Advanced Lasing Options

For the calculation of undulator lengths and
possible photon energy ranges we use the slice
parameters of the electron beam simulated for
a bunch charge of 100 pC (see Chapter 3). The
nominal electron energy after the refurbishment
of the accelerator modules will be 1.35GeV. To
increase the accessible range of photon ener-
gies, we also consider 0.75GeV as a second
standard energy. Undulator parameters of U1
and U2 are given in Figure 5.1, the undulator
gap is assumed to be 8mm. We now discuss
different operation scenarios of the FLASH2
undulator line.

5.2.1 SASE Mode

Self-Amplified Spontaneous Emission (SASE)
is the main operation mode that can be realized
either in U1 (for longer wavelengths) or in U2
(for shorter wavelengths) or in both undulators
tuned to the same wavelength (for an intermedi-
ate range). Due to a combination of undulators
with two different periods it becomes possible
to provide broad tunability at a fixed electron
energy, soanning one order of magnitude (to be
compared with a factor of three in the present
undulator of FLASH2). As mentioned above,
for two fixed electron energies, the tunability
range in SASE mode will be from 2.3 nm (oxy-
gen K-edge) to 60 nm.

5.2.2 Harmonic Lasing and HLSS
FEL

Harmonic lasing in single-pass high-gain FELs
(Murphy et al. 1985; Huang et al. 2000; McNeil
et al. 2006; Schneidmiller et al. 2012) is due to
the FEL instability at an odd harmonic of the pla-
nar undulator developing independently from
lasing on the fundamental. Contrary to nonlin-
ear harmonic generation (which is driven by the
fundamental in the vicinity of saturation) har-
monic lasing can provide much more intense,
stable, and narrow-band FEL beams. The most
attractive feature of saturated harmonic lasing
is that the brilliance of a harmonic is compara-
ble to that of the fundamental. Although known
theoretically for a long time (Murphy et al. 1985;
Huang et al. 2000; McNeil et al. 2006), har-
monic lasing in high-gain FELs was not demon-

strated experimentally until the pioneering ex-
periments at FLASH2 in which the so-called
Harmonic Lasing Self-Seeded FEL (HLSS FEL)
(Schneidmiller et al. 2012; Schneidmiller et al.
2013a) worked in the range 4.5 nm to 15 nm
(Schneidmiller et al. 2017).

exponential gain saturation 

resres h

Figure 5.2: Conceptual scheme of a Har-
monic Lasing Self-Seeded FEL (HLSS FEL).
(Schneidmiller et al. 2017).

An undulator is divided into two parts (see
Figure 5.2) by setting two different undulator
parameters such that the first part is tuned to a
sub-harmonic of the second part and the sec-
ond part is tuned to the wavelength of interest.
Harmonic lasing occurs in the exponential gain
regime in the first part of the undulator although
the fundamental in the first part stays well below
saturation. In the second part of the undulator,
the fundamental is resonant to the wavelength,
previously amplified as the harmonic. The am-
plification process proceeds in the fundamental
up to saturation. In this case the bandwidth is
defined by the harmonic lasing (i. e. it is re-
duced by a significant factor depending on the
harmonic number) but the saturation power is
still as high as in the reference case of lasing
on the fundamental in the whole undulator, i. e.
the spectral brightness increases. Application
of the post-saturation tapering would allow us
to transfer energy from the electron to the pho-
ton beam more efficiently than in the case of a
standard SASE configuration.

For harmonic lasing operation, undulators U1
and U2 should be tuned to linear polarization
mode. Suppression of the fundamental (nec-
essary for harmonic lasing) is achieved by two
methods simultaneously: switching between
the 3rd and the 5th harmonics (Brinkmann et
al. 2014; Penn 2015) and using phase shifters
(McNeil et al. 2006; Schneidmiller et al. 2012).
One can also use spectral filtering methods by
putting, e.g. a filter (suppressing the fundamen-
tal but letting the 3rd harmonic go through with
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minimal losses) into a delay chicane (see Fig-
ure 5.1). Operation between 1 nm and 2nm for
1.35GeV will be possible.

In case of HLSS the range would be 2 nm
to 6 nm for 1.35GeV, and 2 nm to 6 nm for
0.75GeV. In this case U1 can be considered as
a “seed” undulator, tuned to linear polarization
mode while U2, operating on the fundamental,
can provide arbitrary polarization. Bandwidth re-
duction with respect to the SASE FEL case will
depend on the harmonic number in U1. In prin-
ciple, the bandwidth in HLSS mode can be well
below 0.1% (FWHM) provided that a dechirper
is installed and used to minimize the energy
chirp in the electron beam.

5.2.3 Reverse Tapering with
Harmonic Afterburner

Reverse undulator tapering is a relatively new
concept (Schneidmiller et al. 2013b) to be used
for polarization control in X-ray FELs. This tech-
nique allows to strongly suppress the radiation
intensity at the exit of the main (planar) undu-
lator while preserving strong microbunching of
the electron beam that produces radiation with a
required polarization pattern in a variably polar-
ized afterburner undulator. The concept is rou-
tinely used at LCLS (Lutman et al. 2016b) and
was successfully tested at FLASH2 (Schneid-
miller et al. 2016). Moreover, the afterburner
can be tuned to a harmonic of the main undula-
tor as demonstrated at FLASH2 (Schneidmiller
et al. 2017).
Polarization control at wavelengths above

2 nm can be achieved by tuning U2 to a de-
sirable polarization mode in SASE or HLSS
regimes (in the latter case U1 should be lin-
early polarized). However, polarization con-
trol is especially desired in the range where
L-edges of some important magnetic materials
are, i. e. typically below 2nm. In this case U2
(and maybe U1) is tuned to the 2nd or 3rd sub-
harmonic of a desired wavelength. Reverse
taper is applied there in order to suppress ra-
diation from this undulator: the fundamental
(for any polarization of U2) as well as harmon-
ics (when U2 is in linear polarization mode).
However, the fully microbunched electron beam
contains strong harmonics in the electron den-
sity and can produce powerful radiation in the
afterburner Upol, tuned to the resonance with
a corresponding (2nd or 3rd) harmonic. The

afterburner will be built with the help of the AP-
PLE technology but with a smaller period than
U2. It will consist of two sections separated by
a phase shifter. Such a configuration is suffi-
ciently flexible and would allow us to produce a
desirable polarization pattern.

Figure 5.3: Results from an experiment at
FLASH2 where the main part of the undulator
was operated in reverse tapering mode while
the last two undulators served as afterburner
(Schneidmiller et al. 2017).

5.2.4 Frequency Doubler

The frequency doubler (more generally, fre-
quency multiplier) operates as follows (Boni-
facio et al. 1990; Feldhaus et al. 2004). The
undulator is divided into two parts. The sec-
ond part is tuned to twice the frequency of the
first part. The amplification process in the first
undulator part is stopped at the onset of the
nonlinear regime, such that higher harmonic
bunching in the electron beam density becomes
pronounced, but the radiation level is still too
small to significantly disturb the electron beam
quality. The modulated electron beam enters
the second part of the undulator and gener-
ates radiation at the 2nd harmonic. The scheme
was tested at LCLS (Nuhn et al. 2010) and at
FLASH2 (Kuhlmann et al. 2018). In the latter
case the shortest wavelength at FLASH, namely
3.1 nm (this is around the nitrogen K-edge) was
achieved (Kuhlmann et al. 2018).
The most efficient use of the frequency dou-

bler assumes the installation of a chicane be-
tween two parts of the undulator (or, two dif-
ferent undulators) (Feldhaus et al. 2004). This
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Figure 5.4: Schematic view of the undulator configuration used when testing the frequency dou-
bler scheme at FLASH2 (Kuhlmann et al. 2018).

option can be used in the setup shown on Fig-
ure 5.1 with the aim to generate an intense soft
X-ray beam below 2.3 nm. In this case the undu-
lator U1 is tuned to the second sub-harmonic of
the required wavelength, and the energy mod-
ulations induced in U1 are converted into den-
sity modulations on the second harmonic in the
compact chicane behind U2. Then the variably
polarized radiation at this harmonic is produced
in the afterburner Upol. Thus, the frequency
doubler can be an alternative to reverse taper-
ing with the harmonic afterburner. Note, that all
considerations of this section can in principle
also be applied to the 3rd and higher harmonics,
but the scheme becomes less efficient when
the harmonic number increases.

5.2.5 Two-color Lasing

Two colors can be produced for different pur-
poses and in different ways. One purpose
would be to serve two users at a time. In this
case we can employ the principle of a betatron
switcher (Brinkmann et al. 2010) kicking some
bunches in the pulse train with the help of the
extraction kicker. The betatron phase advance
can be organized in a way that these bunches
oscillate in U1 and do not lase there but af-
ter an orbit correction with a static steerer they
go straight in U2 and lase to saturation. Non-
kicked bunches first go straight in U1 producing
SASE there but then they are kicked by the
same steerer and do not lase in U2. If the kick
is done in a vertical plane, one can organize
an orbit kink between the undulators horizon-
tally so that the X-ray beams are spatially sep-
arated. Another application of two-color lasing
is pump-probe experiments when both colors
go to the same user. In this case instead of
the extraction kicker one should use a device
providing kicks on a femtosecond time scale.
This can be either a transverse deflection cav-
ity as suggested in Brinkmann et al. 2010 or a
dechirper (Lutman et al. 2016a), see Figure 5.1.
The latter method is successfully used at LCLS
(Lutman et al. 2016a). To provide a controllable

time delay between two X-ray pulses of different
colors, one can use a delay chicane shown in
Figure 5.1. Wavelength ranges for two-color
operation can also be found in Figure 5.1. Note
that two-color lasing with alternating tuning of
undulator segments to the two colors was re-
cently demonstrated at FLASH2. This option
can also be used after the proposed upgrade
but then for pump-probe experiments users will
need to use a split-and-delay line with spec-
tral filtering as described in Chapter 7. More
comfortable for users would probably be the
scheme with the chicane, as described above.

5.2.6 Optical Afterburner (OAB)

This concept was proposed in Saldin et al. 2010.
It uses the feature of the SASE FEL process,
that energy modulations do not only occur on
the scale of the resonant wavelength, but also
on the scale of the coherence length. If a chi-
cane with a sufficient R56 strength (longitudinal
dispersion) is installed after the undulator, the
FEL induced energy loss modulations can be
converted into electron density modulations on
the same scale (the modulations are broadband
and the central wavelength can be shifted by
changing R56). Then the modulated beam radi-
ates in a dedicated afterburner undulator where
the bandwidth of the radiation scales as the
inverse number of periods.

Two possible applications of this effect were
identified in Saldin et al. 2010: production of
a second (long wavelength) color for jitter-free
pump-probe experiments and measurements of
FEL pulse duration (in fact, we obtain an optical
replica of the X-ray pulse that can be measured
with standard optical methods).

The concept was successfully tested at
FLASH1 (Först et al. 2011) and was used in the
pulse length measurement campaign (Düsterer
et al. 2014). For the considered parameters and
proposed layout of FLASH2, the radiation can
be produced in the visible and near infrared
ranges with the help of the chicane after U2
and the undulator Uoab_lsca. The proposed
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undulator consists of five periods with a period
length of about 15 cm, but the parameters can
be further optimized.

5.2.7 Longitudinal Space Charge
Amplifier (LSCA)

The LSCA concept is proposed in Schneidmiller
et al. 2010 and is based on the predicted and
observed LSC instability in linacs with bunch
compressors. LSCA consists of a sequence of
focusing channels and chicanes with a radiator
undulator at the end. With the suggestion to
operate a LSCA in the VUV and X-ray ranges,
basic scaling relations were formulated and pos-
sible applications were identified. We want to
point out that the scheme is a cheap addition to
the existing or planned XFEL facilities providing
an extension towards longer wavelengths, the
production of a second color for pump-probe

experiments and the generation of broadband
radiation. The latter supports also the genera-
tion of attosecond pulses.

Experiments in the visible wavelength range
were carried out at SLAC (Marinelli et al. 2013)
and recently at FLASH (Lechner et al. 2019).
However, operation of a LSCA in the VUV range
is still to be demonstrated. The proposed layout
of FLASH2, shown in Figure 5.1 would allow to
test and to use a VUV LSCA without the installa-
tion of any dedicated hardware. Three chicanes
are meant to be designed for other purposes,
and the undulator Uoab_lsca can be used in two
different schemes, namely as OAB (see above)
and as LSCA. The expected wavelengths span
from a few tens of nm to the visible range, while
the bandwidth would be in the range of tens of
per cent. Such pulses with a large bandwidth
can be interesting for some experiments and
they can be produced together with FEL pulses
by the same electron bunch.

5.3 Few Femto- and Attosecond Pulses

Short FEL pulses down to ≈1 fs duration can
be produced directly with a short electron bunch.
“Single-spike lasing” is routinely used at FLASH
presently to operate the machine on a 10 fs
scale (Rönsch-Schulenburg et al. 2014). The
installation of a new bunch compressor right
in front of the undulator line and operation at
1.35GeV will make it possible to produce very
short high-quality bunches in low-charge mode
(≈10 pC). Another option would be the essen-
tially nonlinear compression of bunches with
higher charge in the same way as it has been
done in early years of FLASH operation (Ack-
ermann et al. 2007), i.e. producing a bunch
with a short lasing part and a long low-current
tail. An additional possibility to shape the las-
ing part would be to use the laser heater. This
simple technique has been realized at LCLS
to produce attosecond pulses in the hard X-ray
regime (Huang et al. 2017). At FLASH, we
will be limited to ≈1 fs for shortest wavelengths.
Note also, that a short bunch can radiate co-
herent NIR radiation pulses in the undulator
Uoab_lsca. Both pulses will be fully synchro-
nized and can be used for pump-probe experi-
ments.

Another option for the ≈1 fs regime would be
to use a standard “long” electron bunch and to
apply one of the schemes relying on a laser
manipulation of the electron beam, namely the
“chirp-taper” scheme (Saldin et al. 2006). In
this case the electron beam is modulated by a
two-cycle laser pulse in the two-period undula-
tor Uas1 (Figure 5.1) such that there is a slice
with the strongest energy chirp. A linear undu-
lator taper is used to compensate for the FEL
gain degradation within this slice (Saldin et al.
2006). The rest of the bunch has no strong
chirp and suffers from the uncompensated ta-
per. In the case of hard X-rays, the scheme
works with Ti:Sa lasers (wavelength 800 nm),
and the duration of X-ray pulses can be as low
as 200 as (Saldin et al. 2006). For the soft X-
ray regime a longer wavelength laser (2µm to
3µm) is needed (Fawley 2008) to better match
the lasing area and FEL coherence length; here
the pulse duration is about 1 fs or longer. In or-
der to further reduce the pulse duration one
can make use of the fact that the X-ray pulse
is chirped. Thus, it can be either manipulated
in the frequency domain by a monochromator
or compressed in time in a grating compressor.
Also note, that an alternative to the chirp-taper
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scheme can be the so called eSASE option
(Zholents et al. 2004) with generation of a short
high-current spike in the chicane placed in front
of U1.
We can also consider a more advanced at-

tosecond option, based on the longitudinal
space charge amplifier (LSCA) (Dohlus et al.
2011). The simulations show that soft X-ray
pulses with a duration below 100as can be pro-
duced. However, an essential advance in the
experimental demonstration of the capabilities
of the LSCA concept is required to make a deci-
sion on the implementation of the LSCA-based
attosecond scheme at FLASH2. In this case
some modifications of the layout shown in Fig-
ure 5.1 will be required.

Finally, we propose here the most promising
FEL-based attosecond scheme. This is a modi-
fication of the chirp-taper scheme aiming at a
significant reduction of the pulse duration well
below the FEL coherence time. The beam is
modulated in Uas1 (with two periods and the
period length 15 cm) by a CEP-controlled Ti:Sa
laser with a pulse duration of 5 fs (FWHM) and
a pulse energy in the range of several 100µJ

up to 1mJ. The chirp-taper compensation is
used to maintain amplification within a short
slice which is significantly shorter than the FEL
coherence length. Due to short-pulse effects
the saturation length increases but the undula-
tor is sufficiently long for amplification at wave-
lengths above 4 nm (U1 and U2 can be used
together). The radiation pulse duration is on
the order of the coherence time due to the slip-
page but we propose the following trick to get
much shorter pulses: We moderately compress
(by 10% to 30%) the lasing slice in the chi-
cane after U2, where the microbunching also
increases, and let it radiate in a short undula-
tor Uas2 with ten periods and a period length
about 3 cm, tuned to the compressed wave-
length. The uncompressed part of the bunch
is not resonant in this undulator, and the radi-
ation from U2 can be blocked in the chicane.
According to our estimates, after Uas2 we get
sufficiently clean X-ray pulses with a wavelength
of about 3 nm (after compression) or longer, a
duration of about 200 as to 300 as and pulse
energies in the 100 nJ range.
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6 Lasers

Figure 6.1: Overview of the FLASH2020+ ultrafast optical laser systems (blue boxes, blue ar-
rows) and the corresponding optical timing and synchronization links (yellow boxes, yellow ar-
rows). The following chapters describe the concepts for the FLASH2020+ ultrafast laser systems.

Ultrafast optical lasers play an essential role
in any X-ray and XUV FEL user facility. An
overview of their installations in FLASH2020+ is
shown in Figure 6.1. They include (1) photocath-
ode lasers which generate the photoelectrons to
be accelerated in the linac, (2) the laser heater
laser, (3) the seed laser, (4) modulation lasers
which are all needed to modulate the electron
beam energy for tailored FEL performance and
finally (5) pump-probe lasers and (6) their cor-
responding setups for flexible pump-probe gen-
eration which allows one to fully exploit the ca-

pabilities of the FLASH2020+ facility for investi-
gations of ultrafast dynamics in matter. The re-
quired tight synchronization and timing between
ultrafast optical laser pulses and electron or
XUV FEL pulses is provided by length-stabilized
fiber-optic timing links for feedback controls to
laser oscillators and timing diagnostics in timing
tools (compare Chapter 3 for details). All laser
systems follow the burst-mode pulse structure
of FLASH2020+ with 10Hz bursts of approxi-
mately 1:99 burst-to-space ratio and 100 kHz
to 1MHz intra-burst pulse repetition frequency.
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Figure 6.2: Left: Simplified schematic of the photocathode gun drive laser for FLASH2020+.
Right: Intra-burst structure required for different operational regimes of FLASH1 and FLASH2.

