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Preface to “X-Ray Free-Electron Laser”

During the last decades, the advent of the short-wavelength Free Electron Lasers (FELs) in the range
from extreme ultraviolet (XUV) to hard x-rays has opened a new research avenue for investigations of
ultrafast electronic and structural dynamics in any form of matter. FELs deliver coherent laser pulses,
combining unprecedented power densities up to 1020 W/cm?2 and extremely short pulse durations
down to a few femtoseconds, offering important advantages over conventional short-wavelength light
sources for many applications. Time-resolved spectroscopic and structural studies on the timescale
of femtoseconds allow us to probe electrons and atoms in action. Indeed, FELs have been applied to
the study of ultrafast charge transfer in a molecule and a molecular complex, chemical bond breaking
and formation, and non-thermal phase transitions in solids. The intense, coherent, focused FEL pulse
makes single-shot diffraction imaging of non-crystalized biomolecules and nanometer-size objects
a reality. On the other hand, since the FEL pulses are entering a new regime of intensities, they are
opening a new research field of studying interaction between intense short wavelength laser pulses
and various forms of matter. The extremely intense FEL pulse strips so many electrons from an
isolated atom, leads to a violent Coulomb explosion of an isolated molecule, and instantaneously
transforms a nonometer-size object into a dense nano-plasma and a single crystal into completely new,
disordered matter. Furthermore, rapidly developing FEL technologies make not only fully coherent
FEL pulses available routinely but also pulse shaping and phase-controlling of multi-color harmonic
pulses a reality, opening other novel research areas of short-wavelength, non-linear, four-wave mixing
spectroscopy and attosecond coherent control.

The aim of the present special issue is to provide an overview of recent developments of XFELs and
science in this area, and to foresee the future. For this purpose, this issue features reports on the current
status and future plans of all eight XFEL facilities in the world. Namely, Faatz et al. describe the
FLASH (the Free Electron LASer in Hamburg) in Germany, focusing on advanced options for FLASH2
and future perspectives [1]; Schoenlein et al. describe recent developments and future plans of LCLS
(the Linac Coherent Light Source) in the United Sates [2]; and Yabashi et al. describe the status and
future plans of SACLA (the Spring-8 Angstrom Compact free electron LAser) in Japan [3]. Giannessi
and Masciovecchio discuss present and future challenges at FERMI (the Free Electron laser Radiation
for Multidisciplinary Investigations) in Italy, focusing on phase-coherent multicolor pulse generations
as a unique feature of FERMI [4]. Besides these four facilities that have been in operation for the last
decade, three new facilities started operations for users in the last couple of years. This issue includes
the first reports of these three facilities. Ko et al. describe the construction and commissioning of
PAL-XFEL (the Pohang Accelerator Laboratory X-ray Free Electron Laser) in Korea [5], Tschentscher
et al. describe photon beam transport and scientific instruments at the European XFEL (European
X-ray Free Electron Laser) [6], and Milne et al describes SwissFEL (Swiss x-ray Free Electron Laser) [7].
In addition, Zhao et al. report on the status of the Shanghai SXFEL (Soft X-ray Free Electron Laser)
project in China [8].

The present issue also includes XFEL-pulse characterizations and instrumentations at the XFELs.
Helml et al. review progress on ultrashort pulse characterization at XFELs [9], while Inbushi et al.
communicate on measurements of the X-ray spectra of XFEL (SACLA) with a wide-range high-
resolution single-shot spectrometer, aiming at measurements of the temporal pulse duration [10].
Szlchetko et al. describe a dispersive, inelastic x-ray scattering spectrometer at XFELs [11], while

Usenko et al. describe the split-and-delay unit for FEL interferometry in the XUV spectral range [12].

ix



Kumar et al. discuss a plan for terawatt-isolated, attosecond X-ray pulse generation using a tapered
XFEL (PAL-XFEL) [13].

Sciences at XFELs are also included in this issue. Kukk et al. review molecular dynamics of
XFEL-induced photo-dissociation, placing an emphasis on the data analysis of ion-ion coincidence
measurements [14]; Wolf et al. discuss observing the femtosecond fragmentation of the thymine
molecule using ultrashort X-ray-induced Auger spectra [15], while Fang et al. describe the X-ray
pump-probe investigation of the charge and dissociation dynamics in the methyl iodine molecule [16].
Callegari et al. describe the application of matched-filter concepts to an unbiased selection of data
in pump-probe experiments with FELs [17]. Yamamoto and Matsuda review measurements of the
resonant magneto-optical Kerr effect using FEL [18], Sun et al. review the current status of single
particle imaging with XFELs [19], while Mukharanova et al. discuss methodology and analysis for
probing dynamics in colloidal crystals with pump-probe experiments at LCLS [20]. Inada et al. review
probing physics in vacuum using XFEL, a high-power laser, and a high-field magnet [21].

