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Abstract

The status of the European X-ray Free-Electron Laser (European XFEL), under construction near Hamburg, Germany, is
described. The start of operations of the LCLS at SLAC and of SACLA in Japan has already produced impressive
scientific results. The European XFEL facility is powered by a 17.5 GeV superconducting linear accelerator that,
compared to these two operating facilities, will generate two orders of magnitude more pulses per second, up to 27 000.
It can therefore support modes of operation switching the beam up to 30 times per second among three different
experiments, providing each of them with thousands of pulses per second. The scientific possibilities opened up by
these capabilities are briefly described, together with the current instrumental developments (in optics, detectors, lasers,
etc.) that are necessary to implement this program.
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1. Introduction the Pohang Accelerator Laboratory!*l, and the European

XFEL near Hamburg in Germany®/. All of them target
The purpose of the present article is to outline the main  the production of wavelengths of the order of or smaller
features of the European X-ray Free-Electron Laser (Euro-  than 0.1 nm, suitable for experiments determining structural
pean XFEL) Facility and its expected impact in some areas  properties with atomic resolution. The European XFEL,
of scientific research. In Section 2, the main parameters which has been under construction since January 2009, is
of this x-ray source are briefly reviewed, together with  powered by a 1.7 km long superconducting linear accelera-
a description of the present status and the forthcoming  tor, based on the TESLA technology already tested in the soft
steps of the construction project; the repetition rate and the x-ray FLASH facility at DESY!S!. The adoption of the super-
time structure of the pulse trains, together with the recent conducting technology allows the production of up to 27 000
developments in the detector and instrumentation area are pulses/s, to be compared with the typical ~100 pulses/s of
presented. In Section 3, some ideas about the possible  omal conducting linac FELs. In Table 1 the main design
operation modes and their impact on scientific experiments parameters of the European XFEL are compared with those
are discussed with a few examples. of the two operating facilities.

The time distribution of the 27 000 pulses/s is dictated by
the properties of the RF system and by the need to limit
the cryogenic power requirements. The bunches will be
delivered (see Figure 1) within electron bunch trains, each
train 600 s long, and containing up to 2700 bunches; within
the basic 10 Hz repetition rate of the RF system, successive
trains are separated by nearly 100 ms, whereas, inside

2. The European X-ray Free-Electron Laser Facility

There are at present two operating hard x-ray free-electron
lasers worldwide, one in the USA (the Linac Coherent Light
Source, LCLS, in Stanford, California[l]), which delivered
the first beam at 0.15 nm in April 2009; and one in Japan each train, consecutive bunches are spaced by ~222 ns,
(the SPring-8 Angstrom Compact Laser, SACLAP]), oper- corresponding to an effective repetition rate, during each
ational since June 2011; there are a further three projects  rain, of ~4.5 MHz.

in the construction phase, one in Switzerland (Swiss FEL) After reaching their final energy at the end of the linac,

. 3 : . . .
at the Paul Scherrer Institutel®!, one in South Korea, at electron bunches can be directed in either of two electron

Correspondence to: M. Altarelli, European XFEL GmbH, Notkestr. 85, beampnes’ and PaSS' through long undulators, as schemati-
22607 Hamburg, Germany. Email: massimo.altarelli @xfel.eu cally illustrated in Figure 2.
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Figure 1. Schematic representation of the time sequence of both the

electron bunches and the x-ray pulses at the European XFEL.

Table 1. Basic parameters of the European XFEL.

Facility LCLS SACLA European
(USA) (Japan) XFEL (SASEI

undulator)

Max. electron energy (GeV) 14.3 8.0 17.5

Min. photon wavelength (nm) 0.15 0.06 <0.05

Photons/pulse ~1012 2 x 10! ~1012

Peak brilliance ~8x 1032 ~1033 5% 103

Average brilliance 2x 1021 3 x 1020 ~102

Pulses/second 120 60 27000

Date of first beam 2009 2011 2016

Basic parameters of the European XFEL in comparison with those of
the two operating hard x-rays FEL projects; brilliances are expressed
in photons/s/mradz/mmz/O.l%BW.