6.1 Photocathode and Laser Heater Lasers

Currently, the FLASH RF photocathode gun
is driven by three photocathode lasers emitting
deep UV picosecond pulses. Two of them are
used for routine operations (Will et al. 2005),
while one of them produces shorter pulses for
single spike SASE FEL operation (Christie et
al. 2017). We will replace these more than ten
years old laser systems by a flexible photocath-
ode laser system consisting of a Yb:fiber oscilla-
tor and pre-amplifiers, Yb:YAG power amplifiers,
a fourth harmonic generation stage, polariza-
tion beam combining, spatial shaping and beam
transport. A schematic setup of the proposed
laser system is shown in Figure 6.2, together
with a schematic of an example burst structure.

The system is developed in-house using a
front-end very similar to the one developed for
the European XFEL (Winkelmann et al. 2018)
and commercial Yb:YAG gain blocks. It allows
for two burst segments serving the FLASH1
and FLASH2 FEL beamlines of adjustable burst
length, inter-burst repetition rate and gap be-
tween segments. The total length of both
bursts combined including gap can be up to
1ms. The laser system is equipped with a
computer-controlled spectral phase and ampli-
tude pulse shaper which can provide adjustable
pulse durations of Gaussian shape from 1ps
to 20 ps. Currently, an R&D project is explor-
ing advanced pulse-shapes, such as temporal
flat-top shapes which can improve accelerator
emittance (Krasilnikov et al. 2012). The laser
system will be located in a newly constructed
laser room, attached to DESY building 28 close
to the FLASH electron gun (see Section 3.2.1).
This new construction was favored over tearing
down and replacing the existing laser room for
risk mitigation. It allows the current FLASH pho-

tocathode lasers still being operational while the
new systems are being commissioned.

The laser heater is described in Chapter 3.
It is essential to suppress microbunching in-
stabilities for seeded operation of FLASH. Ta-
ble 3.2 summarizes the requirements: An ultra-
fast laser pulse train of 50µJ energy per pulse,
515 nm or 532 nm center wavelength, 20 ps
pulse duration at up to 1MHz rate is required in
the interaction region. We expect less than 3 dB
insertion loss to beam-transport and coupling to
the electron beamline, leading to a requirement
of 100µJ second harmonic output of the laser
system. The laser heater laser will be based on
the laser system developed for the European
XFEL (Winkelmann et al. 2018) comprising of
a Yb:fiber front end and Nd:YVO4 power ampli-
fiers. The forth-harmonic generation stage will
be replaced by a second-harmonic generation
stage. The 20 ps pulse duration requirement
can be achieved by spectral filtering or pulse
stretching.

The existing XFEL photocathode laser sys-
tem was designed for a 50µJ, 4.5MHz pulse
train and has demonstrated the capability to
produce 100µJ level NIR pulses. At a reduced
repetition rate of 1MHz we expect to reach the
required pulse energies for FLASH without or
with only minimal design changes.

The laser system will be located in another
newly constructed laser room outside DESY
building 28. The room will be sufficiently large
to hold additional laser systems for future novel
electron beammanipulation schemes, for exam-
ple slicing. For coupling to the electron beam, a
coupling chicane will be considered (compare
Section 3.3.1: Bunch compressor BC1)
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Figure 6.3: Illustration of possible nonlinear frequency conversion schemes; left: OPCPA B
(343 nm, 1 ps pump pulses) with subsequent broadband SHG; right: OPCPA A (515 nm, 1 ps
pump pulses) with subsequent cascaded sum frequency conversion stages using the 1030 nm,
1 ps pump laser beam. All powers in the figure refer to average powers within a 1ms burst.

Average power in
1ms burst
(compressed before
beam transport)
(W)

Compressed pulse
energy at 100 kHz
before beam
transport (mJ)

Compressed pulse
energy at 1MHz
before beam
transport (mJ)

Tunability (nm)

Pump laser as
reported in
Pergament et al.
2016

4000 40.0 4.00 1030

OPCPA A (515 nm
pump, as reported
in Pergament et al.
2016)

300 3.0 0.30 690 – 900

OPCPA B (343 nm
pump, alternate
concept, simulation)

90 0.9 0.09 465 – 600

Visible output
OPCPA A (sum
frequency
simulation)

350 3.5 0.35 413 – 480

UV output – OPCPA
A (cascaded sum
frequency,
simulation)

250 2.5 0.25 294 – 328

UV output – OPCPA
A (THG, simulation) 20 0.2 0.02 230 – 300

UV output – OPCPA
B (SHG, estimation) 10 0.1 0.01 232 – 300

Table 6.1: Expected output parameters of the parametric amplifiers and subsequent frequency
conversion stages. For an illustration of the possible nonlinear conversion schemes see Fig-
ure 6.3.

63



Lasers | Seed laser

Figure 6.4: Schematic of the pump-probe laser system of the European XFEL, for details see
(Pergament et al. 2016).

6.2 Seed laser

The concept for the seeded FLASH1 FEL
beamline in FLASH2020+ capable of both high
gain harmonic generation (HGHG) and echo
enabled harmonic generation (EEHG) seeding
is described in detail in Chapter 4. In the follow-
ing sections we will focus on the laser technol-
ogy which provides broadly tunable seed laser
pulses in the UV (or visible) spectral range to
the seeding modulators.

6.2.1 Requirements and
Challenges

As shown by theoretical considerations and sim-
ulations for HGHG and EEHG seeding, seed
laser pulses of 50 fs duration and peak powers
of up to 25MW (first stage) plus 70MW (sec-
ond stage) are required at the interaction region
with the electron beam (see details in Chap-
ter 4). This corresponds to single pulse laser
energies of 5µJ, however the simulations do
so far not include any imperfections of electron
and laser beam. With an additional factor of
10 for imperfections and an estimated insertion
loss of 3 dB for beam transport and coupling,
the required pulse energies at the output of the
laser system will be approximately 100µJ.

Instabilities in seeded XUV pulse energy can
be caused by laser pulse energy fluctuations
but also by fluctuations in spatial and tempo-

ral overlap between laser pulses and electron
pulses. To achieve high XUV energy stabil-
ity, the requirements for the laser system are:
beam quality near the diffraction limit, excellent
energy and pointing stability as well as excel-
lent stability in timing jitter and low timing drifts.
For a seeded FLASH1 beamline the require-
ments for the laser system in terms of avail-
ability and remote control capability are high,
similar to the photocathode laser system. How-
ever, since the seed laser system is of higher
complexity than the photocathode laser system,
this requirement is very challenging. Note: A
change in FEL wavelength requires simultane-
ous seed laser wavelength tuning, to be per-
formed remote-controlled by the FLASH opera-
tor in the control room.

An additional challenge are the requirements
for the optics for laser beam transport and
coupling into the electron beam vacuum. We
require dielectric UV mirrors of high damage
threshold, high reflectivity over a large band-
width and low dispersion. This combined re-
quirement is at the edge of current coating tech-
nology. To mitigate risks we will immediately
start to evaluate vendor capabilities and we will
plan for two parallel laser beam transport lines
which can be fitted with optics for different spec-
tral regions.
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Figure 6.5: Sketch of the location of the seed laser room (labeled 28m) and the laser beam
transport to the modulation undulators (red lines) for HHGH and EEHG seeding.

6.2.2 Laser Concept

The seed laser system will be based on Op-
tical Parametric Chirped Pulse Amplification
(OPCPA) technology (Dubietis et al. 1992), the
only laser technology capable of providing the
required wavelength tunability, spectral band-
width and average power (or repetition rate).

We will implement an OPCPA as close as
possible to the pump-probe lasers of the Euro-
pean XFEL (Pergament et al. 2014; Pergament
et al. 2016) (compare Figure 6.4). This laser
system comprises of an ultra-stable 1µm fem-
tosecond oscillator, Yb:fiber amplifiers, super-
continuum seed pulse generation and Yb:YAG
InnoSlab amplifiers for high energy pump pulse
generation for three OPCPA amplifier stages.
It uses chirped mirrors for stretching and bulk
silica for compression of the broadband pulses.

The experience at the European XFEL shows
that such a laser system can be reliably oper-
ated on a long term. Our simulations show that
the output parameters of this laser system al-
low for deep UV seeding at 100 kHz with suffi-
cient headroom in pulse energy. For seeding at
1MHz an upgrade of the pump-laser average
power capability during the 1ms burst by a fac-
tor 4 from currently 4 kW to 16 kW is required.
This is beyond currently developed technology
and requires additional R&D efforts. To mitigate
risks, we will initially seed FLASH1 at 100 kHz
and simultaneously explore options for pump-
laser power scaling in close collaboration with
potential suppliers.
The OPCPA system provides pulses in the

NIR spectral range, tunable between 700nm
and 950nm. Those pulses need to be con-
verted to the UV spectral range by third har-
monic generation (THG) or cascaded sum fre-
quency mixing (SFG). For SFG the remaining
depleted NIR pump pulse after second har-
monic generation (SHG III in Figure 6.4) will
be used.

As an alternative concept the OPCPA stages
NOPA I-III in Figure 6.4 can be pumped by the
third harmonic (343 nm) of the InnoSlab pump-
amplifier chain. This alternative concept would
allow to directly generate visible pulses, tun-
able between 465nm and 600nm, which can
be converted to UV by a simple SHG stage. We
performed OPCPA and nonlinear conversion
simulations for the above described concepts
using the software package chi3D (Lang 2019).
The results of the simulations are shown in Ta-
ble 6.1.
We will perform experimental studies to val-

idate the simulations for our final selection of
the best concept. As mentioned above, for an
upgrade from 100 kHz to 1MHz seeding an up-
grade of the pump-laser is required. We expect
that the nonlinear conversion stages can be
adapted to higher repetition frequencies with
relatively little effort.

6.2.3 Laser Room and Laser
Beam Transport

The seed laser will be located in an already
existing room in building 28m. Figure 6.5 illus-
trates the location of the seed laser room within
the FLASH facility together with the laser trans-
port beam line. The seed laser beams for the
two modulation undulators will be transported
in vacuum onto stable coupling platforms next
to the electron beamline. We will evaluate differ-
ent options for beam transport: relay imaging
using (1) transmissive and (2) reflective optics
as well as (3) collimated beam transport with
active beam stabilization.
Each platform can hold pulse compressors,

mode matching optics, beam diagnostics and
beam controls. After each modulator, the laser
pulses will be coupled out of the electron beam-
line. Here, additional beam diagnostics will be
installed.
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Our power budget and damage requirements
only allow for dielectric mirror coatings in the
laser beam transport. As already mentioned
above, the availability of suitable large band-
width femtosecond mirror coatings in the UV
spectral range is unclear. To mitigate this risk
we will implement spatial multiplexing of differ-
ent spectral regions in parallel beamlines in one
vacuum tube. The beam diameter at the input
coupling mirror and the vacuumwindow is given
by mode-matching to the electron beam. This
leads to a small laser beam size on those op-
tics, they are therefore most critical in terms of
laser-induced damage.

We plan for a metallic mirror outside the elec-
tron beam vacuum under grazing incidence fol-

lowed by a coated window or an uncoated win-
dow in Brewster’s angle. This is most likely
the only feasible method to increase the ef-
fective beam area sufficiently to avoid mirror
damage. We will also test the effects of self-
phase modulation and of two-photon absorption
of the window. We will investigate the option for
lead shielding of the input coupling windows for
protection against radiation darkening. Before
finalizing the design, we will study the limits
for coupling into the electron beam pipe and
perform damage tests. After interaction with
electrons, the laser beam will be coupled out
of the electron beam pipe and used for online
diagnostics.

6.3 Pump-Probe Lasers
Approximately 60% of all recent user exper-

iments at the FLASH facility required ultrafast
optical lasers in a pump-probe configuration. A
typical physical phenomenon under investiga-
tion in these experiments occurs on picosec-
ond to femtosecond timescales, requiring laser
pulse durations on a similar or shorter timescale
and exactly controllable (or at least exactly mea-
surable) temporal separation between XUV FEL
and optical laser pulses. Ultrafast optical pump-
probe pulses should be on the one hand control-
lable but on the other hand also stable and re-
producible in parameters such as pulse energy,
polarization, pointing, wavelength, bandwidth,
focus size and pulse duration.
The specific requirements strongly depend

on the experiment and need to be individually
evaluated for each single experiment. Here,
typically trade-offs between simultaneously de-
sired pulse parameters have to be made. Ad-
vanced experiments will require more than one
optical pulse per FEL pulse, for example an ad-
ditional pulse to align molecules immediately
before the interaction occurs. To meet all this
requirements, our design concept for optical
pump-probe lasers for FLASH2020+ will pro-
vide the most flexible set of optical pump-probe
pulses possible which at the same time is ca-
pable of maintaining high stability, availability,
reproducibility and user-friendliness to the op-
erators.

An overview of the infrastructure for optical
pump-probe capabilities in the FLASH2020+ fa-
cility is shown in Figure 6.6. The experimental
halls for the FLASH1 and FLASH2 beamlines
are each equipped with a laser hutch containing
a state of the art OPCPA laser system. Each
hutch is very well controlled in temperature, hu-
midity and particle count. The femtosecond
pulses generated by these laser systems will
be transported in refractive relay imaging beam-
lines to modular optical delivery (MOD) stations,
close to the instruments. The MODs comprise
mode-matching telescopes, pulse compression,
wavelength conversion, polarization rotation, at-
tenuation, pulse diagnostics and active beam
stabilization setups. For beam delivery from
MOD to the instruments or experimental end-
stations, we will typically install multiple setups
which are directly attached to the instruments.

We will install the additional MOD station
MOD2.0 without access to an instrument so
that preparations, tests and development of
setups for future user-beamtimes can be per-
formed even during on-going user-experiments
when the laser hutches cannot be accessed.
This station will be essential for develop-
ing flexible pump-probe schemes during the
FLASH2020+ project phase. Its presence will
later during the FLASH2020+ operation phase
reduce the “tooling time” for novel beam-time
specific setups which can be pre-aligned in the
MOD2.0 station and later transferred to the rel-
evant MOD station for the beamtime.
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Figure 6.6: Overview of optical ultrafast pump-probe infrastructure in the experimental hall of the
FLASH facilities (left: FLASH1, right: FLASH2). MOD: Modular optical delivery station. Laser
transport beamlines are shown in red, laser safety enclosures in light blue, laser tables in light
gray, FEL XUV beamlines in light purple. Purpose of MOD2.0 is development and test of se-
tups for future FEL beamtimes. The developed setups will be transferred to other MODs close to
instruments for use during FEL beamtimes.

6.3.1 OPCPA Pump-Probe Laser
Systems

As already described in Section 6.2.2, OPCPA
technology is the only laser technology which
can provide ultrashort pulses at the required
pulse energy and repetition rate. For the pump-
probe laser development we will also rely on
the experience gathered at both DESY and the
European XFEL in building OPCPA burst-mode
laser systems. Those already developed lasers
can provide tunable NIR wavelengths (650 nm
to 900 nm) and tunable pulse durations ( <15 fs
to >100 fs) (Pergament et al. 2016).
To meet the requirements for FLASH2020+

the following measures will be taken:

1. Setup R&D laser system: We will combine
existing InnoSlab amplifiers and a new fiber-
laser front-end to establish a development laser
system for R&D on OPCPA and nonlinear con-
version schemes in our laser development lab.
This measure is enabling us to test planned
concepts and pre-align systems which would
not be possible in the FLASH experimental hall
due to the high demand for lasers for user ex-
periments. This measure also ensures short
shut-down times, since it allows installation of

pre-tested configurations in the FLASH facility.
Since the setup of this R&D lab and also the
MOD2.0 station is critical for the FLASH2020+
project we will start those efforts immediately.

2. Replacement of pump-probe lasers in
laser hutch 1: Laser hutch 1 contains out-
dated laser systems. We will replace these
systems with a system similar to the Euro-
pean XFEL pump-probe laser (Pergament et
al. 2016). The performance of the laser sys-
tem is summarized in Table 6.1. This measure
will require major reconstructions: Tear down
and reconstruction of laser hutch 1 including
the air-conditioning system, new beam trans-
port pipes and new installation of all MOD sta-
tions MOD1.BL and MOD1.PG and coupling
to the instruments in the FLASH1 experimental
hall. To allow user operation during reconstruc-
tion of the laser hutch 1 and setup of the new
pump-probe lasers we will install interim lasers
in MOD2.BL and MOD2.PG with adequate per-
formance to accommodate the most important
beamtimes. We consider for Mod 2.BL the exist-
ing 10Hz Ti:sapphire laser, which will be moved
from laser hutch 1 to Mod.BL and for MOD.PG
a Yb-based burst mode system with spectral
broadening and recompression.
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Figure 6.7: Illustration of the spectral coverage of the pump-probe lasers and their estimated
efficiency with respect to the 1 ps 1030nm pump laser (pump laser power after upgrade: 40mJ
at 100 kHz, 4mJ at 1MHz) via several nonlinear conversion schemes described in the text. The
green dashed and dotted lines indicate nonlinear conversion starting from a SHG-pumped non-
collinear OPCPA, pink dashed lines indicate what would be possible if multi-pass cavity pulse
compression is available. The red dashed line is the estimated THz conversion efficiency using
1µm ps pump pulses. Note: Transmission of beam-transport and coupling to the instruments
is not included in the efficiency estimation. The OPA efficiency estimation is based on in-house
OPCPA experiments and published data of commercial available OPAs (Light Conversion 2019a;
Light Conversion 2019b).

3. Upgrade of fiber-laser front-end and
pump-laser in laser hutch 2: Laser hutch 2
contains a modern OPCPA laser system, which
was developed at DESY during the past years.
However, its pump-laser has only 10% of the
energy and average power (400W) of the sys-
tem above (4 kW). We will upgrade the pump-
laser system by a 4 kW version to meet future
wavelength-flexibility demands by providing suf-
ficient pulse energy for frequency conversion at
the highest repetition frequency. The existing
system also comprises a prototype fiber-laser
front-end and pump-pulse compressor. Both
components drift and are difficult to align. We
will upgrade those components to state-of-the-
art technology to improve stability and availabil-
ity of the system.