In the undulators, the electron bunches will produce pho-
ton pulses by the ‘SASE’ process!’!; the time structure of
the photon pulses is a faithful reproduction of the bunch
time structure depicted in Figure 1. The first beamline
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contains a hard x-ray undulator (SASE1), generating photons
tunable between 8.4 and ~30keV (at 17.5 GeV electron
energy: softer x-ray radiation is of course obtained if the
electron energy is reduced, according to the y? undulator
law), and a soft x-ray undulator (SASE3), which can under
some circumstances (see Section 3) make use of the ‘spent’
beam resulting from saturation of SASEI to generate soft
x-rays in the 0.78 to 3.1 keV range (at 17.5 GeV). The
second beamline (upper branch in Figure 2) contains a
second hard x-ray undulator (SASE2), identical to SASEI,
and two initially empty tunnels downstream, in which two
further undulators can be located later, in future upgrades
of the facility. The hard x-ray undulators consist of 35
segments, each 5 m long, with a period of 40 mm; the soft
x-ray undulator SASE3 consists of 21 such segments, with a
68 mm period!®.

In the baseline design for the initial phase of the facility,
each of the three installed SASE undulators will feed into
two instruments; in principle a third one could be added.

The photon beams produced in the undulators are directed
to the experimental hall through long optical transport sys-
tems; the SASEI optical beamline is over 900 m long. The
long drift distances ensure reduced optical load on mirrors
and crystals, as well as sufficient separation in the 90 m
wide experiment hall for the instruments fed by different
undulators.

Altogether, the linear length of the facility is over 3 km,
starting within the DESY site with the electron gun and
the injector, and ending with the experiment hall in the
town of Schenefeld (Figure 3). The facility is completely
underground, at a depth varying between 6 and 38 m. The
underground civil construction (tunnels, shafts, experiment
hall) was completed in the summer of 2013. At present, mass
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Figure 2. Schematic representation of the layout of the undulator and photon tunnels and of the instruments at the European XFEL. The linear accelerator
is to the left of the figure. The SASE1, SASE2 and SASE3 undulator positions are visible; between the SASE1 and the SASE2 tunnels, the two additional
undulator tunnels available for future developments are shown. Far right: the acronyms of the six baseline instruments are explained in Table 3.
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Figure 3. Layout of the European XFEL facility; the path of the underground tunnels is superimposed on a map of the northwest part of Hamburg and the

town of Schenefeld in Schleswig—Holstein.

Table 2. Target performances of detectors for the European XFEL.

Detector parameters AGIPD LPD DEPFET sensor with signal compression (DSSC)
Energy range (keV) 3-13 (25) 5(1)-20 (25) 0.5-6 (25)

Dynamic range (photons/pixel/pulse) 10* @ 12 keV 10° @ 12 keV 6000 @ 1 keV

Single photon sensitivity yes yes yes

Number of intermediate stored images ~360 512 ~800

Pixel size (umz) 200 x 200 500 x 500 236 x 236

Target performances of three MHz repetition-rate Megapixel position sensitive detectors under development for the European XFEL. Values in parentheses
refer to range extension with reduced performance. The number of images (next to last row) refers to the number of images that can be stored out of a pulse

train with 4.5 MHz repetition rate.

manufacturing of accelerator, x-ray beamlines and instru-
ment components is in progress. The installation of the gun
was completed in late 2013, and its commissioning started
in the last quarter of 2013. The injector installation will be
completed in early summer 2015, with commissioning due to
start in July 2015; the linac components installation started in
2014, with the aim of completing the assembly by mid 2016.
The installation of the undulators and of the x-ray beam-
transport systems started in the final quarter of 2014, first
with SASE1 and SASE3 and the related systems, and about
one year later, by fall 2015, it will continue with SASE2
and the respective beamline. The installation of the hutches,
of their infrastructure and safety systems will follow the
same sequence, so that SASEI instruments will be installed
starting in early 2016, in order to be ready for commissioning
with a beam at the very end of 2016, followed by SASE3 and
then SASE2.

One of the major challenges in the delivery of the in-
strumentation for the European XFEL is the handling and
effective use of the very closely spaced pulses of each
pulse train, separated by ~222 ns. This is a challenge for
the optical and beam-transport components”! (as the SASE
photon pulses are of the order of ~1 mJ each, during the
600 s train the average power of the photon beam is several
kW), the diagnostics!!?], the optical lasers for pump—probe
experiments!' !, and for the detectors — in particular the

https://doi.org/10.1017/hpl.2015.17 Published online by Cambridge University Press

Megapixel [Mpx] two-dimensional (2D) imaging detectors,
which should read-out and accumulate images at a 4.5 MHz
ratel'?]. An extensive instrumentation R&D program was
therefore launched at an early stage, in cooperation with
laboratories all over Europe. The target parameters for thw
three imaging Mpx detector developments are described in
Table 2.