4. 20Hz pump-laser, alternately pumping
two OPCPA chains: At the European XFEL
a fast galvo-scanner was developed which can
distribute 20Hz rate pump-laser pulses alter-
nating to two OPCPA amplifier chains (Palmer
et al. 2019). This allows simultaneous delivery
of ultrashort pulses to two MODs, with one of
them capable to be synchronized to the FEL.
This measure will dramatically improve setup
and preparation possibilities for upcoming user
experiments and for the development of new
features. Parallel to a running pump-probe ex-
perimental beamtime at one instrument, the
ultrafast optical laser can be delivered to a sec-
ond instrument for setup, alignment and test
experiments. For development of new optical
laser features, such as advanced wavelength
conversion schemes, this second set of 10Hz
burst pulses can also be delivered from laser
hutch 2 to MOD2.0.
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5. External compression of ps-pump
pulses by a factor 5-10: Very recently, an in-
teresting new technology has become available
which may significantly alter the ultrafast pump-
probe options at FLASH2020+. Promising effi-
cient spectral broadening and re-compression
schemes for 100 fs level pulses using gas-filled
multipass cells or gas-filled capillaries were
demonstrated (Fritsch et al. 2018; Jeong et al.
2018). Our simulations show that similar meth-
ods are also capable of reducing the pulse du-
ration of our ps-pump-pulses by a factor 5-10.
This is confirmed by recently published results,
which have demonstrated spectral broadening
and re-compression of 18mJ, 1.3 ps pulses to
41 fs in a gas-filled multi-pass cell with 90%
efficiency (Kaumanns et al. 2018). A commer-
cial pulse-compression product using this tech-
nique with specified input pulse durations be-
tween 150 fs and 1 ps has also become avail-
able (Amplitude Systems 2019). We will start
a research program exploring these options. If
this is successful, we plan to immediately im-
plement these schemes in both laser systems
(FLASH1 and FLASH2). This would allow us
to deliver multi mJ-level 100 fs level pulses at
MHz repetition rates centered at 1030 nm to the
MODs and instruments, opening up new oppor-
tunities for both experiments and wavelength
conversion stages. At the MOD stations then
100 fs, 1µm pulses of 10-times higher energy
than the previously used 50 fs, 800 nm pulses
would be available for pumping widely tunable
OPAs. In a wide spectral range, this would lead
to an approximately tenfold increase in pulse en-
ergy available to the instruments (compare the
purple and green dashed lines in Figure 6.7).

6. 343nm and 1030nm pumped OPCPA:
While we will initially install non-collinear
OPCPA amplifier chains pumped by the second
harmonic (515 nm, 1 ps) of our powerful pump-
lasers, we will start R&D efforts on 343 nm and
1030 nm pumped OPCPAs. Those will allow
us to generate with high efficiency and good
stability the entire spectral band from 0.5µm
to 4.2µm, due to the now newly available high-
energy ultrashort pulses in the spectral range
between 500nm to 700 nm (for 343 nm pump-
ing) and 1.5µm to 4.2µm (for 1030 nm pump-
ing. Note: we will use the idler beam only in a
last collinear stage here). Those options will fur-
ther increase our wavelength flexibility. Wave-

lengths above 1.5µm for example allow THz
and MIR generation in modern highly efficient
materials like DAST or ZGP (Hauri et al. 2011;
Schunemann 2017).

We will continuously follow novel develop-
ments on laser technology and evaluate options
before starting a specific development. Espe-
cially progress in pump-laser power and energy
scaling is of great importance and – as we have
seen above – required for seeding of FLASH
at MHz rates. While currently InnoSlab tech-
nology (Russbueldt et al. 2015; Schmidt et al.
2017) is the only proven pump-laser technology
which can provide 4 kW, 1ms bursts of pump
pulses, we will evaluate competing technologies
such as thin disk multipass amplifiers (Dietz et
al. 2018; Nagisetty et al. 2018), coherent com-
bining of fiber lasers (Müller et al. 2016; Müller
et al. 2018) and cryogenic amplifiers (Zapata
et al. 2018) for new installations.

6.3.2 Beam Transport and
Dispersion Management.

For laser beam transport from laser hutches
to the MOD stations we will build on technol-
ogy developed for the FLASH2 pump-probe
laser system. We will use positive (normal)
dispersion stretching, relay imaging in evacu-
ated beam pipes using refractive optics and
negative dispersion compressors using either
chirped mirrors (for pulse durations between
10 fs and 30 fs) or transmission gratings (for
bandwidth limited pulse durations above 30 fs).
The beam pipes allow for transport of mul-
tiple beams spatially multiplexed with differ-
ent beam paths fitted with wavelength-specific
optics. Motorized mirrors both in a beam
switch yard in the laser hutch and in T-crosses
allow rapid switching between experiments.
We plan for the transport of OPCPA output
pulses (500 fs stretched 600 nm to 900 nm,
1mJ) and NIR pump pulses (1030 nm, 1 ps,
10mJ) with later upgrade options for 500 nm to
700 nm (343 nm OPCPA pumping) and 1.5µm
to 4.2µm (1030nm OPCPA pumping). Active
beam-stabilization at the MODs will correct for
spatial beam drifts.
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Instrument→ FL11 BL1 PG1 PG2 PG0 FL21 FL23 FL24 FL26
Wavelength MOD MOD MOD MOD MOD MOD

in µm↓ 1.BL 1.PG 2.3 2.4 2.6 2.0

<0.24 O O O
0.24 – 0.3 X O O X X X

0.35 – 0.45 X X X X O X

0.45 – 0.7 O O X

0.7 – 0.9 X X X X X X

0.9 – 1.5 O X X X X

1.5 – 4.2 X X X X

4.2 – 15 O O O X

>15 O O O X

Table 6.2: Assessment of demands for wavelength flexibility at different instruments. We identi-
fied the green options (X) as to be realized first, followed by the blue (O) options. Setups will be
tested in MOD2.0 before installing at an instrument. Note: The yellow shaded frequency range
will be available directly out of the laser hutches after implementation of 323 nm and 1030nm
pumped OPCPAs.

6.3.3 Wavelength Conversion and
Flexible Pump-Probe
Schemes

Compared to the current FLASH facility where
with few exceptions only harmonics of the
800 nm center wavelength laser systems were
available, FLASH2020+ will dramatically im-
prove experimental capabilities by providing
flexible pump-probe schemeswith optical pump-
probe pulses covering the entire spectral range
from VUV to THz. In the following paragraphs
we will describe a multitude of nonlinear con-
version schemes which allow this large spectral
coverage. An illustration of the wavelength cov-
erage and the conversion efficiency is shown
in Figure 6.7.
Our primary strategy is here to extend the

wavelength coverage of the OPCPA laser sys-
tems to the spectral range from 0.5µm to 4.2µm
(see item 5 in Section 6.3.1) and to transport
this wavelength range to the MODs where fur-
ther wavelength-conversion can occur (sum fre-
quency generation (SFG), third harmonic gener-
ation (THG), optical parametric amplifiers (OPA)
or rectification for THz). We can especially
cover most of the important UV spectral range
by straight forward SHG and THG of the widely
tunable OPCPA output. As a fallback strategy,
we will also consider transporting only near-
infrared radiation (either centered at 800 nm or
centered at 1µm) to the MOD stations and do

all wavelength conversion steps inside the MOD
stations.

The spectral range above 4.2µm is impracti-
cal to be transported over long distance due to
absorption in non-evacuated beam paths and
required apertures and optics. The wavelength
range >15µm will be generated close to the in-
strument by optical rectification (or intra-pulse
DFG) using either the OPCPA output around
800 nm or the 1µm ps OPCPA pump laser as
driver, where either single-cycle or narrow band
pulses can be generated (Carbajo et al. 2015;
Hirori et al. 2011).
The wavelength range between 4.2µm and

15µm can only be covered by either a low ef-
ficient OPA at the MOD (DFG between signal-
and idler beams) or by transporting two intense
beams (OPCPA output and OPCPA pump) to
the MOD for DFG generation at the MOD. The
feasibility of the latter concept needs to be ex-
perimentally verified, since transporting two
beams over long distances is challenging due
to the high requirements on stability for spa-
tial and temporal overlap between both beams
at the conversion stages at the MOD. Here,
the availability of above mentioned novel highly
efficient compression schemes for the 10mJ,
1 ps, 1030 nm OPCPA pump pulse would dra-
matically change the situation, since now low-
efficient OPA schemes could provide sufficient
pulse energy for most experimental needs in
and beyond the 4.2µm to 15µm spectral range.
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Our implementation strategy is to proceed in
steps of increasing complexity:

1. Installation of SHG and THG of the 515 nm
pumped OPCPA output at the MODs (→350 nm
to 450 nm and 200 nm to 300 nm, respectively).

2. Wide spectral tunability by installation of
commercial OPAs pumped by the OPCPA out-
put at the MODs (green dashed lines in Fig-
ure 6.7). This step is also relatively straight
forward to implement, however, can only pro-
vide low pulse-energies and pulse-durations
of 100 fs and above. Higher pulse energies
can be achieved by 1µm pumped OPAs (pur-
ple dashed lines in Figure 6.7). Implementation
of this method requires successful pulse com-
pression schemes of the OPCPA pump laser
(see item 4 in Section 6.3.1), since commer-
cial OPAs require 100 fs to 200 fs level pump
pulses.

3. Development of 343 nm and 1030nm
pumped OPCPAs (see item 5 in Section 6.3.1)
with SHG and THG stages at the MODs. This
measure provides a pulse energy boost of a fac-
tor of 10 at potentially shorter pulses compared
to step 2 above.

4. Development of advanced frequency conver-
sion schemes for extended wavelength cover-
age and shorter pulses.

The implementation of above schemes at the
specific instruments will be strongly driven by
user and science demands. Our current assess-
ment of needs for the instruments is summa-
rized in Table 6.2. Our concept allows for tests
and preparation for future setups in MOD2.0
(compare Figure 6.6). Science demands also
drive the R&D efforts on advanced frequency
conversion schemes and their future implemen-
tation.

Possible promising concepts for advanced
schemes are:

• VUV generation via high-harmonic genera-
tion. There is an on-going R&D project for this
scheme at FL26, financed by a university BMBF
project.

• DUV (150 nm to 250 nm) generation via per-
turbative harmonics in gases (Fuji et al. 2007;
Kida et al. 2011; Wallmeier et al. 1988) or
gas-filled fibers (Köttig et al. 2017; Mak et al.
2013; Winters et al. 2018) or solid state setups
(Homann et al. 2008).

• UV (250 nm to 350 nm) pulses below 20 fs via
broadband nonlinear mixing schemes (Baum
et al. 2004; Varillas et al. 2014).

• Long-mid-infrared pulse generation (5µm to
15µm) using two beam transport to the MODs
or compressed 1µm pump pulses.

• THz generation – both single cycle and nar-
row bandwidth.

6.3.4 Coupling to the Instruments

Coupling of the ultrafast pump-probe laser to
the instruments will be in collinear (or close
to collinear) geometry for wavelengths shorter
than 4.2µm. In collinear geometry we will use
a flat in-vacuum metallic mirror reflecting the
optical beam and transmitting the XUV beam
via a hole drilled into the mirror. MIR and THz
delivery is performed in a 90° geometry due to
required large aperture and a focusing parabola
close to the interaction point. Optical laser gen-
erated VUV pulses will be coupled in grazing
incidence geometry next to the XUV beam in
an already existing setup at MOD2.6.
We plan to install the focusing optics in a

vacuum chamber directly connected to the in-
strument. This chamber can also host the last
frequency conversion stage to deep UV or mid-
IR. With vacuum coupling to the instrument,
no dispersion-issues with UV vacuum windows
and no molecular absorption in air exist. An
optional beam transport from the MOD stations
to an optical setup provided by the user experi-
ment is also possible.
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6.4 Modulation Laser for Advanced FEL Schemes

Advanced FEL schemes in the FLASH2
beamline for water-window attosecond pulse
generation (compare Chapter 5) require a CEP
stable NIR laser delivering two cycle 1mJ
pulses with 100mrad to 200mrad pulse to
pulse phase stability. For initial R&D projects
and to verify the predictions from theory and
simulations, we will operate at 10Hz, where
suitable laser technology exists and is in part
commercially available. Technology includes
CEP stable Ti:sapphire regenerative amplifiers
with spectral broadening in hollow core fibers
and re-compression and DFG sources with pas-
sive CEP stability. One major challenge will
be the transport of the CEP stable laser beam
from the laser lab to the undulator hall (approx.

20m) and to maintain the CEP stability in a
non-temperature-controlled environment. Most
likely the required phase stability can only be
preserved during beam transport if additional
air-conditioning and climate control is added for
the optical beam path. A further challenge will
be the coupling of the optical laser beam to the
modulator, where commercially available win-
dows and mirrors need to be operated close to
optical damage.
Since here the laser requirements are very

demanding, a dedicated R&D phase will start
as soon as the details of the electron beam
manipulation concept and corresponding FEL
beamline and modulation laser requirements
are better defined.

6.5 Synchronization and Timing

Precise and controllable timing between XUV
pulses and ultrafast optical laser pulses is the
most important enabling requirement for the
study of ultrafast phenomena in pump-probe
experiments.

FLASH is equipped with a pulsed laser syn-
chronization system over length stabilized fibers
(compare Chapter 3). In a previous campaign at
the FLASH1 facility an out-of-loop timing jitter of
(28± 2) fs rms. was measured. Details of this
measurements and a description of the FLASH
all-optical synchronization system can be found
in (Schulz et al. 2015). The FLASH2020+ syn-
chronization and timing system for optical ultra-
fast lasers will build on DESY’s existing world-
wide leading system and add several improve-
ments. With the availability of a seeded FEL,
the XUV photon arrival time is governed by the
seed laser fromwhich we expect a further reduc-
tion in timing jitter. Currently, all laser oscillators
are stabilized via length-stabilized fibers to the
master laser oscillator of the facility. Drifts of the
laser amplifiers with respect to the laser oscilla-
tor are partly compensated by feedback control.
However, the OPCPA amplifier and the laser
beam delivery timing relies currently only on
passive stability and is not actively timing drift
corrected. For the FEL XUV photons, the ar-
rival time of the electrons is stabilized, while the

XUV beam pipes are not timing drift corrected.
A very rough estimation of expected uncompen-
sated timing drifts over 24 hours is shown in
Table 6.3. Major drifts are expected outside the
laser hutch in the transport beamline and the
MODs where climate control is inferior to the
laser hutch.
We also expect in the experimental hall jit-

ter due to acoustic noise and mechanical vi-
brations. MODs are enclosed by laser safety
curtains without any acoustic isolation to the
FLASH experimental halls where for example
vacuum pumps may cause significant noise lev-
els.

6.5.1 FLASH2020+ Timing and
Jitter Improvement Projects

Currently, most of the actual timing drifts are es-
timations only. In previous measurement cam-
paigns it was often unclear if the timing of the
FEL XUV beam is drifting or if the timing of the
ultrafast laser system is drifting.
In Schulz et al. 2015, the majority of jitter is

attributed to the FEL XUV beam.
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Figure 6.8: Overview of synchronization sub-distribution and length stabilized fiber links for
pump-probe experiments (orange).

Material Drift coefficients from
temperature or humidity
change

Drift per day, laser hutch
(air: ∆T: 0.15 °C, ∆hum:
1.5%, ∆p: 0.5 kPa)

Drift per day, laser beamlines
and MODs: (air: ∆T: 0.8 °C,
∆hum: 5%, ∆p: 0.5 kPa

Optical fiber temp: 4 fs/m/0.1K, All fibers are in feedback
hum : 5 fs/%hum/m control typical compensa-

tion: 1.5 ps
Aluminum
breadboard

7.7 fs/m/0.1K 0.2 ps 0.4 ps (mainly multi-pass
chirped mirror compressor –
6m beam path)

Steel table 3.7 fs/m/0.1K 0.2 ps 0.4 ps
Concrete floor 4 fs/m/0.1K 1.3 ps (40m beam transport)

Table 6.3: Rough estimation of currently uncompensated timing drifts at FLASH due to temper-
ature, humidity or pressure changes. The numbers are most likely over-estimated, since they
do not account for the (often very slow) time constants in between a change in environmental
properties to a change in material properties.

To improve timing and jitter we will pursue
the following measures:

Synchronization sub-distribution for pump-
probe experiments. The maximum number of
fiber-optics synchronization links is limited due
to space constraints. For supplying all MOD sta-
tions with a timing link we plan to install a timing
sub-distribution in one of the FLASH experimen-
tal halls, as already successfully implemented
at the European XFEL. This sub-distribution will
be installed in an tightly temperature and humid-
ity controlled room with solid acoustic shielding
walls, to minimize drifts of out-of-loop beam
paths. This room will be an excellent location
for hosting the mechanical delay lines for set-
ting the pump-probe delays. This location has a

clear advantage over the MOD stations, which
are enclosed by laser safety curtains only. A
schematic picture of length stabilized fiber links
is shown in Figure 6.8.

Quantitative tests and measurements of
current timing drift and jitter. We plan to mea-
sure the arrival time of the optical laser at
the MODs via cross-correlation to optical fiber
links to the master laser oscillator, measure
beamline drifts using cw-laser interferometers
or frequency comb metrology (Coddington et al.
2009) and record a multitude of environmental
data such as temperature, humidity and pres-
sure but also mechanical vibrations throughout
the entire optical beam path. We will also con-
duct timing test experiments between laser and
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FEL XUV beam on a regular basis. Based on
this assessment we will determine which one
of the measures listed below will have the most
impact.

Active optical path length measurement
and compensation of the OPCPA amplifier
laser beamline and dispersion compensation
setup. This can be done for example by retro-
reflecting a co-propagating cw or high repetition
rate pilot beam. Alternatively we can use fiber-
optical timing links at the MODs. Note: We
may also need to act on laser timing for FEL
XUV beam path length changes – which also
have to be measured using co-propagating pi-
lot lasers. Another option is to retroreflect part
of the beam from the MOD back to the laser
hutch and cross-correlate there with the laser
oscillator.

Environmental stabilization of MOD setups.
Since better climate control inside the MODs
is impractical (only curtain walls) we will cover
the optical setups with pressure and tempera-
ture controlled enclosures. The enclosures will
be purged with temperature-stabilized nitrogen
or dry air reducing the impact of temperature
and humidity to the beam path. This measure
also is beneficial for mid-infrared setups since it
eliminates water absorption lines. Modular se-
tups will be installed on low-expansion optical
breadboards (invar or carbon fiber).

Acoustic isolation and mechanical stability.
The dominant contribution to temporal (and spa-
tial) jitter are acoustic frequencies coupled via
sound or mechanical vibrations to the setup.
We plan for passively vibration-damped opti-
cal tables, massive granite posts and sound-
damping enclosures for optical setups at the
MODs.

6.5.2 Control of FEL XUV to
Optical Laser Time Delay

The time delay between optical ultrafast pump-
probe laser and XUV FEL pulses can be coarse
and fine controlled via electronic triggers and
optical delay lines respectively. The optical de-
lay lines are installed in the pulsed-laser timing
system at 1.5µm center wavelength and allow
for up to 4 ns delay at a minimum step-size of

1 fs. Since naturally those delay lines are out
of any feedback loop, low expansion invar ma-
terials and defined environmental conditions
(humidity, temperature, pressure) for the in-air
beam path are crucial for ultimate performance.
For this reason, all delay lines will be installed
in the synchronization sub-distribution hutch,
which provides excellent environmental stability.
Note: For active monitoring of ultrafast pulse
arrival time at the MODs using our all optical
pulsed laser timing system, the reference timing
link to the MOD needs to be equipped with the
identical delay line as the timing link to the laser
hutch to allow synchronous scanning of both
delay lines during an experiment.

6.5.3 Ultrafast Optical Laser – FEL
XUV Timing Tool

While we will be implementing the best possible
passive and active timing stabilization system,
the ultimate timing performance will have its lim-
its. If these limits – we target 5 fs FWHM for the
seeded FEL beamline – will be insufficient, the
only further improvement can be achieved by
online measurement of the FEL XUV-to-optical
laser timing via timing tools. Details of those
developments for FLASH2020+ are described
in Chapter 8.

6.5.4 Seeded FLASH1 Beamline

The seeded FLASH1 beamline will potentially
provide the ultimate timing stability, since the
XUV pulse timing is governed by the seed laser
and not by the electron beam. The seed laser
will be tightly synchronized by all optical timing
distribution to the same optical master oscilla-
tor as the pump-probe laser. We will explore
options and possible benefits of directly stabi-
lizing the timing of the pump-probe laser to the
seed laser. We will decide on the implementa-
tion of such a direct seed-laser – pump-probe
laser link after evaluating the achieved timing
jitter using the first implemented standard op-
tical synchronization and estimating potential
benefits. Overall we expect that in a seeded
FEL beamline the timing jitter could be reduced
by a factor of 5-10 compared to the value of
28 fs r.m.s measured in Schulz et al. 2015.
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7 Beamlines and Instruments

A main goal of FLASH2020+ concerning
beamlines and endstations is the optimization
of the scientific user output over the next 10-15
years of FLASH operation. A combination of
permanently and semi-permanently (i. e. a few
months at a time) installed endstation instru-
ments with some open-port beamlines for spe-
cialized user applications has proven very suc-
cessful in fostering solid scientific applications,
attracting and supporting inexperienced users
as well as bringing lighthouse experiments into
successful operation. Reduction of the machine
electron energy working points to two or three
will significantly reduce setup times and thus
increase user beamtime. Over the past 1.5
decades, state-of-the-art beamlines and end-
stations have been developed at FLASH1 and
FLASH2. A goal of the beamline design pro-
posed for FLASH2020+ is to keep as many of
these advanced developments and the overall
photon beamline concept while at the same time
upgrading photon diagnostics (see Chapter 8),
optics and endstations to account for the newest
scientific demands of the user community, tech-
nical developments and specific experimental
requirements where necessary. Thus, these
upgrades are fully covering the FLASH2020+
science case.
The machine design for FLASH2020+ has

been chosen such that both, FLASH1 and
FLASH2, cover a broad wavelength region.
FLASH1 will offer a range from 4nm to
60 nm in seeded or SASE configuration (Chap-
ter 4) while FLASH2 will provide 1 nm to
60 nm in SASE mode with the option of spe-
cial operation schemes (Chapter 5). These
boundary conditions are also reflected in the
beamline design for FLASH1 and even more
so for FLASH2, where the dedicated short-
wavelength (>0.8 nm) beamlines FL24 and
FL23 are combined with beamlines for the
longer wavelengths (>4 nm with high reflectiv-
ity). The latter exhibit larger incidence angles
for the beamline optics in order to separate the
endstations and optimize their footprint within

the available experimental hall space. A high
overlap of possible beam parameters for both,
FLASH1 and FLASH2, also allows for efficient
parallel beamtime scheduling.

As mentioned above, the FLASH user facility
is a mixture of open port beamlines and per-
manent experimental stations as well as semi-
permanent instruments operated by the facility
and collaboration partners respectively. The
semi-permanent instruments can within a short
time be attached to one of the open ports. Fol-
lowing user demands, in the future, the option of
an (at least partially) open port is foreseen to be
offered at four beamlines: the high-resolution
monochromator beamline PG2, the THz-XUV
pump-probe beamline FL11 (previously BL3),
and the dedicated short-wavelength beamlines
FL24 and FL23, where FL23 will also provide a
monochromator.
Presently, four of the permanent and semi-

permanent state-of-the-art experimental sta-
tions are the main “workhorses” for experiments
at FLASH. The mostly used ones are the per-
manent installations CAMP at beamline BL1
(for AMO, femto-chemistry and imaging) and
REMI at beamline FL26 (for AMO and femto-
chemistry) as well as the HEXTOF and WESPE
photoemission chambers for condensed matter
and surface chemistry experiments. The latter
two are typically used at the PG2 monochro-
mator beamline for several experiments in a
row and hence stay at the PG2 platform for one
to two months about twice a year. With the
four mentioned chambers, typically two thirds
of the FLASH1 experiments and about 50%
of the FLASH2 experiments are covered. The
permanent Raman-endstation at beamline PG1
for high-resolution (time-resolved) RIXS spec-
troscopy is currently completing the commis-
sioning phase and will soon be added to the
FLASH portfolio.
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In addition to these five instruments, we
have a “pool” of further experimental cham-
bers which are already used or can soon be
used for in-house as well as external experi-
ments: the MULTI-P chamber in particular for
plasma and warm dense matter as well as AMO
physics, the MUSIX chamber for solid-state
spectroscopy as well as a planned future end-
station for THz related condensed matter ex-
periments at beamline FL11 (former BL3) at
FLASH1. The chambers’ capabilities, their po-
tential within the FLASH2020+ program and
envisioned future upgrades are briefly outlined
below, additional details and an in-depth de-
scription can be found in the cited references.
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Figure 7.1: Sketch of the changes and up-
dates of the FLASH1 beamlines within the
coming years (highlighted in black and or-
ange). Since the focus in this chapter is on
FEL beamlines and their modifications, only
the major changes regarding the optical laser
are sketched. For more details in this respect,
the reader is kindly referred to Chapter 6.

Summary of Proposed Upgrades for the
FLASH Photon Beamlines
As described in detail below and shown in Fig-
ure 7.1, the main upgrades envisaged for the
FLASH photon beamlines are a complete re-
building of the FLASH1 photon diagnostics in
the FLASH1 tunnel and the beam distribution
area (BDA) in the experimental hall. These sys-
tems as well as the beamline alignment concept
are outdated and will be replaced with new in-
struments developed for FLASH2.
At FLASH1, the second major upgrade is a

new beamline “FL11” joining the options of BL2
and BL3. This will allow for an advanced focus-
ing system for the new beamline, shallower inci-
dence angles for transport of short wavelengths
to the new (semi-)permanent THz-XUV pump-
probe endstation and advanced pump-probe
laser installations. Following user demands,
this new endstation will focus on condensed
matter experiments, such as THz-enabled mag-
netism and surface physics/chemistry studies.
Together with upgrades in the THz and XUV
endstation diagnostics, this will allow to fully
profit from the unique THz facility at FLASH and
will fill a gap in the FLASH endstation portfolio.

At FLASH2, most installations are state-of-
the-art and require only a limited number of
adaptions to user needs as well as the new
lasing concepts (Chapter 5) over the years.
A major focus here will be to complete the
pulse-length compensating short-wavelength
monochromator beamline FL23, which is cur-
rently in the design and procurement phase.
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Figure 7.2: Photon Beamline at the end of the FLASH2 tunnel with the electron beamline in front
of it. From left to right: vertical manipulators with apertures and Ce:YAG crystals, respectively,
integrated in differential pumping chambers; GMDs (for intensity and beam position) on granite;
differential pumping chambers (DP); OPIS (online spectrometer, in green); Aperture unit; MCP
(intensity) ; Ce:YAG unit; FEL absorber/shutter; two offset mirror chambers with a pneumatically
actuated Ce:YAG screen in between; DP stages for gas attenuator.

7.1 FLASH1 Beamlines

7.1.1 XUV Photon Beamline in the
FLASH1-Tunnel (Planned
Upgrades)

The XUV photon beamlines of FLASH1 have to
a large extent been designed and built before
2005, are thus nearly 15 years old, and require
significant upgrades, which form the main ac-
tivity of FLASH2020+ for the photon beamlines.
Some of the basic photon diagnostics in the
tunnel do even stem from the first setup at the
“TESLA Test Facility” around the year 2000.

New, more compact and advanced designs
for a number of photon diagnostics and beam-
line components have been developed within
the FLASH2 upgrade of FLASH, which will now
be transferred to FLASH1 with some adaptions
due to space restrictions. In particular, the con-
cept of a pair of alignment mirrors in the tunnel
as realized at FLASH2 (Figure 7.2) has proven
very effective to provide a stable, reproducible
photon beam trajectory into the experimental
hall. This concept significantly reduces setup
times for complex beamlines and provides ex-
cellent focusing quality and a much higher over-
all stability of the advanced optics systems of
the beamlines.

At FLASH1 on the contrary, providing a repro-
ducible photon beam pointing presently has to
be realized by the accelerator setup steering the

electron beam, which significantly prolongs the
machine tuning or requires extensive realign-
ment of the entire beamlines. The advantages
of the two alignment mirrors inside the FLASH
tunnels outweigh the slightly reduced beamline
transmission which results from the two addi-
tional reflecting surfaces.

Adapting the two mirror concept to FLASH1
allows the beam to enter the FLASH1 hall on the
same beam path as it does now, despite the
planned 400mm horizontal offset of the new
undulators (Chapter 4). Therefore, the avail-
able FLASH1 beamlines PG, CAMP and BL3
for THz-XUV pump-probe can be operated as
before without changes to the beam transport
geometry and only require a few upgrades in
view of their age and new technological develop-
ments. Additionally, it is expected that, similarly
to FLASH2, this new design limits all radiation
safety issues to the FLASH1 tunnel forgoing
the need for a “BDA” area in the FLASH1 hall
and allowing free access to the entire beamline
system in the experimental hall.

Unlike at FLASH2 (Figure 7.2), for FLASH1
the first tunnel mirror will be placed at the begin-
ning of the photon diagnostics section while the
second will stay directly in front of the differen-
tial pumping for the gas attenuator to generate
the larger offset of 400mm. The current length
of the FLASH1 photon diagnostics section is
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approximately 14m. To be able to compen-
sate the aforementioned 400mm offset, an inci-
dence angle between about 1.1° and 1.5° is an
appropriate choice for the alignment mirror pair.
The precise angle will be chosen depending on
the detailed technical design and machine ge-
ometry, 1.1° would require a distance of 10.4m
from mirror center to mirror center, while at 1.5°
this length is 7.6m, both fitting into the 14m
overall length.

Figure 7.3: Current status of the FLASH1 ex-
perimental hall with beamlines and main com-
ponents (Tiedtke et al. 2009). For planned
changes see Figure 7.1.

A significant technical challenge is posed
by the floor conditions in the electron beam
dump area. Currently, the dump is covered
by individual concrete blocks with substantial
gaps leading to a very unstable ground for the
FLASH1 photon diagnostics section, hence im-
provements on the tunnel floor are mandatory
for an advanced photon diagnostics section with
improved component stability. The individual
photon diagnostics components are described

in Chapter 8. Being part of the new machine
layout, the 400mm offset of the new FEL un-
dulators with respect to the THz undulator also
leads to a separation of the beam path of the
XUV and the THz beams allowing a more inde-
pendent operation of these two sources. The
THz beamline can thus be rebuilt to improve
the THz transmission (Section 7.1.5) to the THz
hutch and to the THz-XUV pump-probe endsta-
tion.

7.1.2 FLASH1 Experimental Hall
“Albert Einstein”

Figure 7.3 shows the present layout of the
FLASH1 user facility. On this schematic, the
FEL, the THz beamline and a synchrotron radia-
tion beamline (originating from the last bending
magnet deflecting the electrons into the beam
dump) enter into the hall from the bottom. Be-
fore and during the separation into the different
beamlines, the FEL radiation passes through
a set of photon diagnostics and beam manipu-
lation tools, such as a set of four gas-monitor
detectors (GMD) for intensity and beam position
determination, an attenuation system based on
gas absorption, a set of filters and a fast shutter.
The BL beamlines are equipped with a

variable-line-spacing (VLS) spectrograph for on-
line determination of the FLASH wavelength
spectrum in parallel to the user experiments.
The FLASH beam is delivered directly across
plane, grazing incidence mirrors to the beam-
lines BL1 with the CAMP chamber, as well as
BL2 and BL3 which mainly offer different beam
manipulation tools. The beamlines PG1 and
PG2 comprise a high-resolution monochroma-
tor allowing for the selection of a narrower spec-
tral width from the FEL pulse with a resolving
power up to few 104.
At FLASH1, it is a prerequisite to keep the

beam path through the PETRA tunnel fixed and
thus provide the same entrance into the Albert
Einstein hall to avoid the need to adapt and
reposition the entire beamline and infrastruc-
ture system. As mentioned before, this will be
taken care of by installing the new offset mir-
rors in the FLASH1 tunnel. The PG beamlines
(Section 7.1.3) as well as beamline BL1 with
the CAMP endstation (Section 7.1.4) offer ex-
citing science possibilities and will be kept with
only a number of updates described below. The
PG beamline will offer PG1 with the permanent
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Raman spectrometer and pump-probe capa-
bilities, while PG2 will maintain an open port
for either user supplied endstations or the in-
house endstations WESPE and HEXTOF (see
Section 7.1.3).
For ultra-fast time resolved studies, the fa-

cility provides two additional light sources for
femtosecond pump-probe experiments. A fem-
tosecond optical laser synchronized to the FEL
(Chapter 6) is situated in a laser hutch (on the
right of Figure 7.3) and from there distributed
to the end stations in a separate beamline sys-
tem. A THz source is generated by a dedicated
electromagnetic undulator through which the
FLASH electron beam passes downstream of
the FEL undulators (Section 4.3).

7.1.3 PG Beamlines

For experiments that require a smaller spectral
bandwidth than that of the natural SASE radia-
tion or to clean the seeded FEL beam from un-
wanted higher harmonic spectral components,
a monochromator is required. At FLASH1
a high-resolution plane grating (PG) XUV-
monochromator with two beamline branches
PG1 and PG2 has been in user operation since
2005 (Martins et al. 2006). The beamline can ei-
ther deliver a highly monochromatic beam with
an energy resolution up to a few 10−5 or the non-
monochromatized FEL radiation. While PG1
hosts a XUV double-stage Raman spectrometer
dedicated for time-resolved high-resolution Res-
onant Inelastic X-ray Scattering (RIXS) experi-
ments as a permanent endstation, PG2 serves
as an open port for various types of user ex-
periments. In addition, a XUV split&delay unit
integrated in PG2 allows for XUV-pump/XUV-
probe experiments (Sorgenfrei et al. 2010). Fur-
thermore, the femtosecond optical laser system
can be combined with the FEL radiation for mul-
ticolor pump-probe experiments. Conceptually,
the open port of the PG2 beamline has proven
efficient in housing different (semi-permanent)
experimental stations (see below) and it is pro-
posed to keep that flexibility, also to efficiently
allow method developments at FLASH (in par-
ticular when BL2 and BL3 will be combined into
FL11).

Planned Upgrades for
the PG Beamlines
For a broad range of user experiments an en-
ergy resolution in the order of 10−3 to 10−4 is
needed, which is well provided by the two grat-
ings currently installed. However, all optical
beamline components are coated with amor-
phous diamond-like carbon (DLC) optimized for
the fundamental FLASH photon energy range of
20 eV to 270 eV. The high reflectivity of the DLC
coating ensures high damage resistance and
excellent beamline transmission below 270eV,
but offers only very moderate transmission in
the range between the carbon K-edge and oxy-
gen K-edge.
In view of great interest of the condensed

matter community to also use higher photon
energies – FLASH1 presently reaches far be-
yond the oxygen K-edge in the 3rd harmonic
– and the fact that for all applications the pho-
ton flux should be maximized for the selected
conditions, it is planned to upgrade the PG2
beamline optics with Ni-coatings to increase
the transmission efficiency at high harmonic
photon energies.
Furthermore, it is envisioned to upgrade the

monochromator unit with a third, low line den-
sity grating, acting as a filter to select high
harmonics. First grating design studies have
already been carried out (Gerasimova et al.
2011) and resulted in a 80 lines/mm variable
groove depth grating which would increase the
beamline transmission in the range of 600 eV
to 900 eV by more than one order of magnitude
while keeping the pulse stretching well below
20 fs .
At PG2, the toroidal refocusing mirror unit

currently limits the focal spot size to around
50µm×50µmat a fixed location. In order to pro-
vide a flexible beamline focus and also be able
to change the laser fluence at a sample on de-
mand, it is planned to implement variable focus-
ing at PG2 by a suitable Kirkpatrick-Baez (KB,
Kirkpatrick et al. 1948) mirror system. Since
this modification has implications on the over-
all beamline layout, a possible reduction of the
number of optical elements in the beamline still
needs to be studied.
Concerning beamline branch PG1, an up-

grade of the existing KB-mirror mechanics
based on compact in-vacuum hexapods will im-
prove and guarantee the needed precision and
reproducibility of the beamline microfocus on
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Figure 7.4: Two stages of the PG1 Raman spectrometer.

the sample, which directly enters into the XUV
Raman spectrometer resolution (Dziarzhytski
et al. 2016).

Permanent Endstation at Beamline PG1:
RAMAN Spectrometer
Beamline PG1 is permanently equipped with a
unique high-resolution XUV double-stage Ra-
man spectrometer (Figure 7.4), dedicated to
resonant inelastic soft X-ray scattering (RIXS)
experiments in the spectral region from 20eV
to 200 eV. The optical design of the spectrom-
eter is based on a confocal additive coupling
of two high-resolution spectrometers (SP1 and
SP2) mediated by a middle slit for elastic line
and stray light suppression. Each spectrome-
ter is equipped with two off-axis parabolic mir-
rors and a set of interchangeable plane grat-
ings. The spectrometer has no entrance slit and
disperses along the vertical direction, thus the
vertical size of the focal spot produced by the
PG1 beamline KB-refocusing optics on the sam-
ple together with the resolution of the primary
monochromator of PG1 defines the resolution
of the first spectrometer stage to a large extent.
The spectrometer has a design spectral resolu-
tion of 2meV to 20meV (double spectrometer).
Such an energy resolution provides information
about the dynamic properties of solid matter
approaching the Fourier limit.
Recently, the FLASH1 pump-probe laser

beamline has been extended to the Raman
spectrometer endstation, now allowing time-
resolved RIXS experiments at the transition

metal M-edges (20 eV to 210 eV) with an en-
ergy resolution of currently ≤60meV (single
spectrometer stage) and a time resolution of
≤300 fs (FWHM).