It is important to notice that smaller area prototypes of
the adaptive gain integrated pixel detector (AGIPD) and
large pixel detector (LPD) detectors have been tested at
synchrotron sources, in order to demonstrate MHz image
acquisition rates, with encouraging results.

The investment and technological hurdles in the detector
development are especially challenging; however, the effort
in instrumentation development is not limited to this area,
nor to data acquisition and data treatment strategies: Xx-
ray optical elements, photon diagnostic and characterization
tools, and burst-mode optical lasers for pump—probe exper-
iments are equally essential areas for the success of the
European XFEL facility.

Among the optical elements that are needed to transport
the photons to the experiment hall, the system of deflecting
and focusing mirrors is particularly challenging!®l. In the
most extreme cases the specifications include a 2 nm peak-
to-valley profile error over an 80 cm long footprint on a
mirror. Prototypes have been developed and tested, and very
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Table 3. Schematic description of the scientific applications of the six baseline instruments.

SPB-SFX: Single particles, clusters and biomolecules — serial femtosecond crystallography (User

Consortium): Structural determination of (mostly) biological objects

FXE: Femtosecond x-ray experiments: time-resolved investigation of ultrafast processes in solids,

MID: Materials imaging and dynamics: structure and dynamics determination of disordered

systems by coherent scattering and photon correlation spectroscopy

HED: High energy-density matter: matter under extreme conditions, e.g., in very high fields, high

SQOS: Small quantum systems: investigation of atoms, ions, molecules and clusters in intense fields,

SASEI
liquids or gases
Hard x-rays
SASE2
temperature and pressures
nonlinear x-ray optical phenomena
Soft x-rays SASE3

SCS: Soft x-ray coherent scattering and spectroscopy: electronic and atomic structure, dynamics
of nano-systems and non-reproducible biological systems with soft x-rays

Schematic description of the scientific applications of the six baseline instruments, four operating in the hard, and two in the soft x-ray spectral region. In the
top line, the SPB baseline instrument was combined with the SEX User Consortium experimental station, to constitute an instrument.

long lead times and buffers are foreseen to mitigate the risk
on the timely delivery of mirrors.

Diagnostic devices!!”! for the photon beams aim at pulse-
to-pulse characterization of position, intensity, spectral and
temporal information and polarization. After an intense
development and design phase, the production of final diag-
nostic devices started in 2013, and continued through 2014,
extending to many types of devices: gas-based intensity
and position monitors, online photoemission spectrometers,
diagnostic imagers, a special monochromator for undulator
K-tuning and commissioning, and THz-streaking devices for
temporal characterization.

The experience gained by the start of experimental ac-
tivities on FELs worldwide has shown the importance of
optical lasers as indispensable components of advanced
FEL-based techniques for the study of ultrafast dynamics of
matter. In the case of the European XFEL, in order to make
optimal use of the high number of pulses, the time structure
of the FEL source should be reproduced for the optical
lasers!'!). This has required an effort in the development
of suitable burst-mode fs optical lasers, with suitable pulse
energy and temporal jitter. The design is complete and
has been critically reviewed; crucial components have been
procured, assembled and tested; the complete assembly of
the system and demonstration of the achievement of the
specified parameters are still work in progress.

3. Operation modes and scientific perspectives

In the initial configuration, each of the three undulators will
feed two instruments, as detailed in Table 3. The baseline
program of the European XFEL will therefore provide six
instruments to the science community. In addition, the User
Consortia program will provide additional instrumentation
and ancillary facilities; there are at present seven approved
User Consortia; the most advanced is the SFX (serial fem-
tosecond x-ray crystallography), which will merge with and
complement the SPB baseline instrument, enhancing the
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quality and quantity of the equipment available to structural
biology users.

The undulator configuration of Figure 2 shows that the
electron beam can take a path along the lower branch
(SASE1-SASES3) or the upper branch (SASE2). It is fore-
seen that a very fast kicker magnet can direct one bunch train
either to the upper or lower branch, or even split a bunch
train in two, directing the first sequence of electron bunches
to one branch and the second sequence to the other; in the
latter case, however, a number of bunches of the order of a
few tens will be lost, as the ramp of the switching magnet
can be done only in a time one order of magnitude bigger
than the time separation of consecutive bunches (222 ns); on
the other hand, with 2700 bunches per train, the loss of 20 or
30 bunches does not compromise the delivery of over 10 000
bunches/s to each branch.