Planned Upgrades for
the PG1 Endstation
The experimental sample chamber (EC) of the
Raman spectrometer has originally been de-
signed to exclusively accept solid samples. In
order to extend the instruments capabilities, an
upgrade is envisioned to provide the possibil-
ity of time-resolved RIXS experiments on liquid
jet samples as already requested by interested
users. Furthermore, the current chamber is
missing appropriate online diagnostics for mea-
suring the incoming FEL intensity, focal spot
size and position. To equip the chamber with
corresponding diagnostic tools, such as a com-
pact wavefront sensor, a redesign of the EC will
be obligatory. Since such an upgrade requires
major modifications of the differential pumping
section between the KB-mirror pair and the EC,
a technical design study needs to be under-
taken first.
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Semi-Permanent Endstation for PG2:
“WESPE” (Wide-angle Electron SPEc-
trometer)
High repetition rate XUV FELs are an ideal light
source for time-resolved photoemission experi-
ments. FLASH offers the best prerequisites, by
reaching the oxygen and carbon 1s core-levels,
to investigate surface dynamics, e. g. catalytic
reactions on solids or ultra-fast magnetization
effects as well as charge migration and charge
transfer in layered systems. The WESPE end-
station (Figure 7.5) offers best conditions to
perform such core-level photoemission experi-
ments by providing a combination of a time-of-
flight analyzer (Specs, Themis 1000) together
with a segmented, position-sensitive delay-line
detector (Surface Concept, 3D-DLD-4Q).

In this configuration one benefits from a high
detection efficiency of the segmented DLD and
its capability of single event detection as well
as from the wide detection angle and the high
energy resolution (approx. 200meV) within a
large energy window (up to 18 eV). The exper-
imental setup is consisting of a µ-metal mea-
surement chamber, which contains the spec-
trometer and beam diagnostic tools, as well as
a preparation chamber.
The preparation chamber is permanently

equipped with standard sample preparation
tools such as a sputter gun and a mass spec-
trometer and provides a LEED/AES to check
the sample quality. In addition to the permanent
equipment, the setup can be extended by a va-
riety of flexible installations. Depending on the
demand of the participating users, evaporators,
a quartz crystal balance, a gas-inlet system or
a cleaving tool can be inserted.
The sample holder system is designed in

a flexible way. A variety of different samples,
which differ in material, size and shape and
needs of preparation can be transferred into
the experiment. Also the measurement con-
ditions are for some experiments very crucial.
The manipulator, which serves both chambers,
contains a He-cryostat to provide tunable tem-
peratures on the sample environment down to
a minimum temperature of approximately 25K.
It is also possible to heat or flash the sample
up to about 2000 °C.

Figure 7.5: 3D model of the WESPE cham-
ber. Courtesy: S. Gieschen and H. Meyer,
Universität Hamburg.

Planned Upgrades for WESPE
In the near future we plan to install a second
time-of-flight spectrometer which increases the
overall signal intensity and makes, for some
systems, even coincidence measurements of
bulk- and surface- related dynamics possible.
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Semi-Permanent Endstation for PG2:
“HEXTOF” (“Momentum Microscope”)

Figure 7.6: 3D model of the HEXTOF cham-
ber. Courtesy: S. Gieschen and H. Meyer,
Universität Hamburg.

A time-of-flight (TOF) momentummicroscope
is a versatile tool for studies in the area of con-
densed matter physics, in particular charge car-
rier dynamics, surface catalysis and chemistry
on surfaces via space-, time- and spin-resolved
photoemission. The HEXTOF momentum mi-
croscope allows simultaneous detection of the
entire band structure with unprecedented effi-
ciency in the full surface Brillouin zone with up
to 8Å−1 diameter and several eV binding energy
range, resolving about 2.5× 105 voxels, or the
angular pattern of core level photoelectrons, re-
spectively, for each time step in a pump-probe
experiment. The experimental approach com-
bines time- and momentum-resolved photoelec-
tron, parallel spin detection, X-ray photoelec-
tron spectroscopy (XPS), and X-ray photoelec-
tron diffraction (XPD) as well as time-resolved
molecular tomography into a single experiment.
The setup consists of a spin-filtered time-of-
flight momentum microscope (Kutnyakhov et al.
2016; Schönhense et al. 2017; Kutnyakhov et
al. 2020) and a preparation chamber installed
on a dedicated adjustable support frame. A
fully automatized (x, y, z and Θ directions)
frame fits into the laser laboratory with HHG
source, FLASH1 / PG2 beamline, PETRA III

/ P04 beamline (DESY, Hamburg) or the fu-
ture Soft X-ray Port (SXP) at SASE3 (European
XFEL). The main chamber is an all µ-metal UHV
chamber equipped with a cryostat as well as
an electron beam sample heating system in-
stalled on a high precision hexapod for sam-
ple manipulation. The preparation chamber is
equipped with a cryostat, a mass-spectrometer,
a LEED/AES system, a sputter gun, a cleaving
tool, evaporators and a quartz crystal balance
monitor for in-situ sample preparation and char-
acterization.

Planned Upgrades for HEXTOF
A key part of the system is the 3D (kx, ky, t)-
resolving delay line detector (DLD) (Oelsner
et al. 2010). The present single-channel DLD
(resolution 150 ps, 80mm active area, spatial
resolution about 80µm) can only detect one
count per microbunch. For the conditions at-
FLASH (presently up to 5000 pulses/s) it would
be highly desirable to establish multi-hit capa-
bility. At present we have used three different
detectors, with active area of 60mm and 80mm
in diameter: a single quadrant DLD (DLD8080),
a segmented 4-quadrant DLD (DLD8080-4Q)
and an 8 segment DLD (DLD-8s). Moreover, a
256-channel DLD (array of 256 discrete DLD
units in a 3D stack), which is developed for this
project and currently tested at the manufacturer
(Surface Concept 2019), will be used as major
upgrade of the setup in order to increase multi-
hit capability. A conservative estimate suggests
an increase in detection efficiency by at least a
factor of 50, retaining the high time resolution.
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Figure 7.7: CAMP chamber and pump-probe laser setup inside the CAMP laser safety tent.

7.1.4 CAMP (CFEL Advanced
study group Multi-Purpose
chamber) at Beamline BL1

The non-monochromatic beamline BL1 at
FLASH was over the last years upgraded with
new transport and Kirkpatrick–Baez (KB, Kirk-
patrick et al. 1948) focusing optics, and a new
permanent endstation, CAMP (Figure 7.7), was
installed (Erk et al. 2018). This endstation en-
ables a wide range of experiments from atomic,
molecular, and cluster physics to material and
energy science, chemistry and biology. The
CAMP endstation’s modular and flexible layout
allows for simultaneous use of large-area single-
photon-counting pnCCD photon-detectors and
VMI- or COLTRIMS-type electron- and ion-
spectrometers, with various (user-provided)
solid-state sample holders, gas beams, clus-
ter sources, liquid-jets, (nano-)particle injectors
and other sample delivery systems.
For experiments using optical pulses as

pump or probe, the endstation has dedicated
laser in-coupling optics and diagnostics pro-
vided in a permanent laser setup at the BL1
beamline for use with the FLASH1 pump-probe
lasers (Redlin et al. 2011). In addition, the
beamline is equipped with a dedicated XUV
split&delay unit (DESC) (Sauppe et al. 2018)
that is based on multilayer mirrors and can pro-

vide two pulses with variable delay ranging from
(sub-)femtosecond to 650 ps.

The wavelength-independent tight focusing
of the KB mirrors of ≈7µm×8µm (v x h), in
combination with the pnCCD imaging detec-
tors enables scattering measurements, e. g. of
single nanoparticles, across the full parameter
range of FLASH1.
First experiments included both, measure-

ments of static processes, such as magnetic
scattering from magnetic domains and single
particles, as well as optical-laser-pump FEL-
probe experiments, investigating femtosecond
dynamics in thin-films and single particles, with
sizes from a few micrometers down to 10 nm in
diameter. Other experiments utilize the double-
sided VMI spectrometers, in combination with
the permanent laser setup and the FEL pulses,
to investigate femtosecond molecular dynam-
ics in the gas phase, for example by means of
Coulomb explosion imaging, ion-electron corre-
lation spectroscopy or ion-covariance mapping.

The system is ready for future upgrades of the
FLASH accelerator towards higher photon en-
ergies and for operation with higher harmonics,
as the beamline mirrors and detector systems
are fully capable of going to the oxygen K-edge
photon energy and beyond.
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Planned Upgrades at CAMP
One major upgrade at CAMP is the implemen-
tation of novel fast optical-imaging cameras,
named Timepix3, enabling simultaneous veloc-
ity map imaging (VMI) of all ionic fragments and
electrons. This approach results in more data
per ionization event, the possibility to investi-
gate correlations between the fragments, and
the acquisition can run at the full repetition rate
of FLASH (up to 1MHz). The Timepix3 camera
– being member of the Medipix family – is the
upgraded version of the Timepix camera which
has been successfully tested at FLASH (Fisher-
Levine et al. 2018). It possesses an improved
version of the readout chip, substantially less
dead-time and a few nanosecond time resolu-
tion. Hence, it is ideally suited for multi-hit VMI
measurements at a high repetition rate FEL like
FLASH. The Timepix3 CMOS chip has been
designed by CERN, NIKHEF and Bonn Univer-
sity. Within the Medipix collaboration, the DESY
detector group FS-DS is strongly involved in the
Timepix developments, particularly focusing on
the readout electronics.
It is furthermore planned for the near fu-

ture to complement the pnCCDs at CAMP with
the newly developed PERCIVAL detector for
imaging applications in the soft X-ray range
beyond 250 eV. The PERCIVAL (Pixelated
EnergyResolvingCMOS Imager, VersatileAnd
Large) detector system is a collaborative devel-
opment of DESY, Rutherford Appleton Labo-
ratory/STFC, Elettra Sincrotrone Trieste, Dia-
mond Light Source, and the Pohang Accelerator
Laboratory. The presently tested, frontside illu-
minated (FSI) version of the ‘P2M’ (Percival 2
Megapixel) detector (Wunderer et al. 2019) has
an imaging area of 4×4 cm2 with 1408×1484
pixels of 27×27µm2. The sensor module is
two side buttable, and allows clover-leaf like ar-
rangements of up to 4 sensors modules. Since
its pixel size is about 9 times smaller than the
pixels of the pnCCDs, it allows for higher posi-
tion, respectively q-space resolution (depend-
ing on the specific geometry). At FLASH, the
backside Illuminated (BSI) version will be em-
ployed. Due to its relatively low noise (<15 e−
rms), single photon counting would be possible
at the 250 eV energy level and above. Moreover,
its adaptive gain switching allows each pixel
to automatically ‘decide’ in which gain stage it
should work on a frame-to-frame basis. This
boosts the dynamic range to 1-50000photons

@250eV per pixel per frame. This is exceeding
the dynamic range of the pnCCDs which work
with a manually adjustable gain by about two
orders of magnitude. In summary, in view of
the planned extension of FLASH towards higher
soft X-ray energies beyond the C 1s edge, the
PERCIVAL detector will be a versatile addition
to the FLASH detector suite.
To profit fully from the high repetition rate

of FLASH, two further developments – on a
timescale of 5-10 years – are ongoing. The first
is to couple an amplifying sensor (LGAD) to the
existing AGIPD (Allahgholi et al. 2019) detector
in order to extend its sensitivity to lower ener-
gies. Secondly, a new ≥100 kHz X-ray imag-
ing detector, based on hybrid pixel technology
and amplifying sensors, is foreseen to be de-
veloped by the DESY detector group FS-DS for
CW FELs as well as diffraction limited storage
rings (DLSRs).

7.1.5 Upgrade: THz-XUV
Pump-Probe Instrument at
FL11 (Present BL3)

Development of
the New XUV beamline FL11
Over the last years it became evident that, with
the new open port beamline FL24, the reac-
tion microscope (REMI) permanently installed
at FL26, and due to its large overlap with the
capabilities of beamline BL3, beamline BL2 has
had a very low occupancy. In other words, one
upgraded beamline, to be named FL11, could
take the load of BL2 and BL3 while even per-
forming better. For this reason, we propose to
reduce the number of BL beamlines and keep
only beamlines BL1 with CAMP and FL11 (for-
mer BL3) with the THz-XUV pump-probe op-
tion (Figure 7.1), both in combination with the
upgraded pump-probe laser (Figure 6.2). As
shown in Figure 6.6 (laser chapter), the space
of the BL2 beamline and endstation will then be
used for new, much more efficient laser beam-
lines and laser infrastructure for CAMP and
FL11.
Note that, as is detailed in Chapter 6 and

driven by user demands, significant upgrades
are needed in the pump-probe laser infrastruc-
ture for FLASH1 including a new pump-probe
laser with an extension of the laser hutch, new
advanced beamlines based on the FLASH2
concept for transporting the laser to the endsta-
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tions and user experiments, and in particular the
laser infrastructure at the experimental endsta-
tions. The additionally required space for this
laser infrastructure is, as mentioned above, gen-
erated when combining BL2 and BL3 to FL11.
Most of the main drivers of THz-XUV pump-

probe experiments are condensed matter and
surface physics related, such as studies on
magnetism. These experiments will benefit
tremendously from the option to reach the 3d-
metal L-edges. At the same time, due to space
charge limitations XUV intensities required for
these experiments are very small, typically in
the 100 nJ range per pulse. Therefore, we in-
tend to optimize the beamline transmission re-
garding shorter wavelengths and change the
beamline mirrors of FL11 from the current 3° in-
cidence angles to 2°, but can keep the number
of mirrors/deflections in order to still have suf-
ficient distance between CAMP and the FL11
endstation. Extending the wavelength range
includes a choice of optimized optics coatings
(Pt, Ni and C) which will lead to a total beam-
line transmission of >15% down to 1.8 nm and
>1% down to 1 nm.

Furthermore, the focusing concept of BL3 is
outdated since it uses a fixed ellipsoidal mirror
for focusing or the back-reflecting multi-layer
option for combination with the THz undula-
tor beam. The back-reflecting mirror concept
will be dispensable with the THz doubler as
described in Section 4.3. Hence, in connec-
tion with the upgrade of THz performance, we
propose to upgrade the XUV FEL beamline
with a KB system with variable focus and a
semi-permanent endstation for solid state and
surface physics/surface chemistry experiments
(see below). In dedicated user workshops the
detailed configuration of FL11 and the proposed
semi-permanent endstation are planned to be
finalized.

New Beamline for Transport of
the THz Radiation
In the current FLASH1 machine setup, XUV
and THz undulators are in line, one after the
other. Behind the electron dump magnet, the
THz radiation is separated from the XUV and
sent to its own beamline by a THz mirror with
a 10mm center aperture for the XUV beam.
The concept is based on the fact that the THz
divergence is much larger than the XUV diver-
gence, and hence for THz wavelengths larger

than about 50µm, most of the THz beam can
be collected despite the hole.

As part of the FLASH1 XUV undulator beam-
line modifications within FLASH2020+, as de-
scribed in Chapter 4 and Section 7.1.1, the pho-
ton beam path of the THz radiation will be sep-
arated from the XUV since the THz sources will
be installed in the electron beamline parallel
to the XUV photon diagnostics section behind
a dogleg for the electron beam (Section 4.3).
This will allow completely parasitic operation
of “THz-only” experiments independent of the
XUV FEL use at potentially another beamline.
At the same time, the transmission of shorter
wavelengths (in 10µm to 30µm range) will be
increased by as much as 50% (cf. Figure 7.8),
since the outcoupling mirror with hole can be
omitted.

Figure 7.8: Calculated THz beamline trans-
mission, now (“FLASH1”) and with the de-
scribed changes within FLASH2020+. Please
note that the low transmission at short wave-
lengths for FLASH1 is due to the aperture in
the XUV/THz separation mirror. On the long
wavelength side, transmission will benefit
from shifting the THz sources (undulator and
CTR screen) ≈2m downstream towards the
electron beam dump magnet (see text).

At the same time, the THz sources (undula-
tor and CTR screen) will be moved ≈2m down-
stream, i. e. closer to the electron beam dump
magnet. The vacuum chamber of the electron
beam dump magnet with its 55mm×65mm
aperture imposing a high-pass filter for THz
transport at FLASH (because of the beam size
increase at longer wavelengths) is hence less
critical. Moving the sources closer to this aper-
ture will increase transmission at longer wave-
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lengths by ≈50% (cf. Figure 7.8). Finally, two
normal incidence THz windows separating the
THz beamline from the accelerator vacuum will
be replaced by one window at the Brewster an-
gle, further increasing the beamline transmis-
sion by almost a factor of 2.

With the abovemodifications close to the THz
source, the overall beamline transmission is sig-
nificantly improved and optimized. However, a
re-building of the THz beamline will be required
within the upgrade of the photon diagnostics
section in the FLASH1 tunnel. Permanent and
advanced online THz diagnostics are essential
for understanding user experimental data and
will be integrated into the THz beamline and
the FL11 endstation instrument based on the
recommendations from the THz beamline re-
view panel in April 2018. The new online pulse
energy and spectral monitoring and in-situ tem-
poral THz pulse diagnostics are planned as de-
scribed in more detail in Section 8.5.