Bunches taking the lower route will transit through the
SASEL1 and then the SASE3 undulator. Under some con-
ditions, the same bunch can therefore produce hard x-ray
FEL radiation in SASE1 and then FEL soft x-ray radiation
in SASE3. However, depending on electron energy, bunch
charge, and gap setting (radiation wavelength) of SASEI,
the energy spread after saturation of radiation at the end of
SASEI can vary[!3] between a few MeV and over 20 MeV.
Typically, the induced energy spread is higher for small
emittances (corresponding to small bunch charges). The
larger the energy spread, the longer the minimum wavelength
at which bunches ‘spent’ on SASE1 can achieve saturation
of soft x-ray emission on SASE3. Therefore, under some
circumstances, lasing in both SASE1 and SASE3 will not
be possible. In such cases, lasing on SASE3 can be made
possible, not only by obvious, but slow-moving changes of
configurations (e.g., opening up the SASE1 gap completely);
SASEI lasing can also be prevented by a slight kick (of order
~10 prad) imparted on the electron beam by a fast kicker at
the entrance of SASE1. Betatron oscillations in the SASE1
part of the trajectory prevent SASE1 lasing; the kick can be
compensated at the exit of SASEI by appropriate setting of
a static steerer, e.g., a displaced quadrupole! 4.
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One can therefore envisage an operation mode in which
a bunch train with up to 2700 bunches can be split into an
initial sub-train proceeding through SASEI, and a second
sub-train through SASE2. The first sub-train can be further
split into a first part lasing in SASE1, and a second, slightly
kicked part that lases in SASE3. With the loss of some tens
of bunches, therefore, one can direct, for example, 10 pulse
sub-trains per second, each with close to 900 pulses, to
each of three instruments on SASE1, SASE3 and SASE2,
respectively; this mode can therefore achieve simultaneous
operation of three instruments with almost 9000 pulses/s. A
pre-condition for this operating mode is of course that the
three experiments have the same electron energy and bunch
charge requirements.

Turning briefly to the scientific applications of the Euro-
pean XFEL, we notice that, when compared to other XFEL
facilities, the unique features of the European XFEL are the
high number of pulses/s, with the associated potential to
serve several user groups simultaneously, and the very wide
photon energy range (from 250 eV to over 30 keV, within the
first harmonic, by combined variation of the electron energy
and the undulator gap setting).

The high number of pulses is eliciting very strong interest
in the structural biology community!!>). While the success
stories of nano-crystallography at LCLS are quite exciting,
the improved repetition rate can, on the one hand, lead
to a more efficient use of samples that are hard to purify
and rather expensive; on the other hand, it can lead to
the possibility of acquiring, in a reasonable time, sufficient
frames to obtain a ‘molecular movie’ of a photochemical
process — here the limiting factor is the detector intermediate
storage possibilities, presently limited to ~300 to ~500
frames per pulse train, leading to ~3000 frames per second
as a reasonable estimate.

Imaging methods based on reconstruction of structural
features from diffraction patterns obtained with a trans-
versely coherent source are of great interest not only for
structural biology but also for condensed matter and mate-
rials science. Experiments with x-ray FELs have already
demonstrated the imaging of individual Au nanocrystals!'®],
capturing the movie of deformations induced by the lattice
response to a laser pump pulse, by successive snapshots
at different laser-FEL delays. Other experiments on wa-
ter drops, cooling while evaporating through vacuum!!”,
showed either the diffuse scattering characteristic of liquids,
or the superposition of broad and bright Bragg peaks from
ice crystallites (with linear dimensions 12 nm or greater),
superposed on the diffuse scattering.