New THz-XUV Pump-Probe Endstation
According to the recommendation from DESY’s
Photon Science Committee (PSC) summariz-
ing the THz Beamline review in April 2018 “it
is time for management to redirect this effort
[THz] to targeted user groups and aim at ulti-
mately increasing the scientific output” and “ac-
commodating specific scientific communities at
dedicated semi-permanent end stations”. Thus,
we plan the development and construction of a
dedicated experimental endstation for the THz-
XUV pump-probe instrument at the new beam-
line FL11.
This semi-permanent THz/XUV end-station

is intended to focus on femto-magnetism and
other solid state and surface physics/surface
chemistry experiments. A detailed discussion
on the scope of the instrument is planned for the
coming months with the respective user com-
munity. Efficient provisions will be included to
allow fast removal and re-installation of the end-
station for a few months of the year, in case a
number of users also wishes to use the world-

wide unique THz-XUV pump-probe facility with
their own instruments for specialized applica-
tions.
The semi-permanent endstation will provide

tools for fast and efficient overlap (in space and
time) of XUV and THz pulses on the sample
under investigation, in collinear or non-collinear
geometries. In current setups used at BL3 often
too much beamtime had to be invested to pre-
pare this task. The incidence angle of the prob-
ing XUV beam with respect to the sample will
be adjustable to match the sample optical prop-
erties (e. g. magnetic asymmetry). XUV intensi-
ties at the sample position will be measured with
sensitive XUV detectors (e. g. avalanche photo-
diodes). The FLASH GMDs already allow pulse
intensity measurements with ≈1% relative and
better than 10% absolute accuracy. Neverthe-
less, due to all the apertures along the beam-
line, this additional XUV detector needs to be
installed to precisely monitor the incoming XUV
intensity in the chamber. In combination, this
will allow a pulse-to-pulse intensity detection at
the sample position with the ultimate dynamic
range and precision required by the relatively
small magnitude of observed effects (≈ 10−5 of
the measured XUV signal on the diode). These
basic ideas and diagnostic concepts based on
our past experience, in combination with the
user community input which will be collected,
will finally be used to shape a powerful and ver-
satile instrument for the a wide class of THz,
XUV and optical laser pump-probe experiments
of the condensed matter community.

7.1.6 Laser hutch and beamlines

An optical pump-probe laser is provided to all
FLASH beamlines. At FLASH2 a state-of-the-
art facility both in terms of laser parameters
as well as in beamline and endstation devel-
opment is currently set up. The laser facilities
at FLASH1 will require a significant upgrade
within the FLASH2020+ project. Details are de-
scribed in Chapter 6.
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7.2 FLASH2 Beamlines

Since 2014, FLASH2, a second undulator
line with its own tunnel and experimental hall, is
in operation. FLASH2 offers variable gap undu-
lators which provide the needed flexibility and
wavelength scanning options. Special schemes
are feasible and will be explored and expanded
substantially within FLASH2020+ (e. g. two-
color modes, harmonic lasing self-seeding as
described in Chapter 5), which will be taken into
account in the beamline design.
The FLASH2 beamlines, which have been

completed or are under development (Fig-
ure 7.13), as well as the photon diagnostics
are state-of-the-art including a number of ad-
vanced concepts and do not require significant
upgrades within the FLASH2020+ project. Al-
ready in the existing design, a broad wavelength
range of 0.8 nm to 90 nm has been taken into
account, the very long wavelengths with a some-
what reduced beamline transmission due to the
larger photon beam divergence. The beam-
lines again combine short and long wavelengths
beamlines to make use of the space in the ‘Kai
Siegbahn’ hall most efficiently.
Three beamlines are currently in operation.

FL24 with an open port and FL26 with the REMI
endstation are available for users, while FL21 is
dedicated to photon diagnostics developments.
Beamline FL23 is currently under construction
as a pulse-length compensating monochroma-
tor beamline for short wavelength from ≈1 nm
to 20 nm, while FL22 and FL27 will be designed
for longer wavelengths after having inquired de-
tailed user demands in dedicated workshops.
A full set of state-of-the-art photon diagnostics
in the accelerator tunnel is used for the opti-
mization of the machine performance by the
operators, while diagnostics and photon beam
manipulation tools in the experimental hall are
dedicated to assist and to be operated by the
users. The photon diagnostics as well as the
first two mirrors in the tunnel are common to
all FLASH2 photon beamlines. As mentioned
already in Section 7.1.1, this alignment mirror
pair has significantly improved the stability and
performance of the FLASH2 beamlines.
The photon diagnostics tools are described

in detail in Chapter 8. The photon beam energy
is determined by gas monitor detectors (Tiedtke
et al. 2008). The wavelength is measured

by use of the FLASH Online Photo-Ionization
Spectrometer (OPIS) which is positioned in
the FLASH2 accelerator tunnel (Braune et al.
2016; Braune et al. 2018). If required, a grating
spectrometer is available temporarily at beam-
line FL22 for an additional spectral distribution
measurement with a complementary technique
which, however, cannot be used in parallel with
user experiments.
Aperture units consisting of circular aper-

tures in combination with fluorescence screens
(Tiedtke et al. 2009) are distributed at appro-
priate positions along the beamlines to assist
photon beam diagnostics and alignment of the
beamline and optics. Similar to FLASH1, a gas
attenuator, which is placed in the photon beam-
line between the accelerator tunnel and the ex-
perimental hall of FLASH2 (inside of the PE-
TRA III tunnel) and can be filled with rare gases
or N2, as well as two filter wheels equipped with
foil filters, can be used on demand to attenuate
the FEL beam without changing the machine
parameters.
A fast shutter allows for a systematic selec-

tion of FEL trains and serves as a source for
triggering experimental equipment. Data of the
photon diagnostics are stored in the FLASH
DAQ, linked to a time-stamp (bunch train ID). A
state-of-the art ultra-short pulse laser system is
available at all beamlines, described in detail in
Chapter 6.

7.2.1 Beamline FL21

A new beamline – FL21 – was recently installed
in the FLASH2 experimental hall. FL21 fea-
tures two branches: The straight beamline pro-
vides an unfocused FEL beam that can be used
for non-permanent photon diagnostics or ex-
ploratory experimental setups (Figure 7.9, right
beamline). The typical FLASH endstation in-
frastructure (triggers, ADCs, ethernet, power,
cooling water, pressurized air, vacuum interlock
etc.) will be installed there. The second branch
leads to a dedicated XUV pulse duration lab (on
the left in Figure 7.9) in its own 3×4m2 laser
safety enclosure (not shown). A splitting mirror
at the branching can be used to geometrically
cut a freely selectable fraction of the incident
FEL beam and reflect it towards the pulse length
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diagnostics setup based on the THz streaking
technique (Ivanov et al. 2018 and refs. therein).
Here, the FEL beam is focused by a toroidal
mirror into a permanently installed experimental
chamber containing a gas jet, several electron
time-of-flight (TOF) detectors (see Section 8.4)
and other diagnostics. Single-cycle THz pulses
generated by an IR drive laser will be used for
the pulse duration measurement. Further expe-
rience shall be gained here on the THz streak-
ing measurement principle, involved measure-
ment uncertainties and reachable resolution,
to provide – medium term – a reliable pulse
duration measurement setup. Thanks to the
splitting mirror, a parallel online-measurement
of the pulse duration together with an exper-
iment in the straight branch is feasible. The
final pulse length diagnostics setup will be in-
stalled in the main photon diagnostics section
to be available online for user experiments at
all FLASH2 beamlines.

Figure 7.9: End of beamline FL21 with two
branches: pulse length diagnostics (left) and
open port for exploratory setups (right).

7.2.2 Beamline FL24

Beamline FL24 is a variable micro-focus beam-
line and operable for the full wavelength range
at FLASH2 with its variable-gap undulators.
The beamline has an open port (cf. Figure 7.10)
to allow for complex and new experimental se-
tups provided by the users.
FL24 is the most ‘direct’ photon beamline of

FLASH2 with the minimum number of beamline
mirrors and thus the FLASH beamline best opti-
mized for covering the ‘water-window’ and wave-
lengths down to ≈1 nm (Plönjes et al. 2016).
The beamline only consists of the tunnel mirror
pair for alignment and radiation safety purposes
and a Kirkpatrick-Baez (KB) focusing system
developed by FERMI (Raimondi et al. 2014). In
front of the KB mirror pair, a plane pre-mirror
(PM) brings the radiation upwards by 4° to com-
pensate for the vertical deflection introduced by
the KB optics. Thus, a horizontal photon beam
is delivered to the user-supplied endstations.

The KB system can bemoved out of the beam
path to provide also an unfocused short wave-
length beam to the users on request. The KB
optics utilizes a pair of bendable mirrors, which
can produce a focus significantly smaller than
10µm at the standard focal length of 2m. At
the same time, a significantly larger focal spot
as well as variable focal distances can also be
offered on request. The focal spot dimensions
as well as the FEL wavefront are determined
using Hartmann wavefront sensors developed
at FLASH in a collaboration with the group of
K. Mann of the Laser Laboratory Göttingen,
Germany (Keitel et al. 2016). A permanent
wavefront sensor setup is provided by an out-
coupling port in the differential pumping stage
behind the KB system.
In-coupling of the optical laser for pump-

probe experiments is also provided permanently
in the differential pumping unit for a collinear
overlap of laser and FEL beam. As described
in Chapter 6, a very advanced setup for the
pump-probe laser is provided at FL24, which
will now serve as a model for new beamlines
and upgrades of the existing ones.
A grazing-incidence split&delay unit (SDU)

covering the entire wavelength range of
FLASH2 including future energy upgrades will
soon be installed. It was developed within
the BMBF collaborative research (‘Verbund-
forschung’) by H. Zacharias et al., Münster Uni-
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Figure 7.10: 3D model of the beamline end of FL24. From left to right: Aperture and screen
units, pre-mirror to provide a horizontal beam behind the KB optics, KB Optics, and differen-
tial pumping unit including permanent out-coupling of beam for wavefront sensor and co-linear
in-coupling of pump-probe laser.

versity. The SDU is built for photon energies in
the range of 30 eV<hν<1500eV with an option
to expand this range up to hν=2500eV. The
SDU is based on wavefront beam splitting at
grazing incidence angles. A three dimensional
setup allows for the use of two different beam
paths. With grazing angles of Θ=1.3° in the
fixed beam paths and Θ=1.8° in the variable
beam path a good compromise between a suf-
ficiently high reflectivity at short wavelengths
(shallow angles) and a large maximum delay
(steeper angles) has been chosen. The full de-
lay range is -6 ps<∆t<18ps. For usage of pho-
ton energies in the range of 30 eV<hν<800eV
the mirrors are coated with nickel providing a
total transmission between T=57% at hν=30eV
and still T>30% at hν=800eV. For photon
energies up to hν=1800eV a different beam
path with platinum coated mirrors is used en-
abling a total transmission in the fixed beam
path of T>29% at hν=800eV and T=24% at
hν=1800 eV, respectively. In the variable beam
path, the total transmission in this photon en-
ergy range is considerably lower but still suffi-
cient with T=13% at hν=800eV and T>6% at
hν=1800eV. In view of the new opportunities
given by the two-color FEL schemes recently
demonstrated at FLASH2 (Chapter 5), future up-
grades, implementing gratings in both branches
in order to select, split and delay the two differ-
ent and variable FEL wavelengths are already
in the planning phase.

Further Planned Upgrades
at Beamline FL24
To complement the capabilities of the CAMP ex-
perimental station at beamline BL1 (FLASH1),
it is foreseen to employ a second, semi-
permanent “CAMP-like” chamber for AMO and
femto-chemistry experiments, as well as imag-
ing of nano-particles and thin-films at beamline
FL24. This will allow exploiting the short wave-
lengths beyond the carbon 1s edge with suffi-
cient FEL pulse energies and, in addition, profit
from the superior capabilities of the FLASH2
pump-probe laser.
As mentioned before, the CAMP end-

station’s modular and flexible layout allows
for simultaneous use of large-area single-
photon-counting pnCCD photon-detectors and
VMI- or COLTRIMS-type electron- and ion-
spectrometers, with large open ports for user-
provided sample delivery systems. In order
to be able to use this instrumentation at all
“open-port” beamlines at FLASH1 and FLASH2
(BL2/3, PG2, FL23, and in particular FL24), we
are presently planning to build a mobile version
of the instrument. This endstation (working title
“CAMP2”) will be fully compatible with all exist-
ing instrumentation, and can be used to exploit
the unique capabilities of specialized open-port
beamlines enabling experiments not possible
using the permanently installed CAMP at BL1.
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7.2.3 FL26 with REMI
(REaction MIcroscope)

Beamline FL26 which is diverging from FL24
employing a 4° incidence plane mirror is
equipped with a reaction microscope as a
permanent endstation (Figure 7.11). A reac-
tion microscope (REMI) is a state-of-the-art
multi-particle coincidence spectrometer. With
a REMI, all fragments of a photoionization pro-
cess can be detected by means of a combina-
tion of electron and ion time-of-flight spectrome-
ters and a specific arrangement of electric and
magnetic extraction fields (Ullrich et al. 2003).
Using a coincident measurement technique, a
complete set of all the kinematic properties of
the products of a photoionization process can
be determined in the experiment. Hence, this
device is especially suited to investigate the dy-
namics of various ionization processes of gas
phase and liquid targets.

Figure 7.11: Permanent REMI installation
at FL26 including laser hutch (in the back)
for pump-probe laser manipulation close to
the experiment and housing the HHG VUV
source.

Over the past years, a number of remark-
able scientific results derived from REMI ex-
periments at FLASH1 have been published,
e. g. regarding the dynamics of inter-molecular
Coulombic decay processes in weakly-bound
rare gas dimers (Schnorr et al. 2013) and the
dynamics in the dissociation of multiply-charged
iodine molecules (Schnorr et al. 2014). With a
similar apparatus, the COLTRIMS instrument of
the group of R. Dörner at the University of Frank-
furt, the existence of so-called Efimov-states
in the helium trimer could be proven and very
precise measurements of the structure and the

extremely low binding energies of the He-trimer
as well as the He-dimer were successful (Zeller
et al. 2016; Kunitski et al. 2015).
In order to improve the efficiency of the sci-

entific work with such a powerful as well as
complex instrument, the group of R. Mosham-
mer (MPI-K, Heidelberg) in collaboration with
colleagues from DESY, has set up a REMI as
a permanent endstation at FL26 (Schmid et al.
2019). This endstation, operated by the MPI-K
team, is available to all user groups interested
in atomic and molecular science.
With respect to time-resolved experiments

employing XUV-XUV pump-probe schemes, a
mirror chamber has been added recently which
simultaneously serves as an in-line split&delay
stage and a focusing device. The time-delay
can be adjusted in a range of ±2.7 ps. A fo-
cal spot size of 4µm×5µm (FWHM) has been
achieved. The carbon mirror coating covers the
whole FLASH2 wavelength range sufficiently
well down to about 6.9 nm, and the reflectiv-
ity is larger than 75% in the wavelength range
between 9 nm and 41nm (Schmid et al. 2019).

Planned Upgrades at the REMI
In addition to the FEL and the optical NIR/UV
pump-probe laser, a synchronized HHG laser
system providing VUV photons, even in the FEL
off-times, is realized in the laser tent close to the
REMI. It has been developed within the BMBF
collaborative research (“Verbundforschung”) as
a project of the Leibniz Universität Hannover (U.
Morgner et al.), together with DESY and theMPI
in Heidelberg. These three sources together
will enable multi-color pump-probe experiments
in the near future.
Driven by user demands and based on the

successful operation of the fast KALYPSO line
detector with the VLS spectrometer (FLASH1)
for recording the spectra of all pulses in a pulse
train (Section 8.3), we started investigations
regarding the realization of a dedicated refo-
cusing optics and a grating spectrometer plus
KALYPSO detector behind the REMI.
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Parameters Value

Wavelength / nm 1.2 – 20.0 (including harmonics)
Pulse length / fs <50
Resolving poer / λ/∆λ ≥2000
Flux at the end of the beamline / photons/pulse 1× 1010

Table 7.1: User requirements for the Time-Delay Compensating Monochromator as basis for the
FL23 beamline design.

Regarding the REMI chamber itself, it is fore-
seen to change the sample delivery part to a
modular jet system. A setup on rails is planned
by the colleagues around R. Moshammer, to be
able to easily switch between different sample
injection systems. Since both, FLASH1 and
FLASH2 are expected to cover wavelengths up
to ≥60 nm, we currently assume that the REMI
endstation will stay in the FLASH2 hall. If, how-
ever, new scientific opportunities encourage the
use of the REMI endstation with a fully seeded
beam, it would be possible to switch the posi-
tions of REMI and CAMP.

7.2.4 FL23 Time-Delay
Compensating
Monochromator Beamline
(ongoing upgrade)

For many research areas which require a nar-
rower spectral bandwidth of the photon pulse
than the natural bandwidth of FLASH, ultra-
short pulse-lengths <50 fs and high peak bright-
ness are prerequisites. An ultra-short pulse
length can be preserved using a two-grating
monochromator design (Poletto et al. 2018;
Ruiz-Lopez et al. 2019 and references therein).
The user requirements for such a time-delay
compensating monochromator were evaluated

in a workshop in July 2017 and are summarized
in Table 7.1.
The simulated performance in Poletto et al.

2018 shows that one can mostly reach these
values, but might, at the long wavelength end,
have to trade pulse length for resolution, be-
cause one reaches the Fourier limit. Beam-
line FL23 is currently in the design and pro-
curement phase and is expected to be installed
and commissioned in 2021. With its medium
resolution while preserving the pulse length
and with its priority set on the short wave-
length range, it will very well complement the
high resolution monochromator beamline PG
at FLASH1. FL23 is separated off FL24 behind
the split&delay unit, thus allowing use of this
advanced instrument also at FL23.
To maximize the beamline throughput and

the transmission efficiency, the number of op-
tical elements is minimized in the time-delay
compensating monochromator (TDCM) beam-
line. The TDCM is equipped with six optical
elements (cf. Figure 7.12): a planar elliptical
mirror (EM), two variable line spacing (VLS)
gratings in reflection mode, a slit (S), a planar
mirror (PM) and a bendable Kirkpatrick-Baez
focusing system (KBO). The EM deflects the
FEL beam horizontally into the new beamline
FL23, and at the same time illuminates the first
grating and focuses the horizontally dispersed

Figure 7.12: Sketch of the Time Delay Compensating Monochromator beamline FL23. For de-
tails see text.
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radiation onto the exit slit of the first monochro-
mator stage. Two sets of gratings are envisaged
within this monochromator stage, one for the
short wavelength range (λ=1.2 nm to 6 nm) and
one for longer wavelengths (λ=6nm to 20 nm).
Space for a third grating pair is foreseen for fu-
ture upgrades. A second set of gratings (with
the same parameters) is installed behind the
slit in the second monochromator stage, how-
ever, with an important difference: the second
grating is working in inside order configuration,
whereas for the first grating the outside order
is selected. In such a way the optical path dif-
ference (OPD) introduced by the grating dis-
persion – and thus the pulse-front tilt – can be
compensated for all wavelengths (Poletto et al.
2009). Upstream of the second grating, the pla-
nar mirror (PM) brings the radiation upwards
by 4° to compensate the vertical angle intro-

duced by the KB optics. Thus, a horizontal pho-
ton beam is provided to the user experiments.
The PM is positioned before the second grat-
ing keeping the beamline short enough to fit
into the experimental hall while providing the
desired resolution.

Finally, the photon beam is focused using the
KB optics developed by FERMI (Raimondi et al.
2014), which efficiently covers the entire wave-
length range envisaged for the FLASH2020+
upgrade. An additional advantage of the TDCM
design is that the focus size of the KB optics is
dependent only on the FEL source parameters,
while the slit width can be varied with respect
to desired resolution and throughput without
affecting the focal spot dimensions since the
monochromator image at the exit slit is small
compared to the slit width.

FL26
REMI

FL24

FL21

FL23

SDU
Laser

Figure 7.13: Layout of FLASH2 hall with present beamlines marked in red and upgrades in dark
blue.
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7.3 Mobile Endstations for Users
(available for all open-port beamlines)

In addition to the semi-permanent endstations (WESPE, HEXTOF, ‘THzFL11’, ‘CAMP2’) mentioned
before in connection with the respective beamlines, two further instruments are available for users
and are briefly sketched here:

MULTI-P (MULTI-Purpose chamber)

Applications: in particular plasma-physics
and warm dense matter (WDM) experiments,
but also AMO experiments (for science exam-
ples see Zastrau et al. 2014; Harmand et al.
2012; Przystawik et al. 2012).

Equipment:
• HiTRaX (Fäustlin et al. 2010) & Knick-Spec
spectrometers (Schroedter et al. 2014) for soft
X-ray Thomson scattering & fluorescence spec-
tra
• Variety of flanges for manipulators, liquid jet
sample delivery and the like
• Residual gas analyzer (RGA = mass spec-
trometer)
• Breadboard and sample hexapod inside
• VMI and different MCPs
• LHe cryostat
• High turbo pumping speed (>4600 L/s)
• Incl. diff. pumping towards beamline (three
orders of magnitude)

MUSIX (MUlti-dimensional Spectroscopy
and (In-)elastic X-ray scattering)

The MUSIX chamber (Beye et al. 2018) is open
for collaborations with the Helmholtz young in-
vestigator group around Martin Beye.

Applications: solid state sample environment
for materials science allowing absorption,
diffraction and RIXS measurements (separate,
similar chamber with liquid jet environment for
chemistry in solution foreseen).

Equipment:
• solid state ultra-high-vacuum sample environ-
ment
• θ − 2θ diffractometer
• flexible grating spectrometer with a resolving
power >2000 across the whole photon energy
range of FLASH
• in-vacuum CCD
• sample can be rotated around the azimuth
upon mounting and can be cooled down to 25K.
Heating up to about 350K.
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8 Photon Diagnostics

Characterization of free-electron laser beam
parameters such as the absolute photon flux,
beam position, focus size as well as the spec-
tral and temporal distribution is of fundamen-
tal importance for most user experiments and
equally important for machine operators. Since
new state-of-the art photon diagnostics tools
have been developed for FLASH2, one of the
main objectives of the FLASH2020+ project
is to transfer these advanced diagnostics con-
cepts to FLASH1 and thereby replace the ex-
isting equipment in the FLASH1 tunnel and the
experimental hall – being nearly 15 years old
– to cope for the new scientific and technolog-
ical challenges. In the following sections the

main photon diagnostics tools will be briefly de-
scribed. Additional details can be found in the
cited references. Standard diagnostics for gen-
eral characterization and optimization of the
SASE process and the photon beam transport
up to the user endstations such as apertures
and fluorescent crystals, the MCP tool or align-
ment lasers will be provided at both FLASH1
and FLASH2. Also, a number of beam manip-
ulation tools such as filter wheels for metal foil
filters, gas attenuator, and the fast shutter will
be included in the beamline design. Details can
be found in (Plönjes et al. 2015; Tiedtke et al.
2009).

8.1 Pulse Energy and Beam Position

For many users the most important FEL pa-
rameter is the photon pulse energy, which varies
from pulse to pulse. This requires online non-
invasive absolute monitoring on a shot-to-shot
basis with a sufficiently high temporal resolu-
tion. The gas-monitor detectors (GMDs) orig-
inally designed for this purpose (Tiedtke et al.
2008) are suited for on-line monitoring of the
intensity of the FEL radiation in the wavelength
range from 4nm to 50 nm and with a repetition
rate of 1MHz currently provided at FLASH1.
For the wavelength range extended to shorter
wavelengths well below 4nm envisaged within
the FLASH2020+ upgrade and to cope with
shorter wavelengths resulting from new undu-
lator schemes in FEL operation, upgraded ver-
sions of the GMDs with increased sensitivity are
required, due to the lower photoionization cross
sections for the rare gases used in these moni-
tors. Therefore, we will replace all GMDs by so-
called X-ray gas-monitors (XGMDs) (Sorokin
et al. 2019) initially developed for hard X-ray
FELs (European XFEL and SwissFEL), which
have at least 10 times higher sensitivity.

Figure 8.1 shows a scheme and general
overview of the configuration of the XGMD. The
operation of the XGMD is based on atomic pho-
toionization of rare gases at low pressures in
the range from 1× 10−4 Pa to 1× 10−2 Pa. The
basic principle of the XGMD is that ions and pho-
toelectrons created upon photoionization are
simultaneously detected by simple metal plates.
Hence, the detector is not only radiation-hard
and transparent but also does not suffer from
any kind of degradation. From the resulting
electron and ion currents the absolute number
of photons in each pulse can be deduced with
an accuracy of better than 10%. Moreover, a
fraction of ions passes through a small aper-
ture in the respective ion detection electrode
and is detected by a commercial open electron
multiplier (ETP14880) which allows to further
increase the dynamic range for detection to be-
tween 1× 105 and 1× 1014 photons per pulse.
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Figure 8.1: Left: Schematic diagram of the XGMD. Right: Picture of the XGMD (the commercial
multiplier depicted in the diagram on the left is not shown in the photo). (Sorokin et al. 2019).

Figure 8.2: Top: Top view on a triangular split
electrode for the electron detection. Bottom:
Top view on a linear split electrode for the ion
detection with the aperture in the central part
which enables the transmission of a fraction
of ions toward the commercial open electron
multiplier. Blue arrows represent the direction
of the FEL beam. For both types of extraction
electrodes, the sensitive area which can be
hit by charged particles (indicated by red rect-
angles) is defined by the rectangular entrance
aperture of the XGMD. (Sorokin et al. 2019).

Both, ion and electron detection electrodes
consist of a pair of diagonally split plates as
shown in Figure 8.2. This allows monitoring of
the FEL beam position in one transverse direc-
tion with accuracy down to 10µm. Therefore,
two XGMDs rotated by 90° to each other en-
able measuring the beam position in vertical
and horizontal directions. The XGMD provides
a temporal resolution of better than 50 ns due to
high voltage capacitors manufactured in-house,
which are used to decouple the two parts of
the electron split electrodes from the readout
electronics, respectively. They are mounted in
the vacuum chamber directly on the electrode
surface. This fulfills demands of all FELs over
the world. All XGMDs have been calibrated
at the Metrology Light Source (MLS) of the
Physikalisch-Technische Bundesanstalt (PTB)
(Gottwald et al. 2012; Gottwald et al. 2019).

Planned XGMD Upgrade

• The proposed novel two-color-mode lasing
schemes is challenging for the XGMD operation
since the latter generally require a monochro-
matic beam. To overcome this challenge, it is
proposed to use the two XGMDs (which are
available for all beamlines) operated with two
different gases, which have substantially dif-
ferent total photoionization cross sections and
mean ion mean charge values for the two lasing
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Figure 8.3: Left: Schematic diagram of the HAMP detector. Right: Picture of the HAMP detector.
(Sorokin et al. 2019).

wavelengths. In this case, the number of pho-
tons N1 and N2 at the 1st and 2nd wavelength
can be derived by solving two equations for the
unknown quantities N1, N2.

• Small beam-confining apertures or wave-
length discriminating elements, such as grat-
ings, in combination with the FEL inherent point-
ing and spectral fluctuations affect the trans-
mitted intensity behind those elements. Hence,
pulse-resolved intensity measurements with the
XGMD in front might not be sufficiently reliable.
For this reason, we plan to install an additional
intensity monitor behind the slit of themonochro-

mator beamline FL23, which is the most critical
beamline with respect to intensity monitoring.
In order to account for the very limited space,
we will use a newly developed intensity mon-
itor based on the XGMD concept which is al-
ready operational at very low gas pressures
of 1× 10−5 Pa and thus does not require any
elaborate and long differential pressure stages.
This Huge Aperture Multiplier detector (HAMP)
is a self-made multiplier with an active area as
large as 200mm along the photon beam path
and 50mm in width (Sorokin et al. 2019). An
overview of its basic operation principle and
assembly is shown in Figure 8.3.

8.2 Spectral Distribution

Measurement of the central wavelength and
further spectral characterization of the photon
beam provides essential information for the op-
timization of the SASE process and user ex-
periments. Spectral beam properties can be
used for cross-checking the mean electron en-
ergy and to determine the bandwidth of the FEL
beam as well as the content of higher harmon-
ics. Furthermore, the spectral distribution yields
the number of modes in the pulse and can be
used to estimate the pulse length. At FLASH2,
a non-invasive concept for wavelengthmeasure-
ment was developed and is used, a spectrom-
eter based on photoionization of rare gases
(Online PhotoIonization Spectrometer OPIS,
Braune et al. 2016; Braune et al. 2018). In
this approach, the kinetic energies of photo-
electrons are determined by time-of-flight spec-

troscopy. With the well-known binding energy
of the rare gas electron orbitals the photon
energy can be determined. The main advan-
tage of this approach is that the photon beam
does not pass dispersive or redirecting opti-
cal elements, but just traverses a dilute rare
gas section with an operation pressure of typ-
ically 1× 10−7 mbar. Hence, the OPIS instru-
ment has practically 100% transmission and
is suited for non-invasive wavelength measure-
ments enabling wavelength monitoring during
machine tuning as well as in parallel to user op-
eration. Using fast MCP-detectors and ADCs
for data acquisition, pulse train-resolved spec-
tra can be recorded even for the highest repeti-
tion rates of the 1MHz burst-mode operation of
FLASH. The OPIS instrument can in principle
be used to give further photon beam information
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FLASH1
tunnel
spectrometer

FLASH2 XUV
spectrometer

FLASH
compact
spectrometer

FLASH1 VLS
spectrometer

spectral range 4 nm – 46nm 1nm – 62nm 1.5 nm – 40nm 5.8 nm – 60nm
resolving power 600 – 1500 100 – 1000 150014 nm 2000 – 3000
repetition rate 10Hz 10Hz 10Hz 1MHz

(KALYPSO)
10Hz
(PCO Camera)

Table 8.1: Basic specifications of grating spectrometers at FLASH.

such as relative intensities and beam position,
and allows for wavelength monitoring tasks not
easily achievable with grating spectrometers.
Recently, the two different wavelengths gen-
erated in a special two-color mode operating
scheme and their relative intensities could be
monitored simultaneously with OPIS. Using a
variety of rare gas electron orbitals and retarda-
tion voltages, the OPIS instrument can basically
cover the complete XUV spectral range with
wavelengths shorter than 87 nm. The relative
uncertainty of the derived central wavelength
is in the range of 10−2 to 10−4. The photon
spectral distribution is imprinted on the photo-
electron line shape, however, it is broadened
by the large photoelectron source volume in
the beamline and the MCP detector response
function. Hence, the resolving power regarding
the spectral distribution is moderate, ranging
up to about 700 for short wavelengths around
4 nm. For detailed information regarding the
spectral distribution, an XUV grating spectrom-
eter setup (Tanikawa et al. 2016) is available in
the FLASH2 experimental hall as a permanent
installation at one of the beamlines (currently
FL22). An additional mobile spectrometer (com-
pact spectrometer) (Frassetto et al. 2011) can
be put into operation at any FLASH1 or FLASH2
beamline on request. Especially for transparent
experimental setups, the compact spectrometer
can be used for online wavelength monitoring
in a pulsetrain-resolved fashion with 10Hz rep-
etition rate. For specifications of the grating
spectrometers see Table 8.1.

In the FLASH1 tunnel an OPIS spectrometer
will be included in the main photon diagnostics
if space permits, which will be decided in the
technical design phase. In addition, the existing

variable line spacing (VLS) grating spectrome-
ter, which is currently installed in the BL-branch
of FLASH1 and is employed for BL user ex-
periments on request, will be adapted for reg-
ular monitoring of the central wavelength and
spectral distribution. This VLS spectrometer
(Brenner et al. 2011) has got a 2°-grazing inci-
dence design, which allows propagating most
of the FEL light in 0th diffraction order towards
the user experiment, whereas only a small dis-
persed fraction (1% to 10%) of the 1st order of
the incoming light is used for wavelength moni-
toring (see Figure 8.4).

Recently, a novel detector named KALYPSO
(KArlsruhe Linear arraY detector for MHz
rePetition-rate SpectrOscopy) in version 2.1
(Rota et al. 2019) was implemented in the VLS
spectrometer setup. This fast line detector al-
lows for sampling of all spectra of several hun-
dred individual pulses in a train at 1MHz read-
out rate, enabling non-averaged online wave-
length monitoring.

The KALYPSO detector has been developed
in a collaboration between the Karlsruhe In-
stitute of Technology (KIT), the Paul-Scherrer-
Institute (PSI) in Switzerland and DESY. Data
transfer of the KALYPSO detector is handled via
direct memory access (DMA), based on novel
field-programmable gate array (FPGA) read-
out cards in MTCA.4 crate standard for elec-
tronic modules. In the front-end, the detector
at FLASH uses Si-strip detectors from PSI with
256 pixels of 50µm width and 10mm height,
which are sensitive in a wavelength range from
200nm to 1050 nm, and the GOTTHARD (Moz-
zanica et al. 2012) ASIC chip, also from PSI,
for readout.
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Figure 8.4: Left: Sketch of the VLS Online Spectrometer, reflecting most of the FEL intensity in
0th order towards the experiment while using about 1% to 10% of the intensity to measure spec-
tra online in 1st order, e. g. with the KALYPSO detector. Right: Series of spectra of a full pulse
train of – in this case – 380 bunches from the KALYPSO detector. The three individual spectra at
right have been offset vertically for better distinction.

8.3 Wavefront

In the past years, DESY has developed Hart-
mann wavefront sensors for the soft X-ray spec-
tral range, of approximately 4 nm to 40 nm, in
collaboration with the Laser-Laboratorium Göt-
tingen e.V. (LLG). A device is shown in Fig-
ure 8.5. The wavefront sensors were shown to
be a very valuable tool for characterizing and
aligning the photon beam in the various FLASH
beamlines and the Kirkpatrick-Baez (KB) optics
systems at FLASH. As a next step, wavefront
sensors are installed permanently on beam-
lines with complex focusing optics and tools
are developed for a (semi-)automatized optics
alignment. The Hartmann wavefront sensors
are adapted to the special beam properties of
FLASH in terms of wavelength, pulse energy,
and coherence (4 nm to 40 nm, ≈15µJ) (Keitel
et al. 2016).

The Hartmann pinhole plate divides the in-
coming FEL photon beam into sub-rays and
illuminates a phosphor coated CCD chip. From
lateral deviations in the beam spot pattern, the
wavefront for single pulses is reconstructed us-

ing a modal approach via a least squares fit
with a polynomial basis (software MrBeam from
LLG). The measured intensity and phase are
used to calculate second moment beam param-
eters such as beamwidth, divergence, Rayleigh
length, waist position, waist size, and M2.
A Zernike expansion of the wavefront pro-

vides information on the aberrations of the opti-
cal system resolved into single coefficients such
as astigmatism or coma. Intensity profiles in
any plane along the optical axis are accessible
using numerical Fresnel-Kirchhoff propagation.
A benefit of the Hartmann wavefront sensors
is that they provide both intensity and phase
information about the beam as well as intensity
back propagation in a single shot measurement.
Once MHz-rate mega-pixel detector cameras
become available, pulse-to-pulse wavefront di-
agnostics behind a transparent experiment and
to study optics deterioration along a pulse train
will become feasible.
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Figure 8.5: Compact Hartmann sensor with a large field of view (15.2mm×15.2mm) including
movements (xy direction and tip/tilt). For alignment, this device can be mounted behind a user
chamber at FLASH.

Three wavefront sensors with different char-
acteristics, such as spectral range, spacial re-
quirements, Hartmann plate sizes, camera rep-
etition rates, wavefront repeatability etc. are
available at FLASH. An additional wavefront
sensor is adapted for the X-ray spectral range

of approx. 0.5 nm to 8 nm and is presently suc-
cessfully in operation at the SQS instrument of
European XFEL. More details about the differ-
ent sensors can be found in (Keitel et al. 2016)
and references therein.

8.4 Timing and Temporal Shape

Early experiments by Frühling et al. 2009;
Grguraš et al. 2012 showed that a Terahertz
(THz) field driven streak camera represents a
very suitable diagnostics tool to deliver single-
shot pulse duration information. Such an instru-
ment is basically wavelength independent and
has a high dynamic range (in pulse duration
and FEL energy). Furthermore, it can be oper-
ated with repetition rates up to several hundred
kHz (potentially even MHz, Frühling et al. 2009;
Grguraš et al. 2012) and in addition, it can pro-
vide arrival time information between the XUV
pulse and the laser driving the THz generation
for each single pulse with accuracy well below
10 fs resolution.

The measurement principle is based on a no-
ble gas target being photoionized by the FEL
pulse (Figure 8.6). The kinetic energy of the re-
sulting electrons is modified by the electric field
of the THz radiation, when it is co-propagating

through the target. If the electron wave packet
is short compared to the period length of the
terahertz field (>600 fs in our case), the tempo-
ral structure of the wave packet will be mapped
onto the kinetic energy distribution of the emit-
ted electrons (Itatani et al. 2002). The pulse
duration can be extracted from the broaden-
ing of the peaks measured in the photoelectron
spectrum due to the presence of the THz field.
The shift of the kinetic energy peaks provides
the arrival time.