The latter experiment probably ushers in a novel appli-
cation of FELs to the physics of the liquid state and of
the liquid—solid phase transition. (Very recently also an
experiment on liquid He droplets at the LCLS has been
reported'®)  As a matter of fact, all x-ray or neutron
scattering experiments on liquids so far have been performed
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with acquisition times much longer than all the characteris-
tic positional and orientational molecular relaxation times,
delivering very interesting but time-averaged information,
such as pair correlation or radial distribution functions. The
ultra-short pulses of the x-ray FELs, on the other hand, are
shorter than most such characteristic times and potentially
deliver snapshots of the instantaneous configurations of the
liquid, encoded in a speckle pattern (more precisely, pro-
jections of the instantaneous configurations on the detector
plane, normal to the incoming beam direction). The short
exposure time and the demonstrated capability of Bragg peak
detection from crystalline nuclei, for example, can give a
new handle on the phenomenon of nucleation at the liquid—
solid transition, a topic of great importance for disciplines
from materials science to atmospheric physics, with many
open questions. Here the statistical study of the number, size
and morphology (from indexing but also from direct imaging
and study of the fringes) of crystallites in a large number of
drops (thanks to the high number of pulses) are a definite
advantage for our facility. As was pointed out recently!'®],
the availability of high photon energies (beyond 20 keV) can
play an important role for atomic scale probing of structures
in crystallites a few nm in size.

More generally, all time-dependent problems that can be
investigated by pump—probe experiments will benefit from
the high number of pulses per second. For x-ray probe
experiments requiring significant x-ray flux, such as x-ray
emission spectroscopies (XES), the integrated number of
x-ray photons is the bottleneck; consequently, it is highly
advantageous to increase the number of x-ray probe photons
by a higher rep rate at equal number of photons per pulse.
The FXE instrument group and the Data Acquisition group
actually demonstrated®®! MHz rate pump—probe acquisi-
tion on synchrotron sources as early as 2012. It is very
conservative to estimate an increase in effective x-ray flux
by a factor of ~50 over other FELs as a result of the
number of pulses per second (to be combined with the
effect of a higher number of photons per pulse, likely to
occur in comparison to lower electron energy FELs), which
will allow many new applications to photochemical and
photobiological dynamics, where the low S/N for achievable
and/or physiological concentrations has so far been a very
significant limitation

XES experiments can also be seen as special cases of
‘photon-starved’ experiments, such as those involving very
dilute systems and small cross sections, in which the high
repetition rate of the facility can play a decisive role; turning
our attention away from time-resolved investigations, the
high average brilliance of the European XFEL, resulting
from the high number of pulses per unit time and reaching
into the high 10>* figures (see Table 1), can presently surpass
all other sources by at least two orders of magnitude.
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Consider for example non-resonant inelastic scattering
with ~meV energy resolution. With proven techniques to
improve the longitudinal coherence and the photon output
(self-seeding mode of operation and undulator tapering(?'1),
the European XFEL used in an integrated mode can provide
in excess of 100 times more incoming photons in the relevant
bandwidth than other existing sources; and technical solu-
tions for handling the power load on the monochromator—
analyzer system, based either on crystal optics or on nuclear
scattering techniques, are feasible!?> 23], The extra factor
of 100 in incoming photon flux can make the difference
between a next-to-impossible experiment (1072 counts/s)
and a feasible one (1 count/s); for example scattering by
pair breaking across the whole Brillouin zone in high-Tc
superconductors!”* could become a valuable complement
to photoemission for the study of quasiparticle spectral
densities.

Furthermore, 100-fold speeding up of data accumulation
at different transferred energies and momenta can greatly
extend the applicability of the procedure to extract sub-
fs time responses from the Kramers—Kronig and Green

function approach proposed by Abbamontel?>> 26,

4. Outlook and conclusions

User operation of the European XFEL Facility is expected
to start in 2017. Although early users will be confonted
with a machine and instrumentation not yet delivering all the
parameters (repetition rate, rapid beam switching between
experiments, pump laser synchronization, stability...) in
an optimal way, they will begin to harvest the scientific
promise of the European XFEL. As we have tried to explain
in this article, the unique features of the facility (high
repetition rate, the flexibility provided by the high electron
energy and by the different undulators) will open the way
to novel experiments in a variety of scientific fields, in
which simultaneous access to atomic-scales of space and
time is essential. A further important feature of the European
XFEL is the possibility of expansions and upgrades, with
two available empty undulator tunnels downstream of the
SASE2 undulator; and with plenty of space in the long
undulator and beamline tunnels, as well as in the experiment
hall, for additional equipment and instrumentation. In the
rapidly developing technical and scientific environment of
accelerator-based light sources, this is a further guarantee of
a durable presence at the very forefront of science for x-ray
free-electron lasers.
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