At FLASH1, a first THz streak camera proto-
type was build and installed at the PG0 branch
of the plane-grating monochromator beamline.
This branch has the capability to use the zero-
order FEL radiation for the streaking set up
while the dispersed radiation can be simulta-
neously used in the PG2 beamline to measure
the FEL spectrum with high resolution.
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The THz radiation is generated by interac-
tion of synchronized pulses delivered from
the FLASH1 pump-probe laser (800 nm, 80 fs,
6.5mJ) with a nonlinearly reacting crystal. In de-
tail, the source is based on pulse front tilt optical
rectification in a Lithium niobate (LiNbO3) crys-
tal (Hebling et al. 2002). A THz field strength of
≈300 kV/cm has been achieved in the interac-
tion point (Ivanov et al. 2018).
Currently, an improved version of the

FLASH1 THz streak camera is installed at
the dedicated diagnostic beamline FL21 of
FLASH2. This streak camera has at least twice
the resolution (with the same THz field source)
and in addition to the pulse duration and ar-
rival time, the FEL XUV photon chirp can be
determined. To further improve the resolution
and to measure short FEL pulses with durations
shorter than 10 fs, the device can be operated
with different THz sources.

Planned Upgrade
Within the FLASH2020+ project it is envisaged
to establish such an improved single shot THz
streak camera at the PG0 branch of FLASH1
and furthermore, to move the FLASH2 streak
camera from its present position at the diagnos-
tics beamline into the central photon diagnostics
section, where it can serve as an online diag-
nostic tool in parallel to beam in any other of
the FLASH2 beamlines. In order to prepare for

the planned new options for circular polariza-
tion and attosecond operation mode of FLASH,
an upgrade to temporal angular streaking (Hart-
mann et al. 2018) diagnostic is planned.

Figure 8.6: THz streaking basic principle –
The FEL pulse ionizes noble gas atoms and
the resulting photoelectron kinetic energy dis-
tribution is detected by an electron time of
flight detector (eTOF). The ionization takes
place in the presence of a strong linearly po-
larized THz field influencing the kinetic en-
ergy distribution of the photoelectrons. Thus,
the XUV pulse profile and arrival time are
mapped on the kinetic energy distribution by
the THz field. (Ivanov et al. 2018).

8.5 Special Photon Diagnostics for the THz Beamline

Based on recommendations by the review
panel during the THz beamline evaluation in
April 2018, we plan to expand the THz diag-
nostics around three main components: online
pulse energy and spectral monitoring and in-
situ temporal THz pulse diagnostics. Online
pulse monitoring will be accomplished by beam
pickoff via a diamond beam-splitter mounted
close to the Brewster angle. The beam-splitter
serves a double purpose as it also separates
the particle-free, ultra-high vacuum of the super-
conducting accelerator from the high-vacuum
of the THz beamline. The pulse energy will be
monitored using a hot electron bolometer, which
allows for excellent sensitivity and bandwidth to
monitor individual THz pulses in FLASH MHz
trains. The spectral measurements will be per-

formed with a lamellar grating Fourier Transform
Spectrometer (Pan et al. 2019) equipped with
a similar bolometer.
Temporal THz pulse diagnostics will be

based on Electro-Optic-Sampling (EOS) tech-
nology. We already have demonstrated wide-
band (DC to 7THz) pulse characterization,
based on jitter-corrected scanning EOS. Within
FLASH2020+ we aim to transform this technol-
ogy to a true single-shot THz pulse detection
(Russell et al. 2017) (already demonstrated at
FLASH, see Figure 8.7) and will double the de-
tection bandwidth towards 15THz) using polled
polymers (McLaughlin et al. 2008).
For the purpose of in-situ EOS THz pulse

characterization, a dedicated built-in femtosec-
ond laser system, synchronized to the FLASH
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Figure 8.7: Single-shot THz pulse detection at FLASH1, results from the pilot experiment. By
courtesy of Zhiang Chen, SLAC.

accelerator, and independent of the FLASH
pump-probe laser facility (which is dedicated
to user experiments) will be installed. A com-
mercial fiber-laser based parametric amplifier
system used to probe THz pulses at FLASH
in pilot studies has proven to be a robust and
reliable solution.
For the ultimate characterization of THz

pulses over the complete FLASH THz spec-
tral range (1 THz to 100THz) we will employ

the THz streak camera concept (Ivanov et al.
2018) developed for temporal characterization
of FLASH’s XUV pulses. For probing, harmon-
ics of the upgraded THz probe laser will be used
with fixed pulse durations of 10 fs to 15 fs. A sep-
arate probing UV source is needed to decouple
the electron beam parameters that define THz
and XUV pulses at FLASH (in standard mode
of operation the higher the THz pulse energy,
the longer the FLASH XUV pulse).
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9 Data Concept

9.1 General Considerations and Goals

User experiments at FLASH and at similar
FEL and synchrotron user facilities around the
world are becoming increasingly dependent on
high performance computing to deliver cutting
edge science. Looking ahead 10-15 years, we
anticipate that both data volumes and data rates
from detectors at FLASH will continue to grow
significantly, and that ever more sophisticated
experiments by researchers will place corre-
spondingly more intense demands on data ac-
quisition, storage, computing and simulation ca-
pacity. All this effort is driven to ensure success-
ful experiments and fast publications. Steps to
reach the goals will be presented in this chapter.
This involves:

• To enable new experimental techniques and
user experiments with optimized output by incor-
porating novel high speed detectors and online
feedback.

• Provide analysis tools and processes includ-
ing clear documentation to enable efficient
preparation of experiments.

• Make the evaluation of user data more effi-
cient by providing sophisticated data reduction
algorithms and an advanced scientific comput-
ing platform.

• Improve FEL performance and tuning times
by providing diagnostic data in combination with
machine learning approaches.

• Continued and increased use of centralized
storage (currently GPFS), centralized process-
ing (currently Maxwell cluster) and high speed
networking (currently 10Gbit Ethernet and EDR
InfiniBand) for high performance computing,
storage and data transfer.

9.2 Controls and Online Data Analysis

FLASH operates at intra-pulsetrain repetition
rates of up to 1MHz, which is a challenge for
the data acquisition. When operating in SASE
mode, each XUV pulse is different in energy,
spectrum, pulse duration and structure, arrival
time and so on and thus, most experiments
cannot simply average data, but rather each
XUV pulse property and the result of the user
experiment has to be measured and analyzed
separately for each XUV pulse – raising very
demanding requirements. On the other hand,
the natural fluctuations allow covering a large
parameter range in short time if they are used
efficiently. In contrast to more stable sources
(e. g. synchrotron radiation or optical lasers)
the parameter space is scanned by the natu-
ral fluctuations of the FEL and has not to be
scanned independently.

Combining photon diagnostics and exper-
imental data, dependencies with respect to
pump-probe delay, wavelength, pulse energy,
and so forth can be analyzed on the fly. Thus,
experiment control needs immediate visual
feedback on pulse-synchronous processed
data.

Using flexible, ad-hoc usable, HPC empow-
ered, scriptable Python live visualization tool-
boxes (like SLAC’s psana) as well as the integra-
tion of standard analysis software (e. g. Hum-
mingbird, CASS, ONDA) will help in the fast
interpretation of the measurement and will in-
crease the experimental outcome significantly.

However, to use the provided infrastructure
efficiently, experiment detectors (in particular
2D detectors) have to be integrated closely into
the FLASH control system.
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9.2.1 The control system (DOOCS,
JDDD)

The Distributed Object Oriented Control System
(DOOCS) is the accelerator control system for
FLASH (and the European XFEL), which has
been developed at DESY decades ago and is
continuously being developed further. Tens of
years of experience ensure a reliable operation.
DOOCS is scalable to larger data rates and

increasing number of detectors and will be used
to control the electron and photon diagnostics
as well as the optical pump-probe lasers for
FLASH2020+. DOOCS in addition interfaces to
the data acquisition (DAQ) of the FEL and user
data. It allows complex calculations with pulse-
synchronous data (in middle layer servers) and
fast feedbacks.
To visualize DOOCS data, a Java based

easy-to-use, drag-and-drop configurable inter-
face “Java DOOCS Data Display” (JDDD) was
developed at DESY as well. The beamline con-
trols, photon diagnostics and the user infras-
tructure provided by FLASH are integrated and
operated by JDDD controls. The control pan-
els typically have an easy to use general “user”
interface as well as “expert” layers allowing to
control and monitor all critical components.

FLASH will supply standard, ready-to-use ex-
periment control andmonitoring GUIs via JDDD,
self-describing and hyperlinked to the documen-
tation. To utilize all provided IT infrastructure,
detectors have to be integrated into the DOOCS
system. Within the next few years, all detec-
tors provided by FLASH, like the new detectors
planned for CAMP (see Section 7.1.4) Timepix3
and PERCIVAL, will be fully integrated into the
DOOCS / DAQ system.
For detectors employed in user experimen-

tal setups, we have motivated the users to ei-
ther fully integrate detectors provided by DESY
(including DOOCS controls) into their experi-
mental setups, or work together with the DESY
experts on the integration of their special detec-
tors in DOOCS. The goal is to implement also
all user detectors into DOOCS and to use the
FLASH DAQ system.

9.2.2 Infrastructure

FLASH provides for each endstation the basic
signals and commonly used detectors as de-
scribed in the following:

Timing signals: Different types of triggers and
reference frequencies are available to synchro-
nize data acquisition with the FEL pulses. The
triggers can be adjusted in sub-ns steps pro-
viding a long-term stability with sub-10 ps jitter
with respect to the FEL pulses.

Analog to digital converters (ADC): A very
common use case is the recording of fast ana-
log electronic signals from MCPs, photodiodes,
delay line detectors, and the like that have to
be recorded. To serve this need, FLASH will
provide at each user endstation access to dif-
ferent types of ADCs via patch panels. Avail-
able ADCs will be 108 Msamples per second
(16 bit resolution) as well as different options for
high resolution TOF spectroscopy ranging from
2 Gsamples up to 10 Gsamples per second
(12 bit resolution) ADCs.

The ADCs are operated in the MTCA4 en-
vironment and are fully integrated in DOOCS
with oscilloscope-like JDDD GUI interfaces. Ad-
ditional analog and digital in- and outputs to
control the experiment or provide feedback are
available as well.

Cameras: A large fraction of experiments re-
lies on 2D detectors. Here ,FLASH also pro-
vides a collection of cameras that can be plug-
and-play integrated into the experiment (stan-
dard optical CCD and CMOS cameras). In addi-
tion, a limited number of in-vacuum XUV CCDs
and other high-end cameras are available with
full DOOCS support. Most camera types pro-
vided by users also can (with sufficient prepa-
ration time) be implemented in DOOCS.

Documentation: Electronic logbooks for ex-
periment documentation are available for each
beamline with one-click print options from JDDD
and automatic beamline and DAQ status entries
documenting the FEL, beamline and DAQ set-
tings during the experiments.

Network: The general network infrastructure
is 1Gbit. Fast detectors will be connected by
10Gbit lines.
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Figure 9.1: The three pillars of the data analysis at FLASH.

9.2.3 Online Analysis

In most cases the visual inspection of the
recorded data (using JDDD) is by far not
sufficient to judge the quality and statistical
significance. As pointed out before, pulse-
synchronous online data analysis is crucial for
the success of the complex experiments per-
formed at FLASH. For many standard analysis
situations, which are similar for several user
experiments (scans, sorting according to pho-
ton diagnostic parameters, correlation plots, co-
variance mapping, image inversion and recon-
struction, ...), FLASH will provide easy to use
data analysis GUIs as well as the integration of
standard analysis software (e. g. Hummingbird,
CASS, ONDA) in the FLASH control system.

Still, every experiment is different and needs
specific analysis. User experiments need a well-
maintained interface to DOOCSwhich has been
realized as Python API (pydoocs). In order to
use this framework efficiently, FLASH will pro-
vide pydoocs documentation, example scripts
and a “virtual” pydoocs environment to test anal-
ysis scripts well before the beamtime. This
“data simulator” will provide measured and/or
simulated sample data from HDF5 DAQ files
to test analysis scripts with real data rates and
realistic FEL parameters. The sample datasets
will be provided by FLASH for standard detec-

tors. This Python API will allow programmatic
access to online pulse-synchronous machine
and experiment data.

9.2.4 Data Acquisition and
Near-Online / Offline
Analysis

The online analysis is crucial to tailor the ex-
periment using a limited number of parameters
to ensure high quality data. An extensive and
detailed analysis on the other hand cannot be
performed during the very limited beamtime.
For the careful analysis all saved parameters
from user experiments, photon- and electron
diagnostics as well as beamline settings have
to be easily and in a transparent way accessible
to the user for near-online and offline analysis.

All parameters integrated in DOOCS can be
recorded in the FLASH DAQ system. Based
on the long lasting experience a set of impor-
tant parameters (>500) from diagnostics and
beamline settings has been defined which is
permanently recorded whenever the FEL is in
operation. In addition, users can, according
to their needs, record additional experiment
related data (ADCs, cameras, other DOOCS
integrated devices) in a dedicated user DAQ
system.
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The recorded data is continuously converted
into HDF5 files which are easily accessible
via a provided Python API a few minutes af-
ter the data was taken. This scheme allows
the pulse-synchronous access to all recorded
data already during data taking. The API hides
the complexity of gathering data from up to
thousands of HDF5 files produced by different
DAQs. To perform the final offline analysis in
the user home institute, the option is offered
to combine the data from different DAQs into
large HDF5 files to get easy access also without
the FLASH API. In contrast to very hardware
specific naming in DOOCS, the HDF5 nam-
ing scheme is specifically structured for user
needs. The transparent, self-describing and
extensively commented data structure helps to
easily find the parameters of interest.
The HDF5 files are stored in a data storage

system (GPFS) with a large capacity (>3PB
for DESY photon science) which is located in
the DESY computer center and is managed by
central IT. The access-controlled experiment
data (only registered experiment participants
have access) is available on disk for analysis
for about half a year and will be archived on
tape for a period of 10 years. A folder struc-
ture is created on this storage system for each
beamtime to provide a single point of storage
for all experiment-related data.
Apart from storing the HDF5 files from the

FLASH DAQ, the result of the data analysis and
other meta data, this storage place can also
be used to save user data not recorded by the
FLASH system e. g. for special detectors with
highly specialized analysis software that are not
yet integrated into the FLASH control system /
DAQ. Here, a sophisticated timing distribution
via the sensor network timing protocol ensures
that the user detector can acquire programmatic
access to the current train ID and thus record
the data pulse-synchronously.
Since the data volume per experiment gets

larger and larger, the transfer of all the raw data
to the home institutes will become increasingly
difficult and cumbersome. DESY has to provide
sufficient compute resources for an offline (and
near-online) data processing on site with fast
connection to the storage. Here, DESY’s cen-
tral IT provides and expands a state-of-the-art
high performance cluster (Maxwell) for DESY
photon science research as well as for users,
that is connected with a fast connection (EDR

InfiniBand) to the storage. This infrastructure
has to be continuously increased and adapted
to arising demands.

FLASH follows the DESY guidelines concern-
ing data policies. Currently, strategic discus-
sions on open data access are ongoing. Ac-
cording to the present data policy, the princi-
ple investigator is responsible for the data and
has the right to change the access permission.
Other institutes have already implemented an
open access policy, making scientific data publi-
cally available after an embargo time, following
the recommendations of the PaNdata Europe
project (“Common policy framework on scien-
tific data”).
Since FLASH has already an authorization

management system for stored experiment data
(GPFS), it is technically easily possible to pro-
vide public access after an embargo time. How-
ever, a sensible implementation of an open data
model requires a comprehensive metadata cat-
alog supporting detailed data searches, e. g.
based on the experimental technique, exper-
imental setup, sample composition and FEL
parameters.

9.2.5 Scientific Computing

Themain target of data analysis is the extraction
of knowledge from the raw data. The analysis
concepts used so far, mostly based on analysis
codes specifically developed by users, often for
a single beamtime, are not efficient for more and
more complex experiments. Users will need as-
sistance by experts instructing them how to use
the appropriate tools in the DESY computing
environment. Experts with computational skills
as well as a deeper understanding of the exper-
iment will be required to efficiently optimize the
data analysis and extract all information from
the raw data.
In addition, FLASH will provide applications

for reconstruction, analysis, simulation and
modeling with convenient interfaces to be used
interactively, in batch mode or by web appli-
cations. There will be significant development
needed to analyze the raw data from the de-
tectors on the fly to extract the essential data
(e. g. principle component analysis), reject in-
sufficient data and thus reduce the amount of
saved data significantly. Providing fast analysis
for pulse-resolved diagnostics (pulse energy,
pulse-resolved wavelength and pulse duration)

112



Controls and Online Data Analysis | Data Concept

Figure 9.2: Schematic view of the data flow from diagnostics, beamline and experiment data to
controls and analysis options.

as well as for user data yields an important step
for online analysis.
Depending on the signal complexity, hard-

ware related approaches using FPGA and
GPUs will be pursued for well-defined scopes
while machine learning technologies will be in-
vestigated for more complex data. Besides data
reduction, machine learning can in particular
help to judge the quality of the acquired data
for photon diagnostic data as well as for user
data.
A currently ongoing evaluation project (in

collaboration with the Univ. Kassel and HZB)
judges the signal quality and the automatic de-
tection of space charge effects for photoelec-
tron spectroscopy. Similar methods can also
be implemented for 2D data as was recently
demonstrated in the classification of complex
diffraction images recorded with single FEL

pulses (Langbehn et al. 2018; Zimmermann
et al. 2019). FLASH will build up knowledge
and infrastructure to help users implementing
machine learning algorithms for similar cases.
Machine learning methods can also help to

improve the radiation properties of the FEL. In
the accelerator hundreds of parameters are in-
fluencing the (highly nonlinear) creation of pho-
ton pulses. So far the optimization of the XUV
photon parameters (e. g. pulse energy, pointing,
spectral distribution, arrival time, pulse duration)
are optimized by operators, mainly focusing on
one or two parameters. The optimization of all
parameters at the same time is an extremely
difficult task and mostly not possible in all day
operation.
Here, reinforcement learning, a sub-field of

machine learning, can be used to fulfill such
a complex task. Using the measured photon
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and electron diagnostic parameters as input,
modern algorithms can in principle be used to
find optimum parameters for the accelerator set-
tings.
Such a demanding project will be followed

in small implementation steps in close collab-
oration between the photon diagnostic group
and the accelerator group as well as with inter-
national partners from other accelerator labs.

First results from LCLS show the potential of the
new approach (Scheinker et al. 2018; Sanchez-
Gonzalez et al. 2017). The field of machine
learning however is currently extremely dy-
namic, thus it is hard to predict the impact in
the next few years. We are aware of the great
potential and will thus closely follow the devel-
opment to identify the most promising attempts
for our needs.
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