Theoretical developments related to science with XFELs are also included in this issue. Hanks et al.
report two- and three-photon photoionization cross sections of Li+, Ne8+, and Ar16+ under XUV
radiation [22]; Tyarla et al discuss the state-population narrowing effect in two-photon absorption for
intense XFEL pulses [23], while Hatada and Di Cicco describe modeling non-equilibrium dynamics
and saturable absorption induced by XFEL radiation [24]. Kirrander and Weber discuss fundamental
limits on spatial resolution in ultrafast diffraction with XFELs [25], while Kim et al. describe the
algorithm for the reconstruction of 3D images of nanorice particles from the diffraction pattern of two
particles in independent random orientations with XFEL [26].

Last but not least, this issue includes the meeting report by Larsson on a historic Nobel Symposium
on Free Electron Laser Research, which was held in Stigtuna outside Stockholm in June 2015 [27].
There, the inventor of FEL, John Madey, delivered a keynote address. He passed away about one year
later, on 5 July 2016.

I believe this special issue will be helpful for providing an overview of the current status of XFELs

and sciences at XFELs and foreseeing the future of the fields.
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Abstract: Since 2016, the two free-electron laser (FEL) lines FLASH1 and FLASH?2 have been run
simultaneously for users at DESY in Hamburg. With the installation of variable gap undulators in
the new FLASH2 FEL line, many new possibilities have opened up in terms of photon parameters
for experiments. What has been tested so far is post-saturation tapering, reverse tapering, harmonic
lasing, harmonic lasing self-seeding and two-color lasing. At the moment, we are working on
concepts to enhance the capabilities of the FLASH facility even further. A major part of the upgrade
plans, known as FLASH?2020, will involve the exchange of the fixed gap undulators in FLASH1 and
the implementation of a new flexible undulator scheme aimed at providing coherent radiation for
multi-color experiments over a broad wavelength range. The recent achievements in FLASH2 and
the current status of plans for the further development of the facility are presented.

Keywords: free-electron lasers, variable gap undulators, tapering, harmonic lasing, frequency
doubling

1. Introduction

FLASH began operation for experiments in the extended ultraviolet (XUV) and soft X-ray regime
in summer 2005 as the world’s first short-wavelength free-electron laser (FEL) facility [1-3]. Due to its
superconducting accelerator technology, FLASH is currently the only high-repetition rate XUV and
soft X-ray FEL which can deliver up to 8000 photon pulses per second for experiments, while normal
conducting FELs typically run at rates between 10 and 120 pulses per second. Since 2016, after the
installation and commissioning of a second undulator line, it has been possible for two experiments to
receive a beam simultaneously [4,5]. Both FEL lines FLASH1 and FLASH2 (see Figure 1 for a layout of
the facility) are currently run in self-amplified stimulated emission (SASE) mode. The superconducting
linac of FLASH is operated in a so-called burst mode and can deliver up to 800 electron bunches in a
train with a bunch-to-bunch separation of 1 us and a 10 Hz repetition rate of the bunchtrains. Using two
independent photocathode lasers for FLASH1 and FLASH2, the number of bunches from a bunchtrain
as well as the intra-train bunch separation going to either of the two FEL lines can be chosen freely,

Appl. Sci. 2017,7,1114 1 www.mdpi.com/journal/applsci
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taking into account that 20 to 50 us are needed to switch bunches between FLASH1 and FLASH2 [4].
The independent photocathode lasers also ensure that the bunch charge can be adjusted individually
for the two FEL lines. In combination with fast radio frequency (RF) changes in the time window
needed for switching, this enables different compression schemes and hence different pulse durations
for user experiments in FLASH1 and FLASH?2 [4]. The most important parameters for FLASH?2 are
shown in the Table 1. While the original FLASH1 FEL line is equipped with fixed gap undulators,
which requires a change in the electron beam energy to change the photon energy, the new FLASH2
FEL line has variable gap undulators, which allow for scanning of the photon energy. Furthermore,
the possibility for tuning the undulators in FLASH2 has opened up the opportunity to implement and

test a variety of novel lasing schemes. First results and future plans will be discussed below.

RF Stations

\ A A 4

(0

RF Gun
Lasers

5 MeV

Accelerating Structures

]-|A7|-[

Bunch Compressors

150 MeV

450 MeV 1250 MeV

sFLASH

Soft X-ray
Undulators

Photon

FEL Experiments

315m

Figure 1. Schematic layout of the FLASH facility. The electron gun is on the left, and the experimental
halls are on the right. Behind the last accelerating module the beam is switched between FLASH1,
which is the original undulator line, and FLASH2, which has been in operation since 2015. Also shown
is SFLASH, the seeding R&D setup in FLASH1 [6] and FLASHForward [7], which is a plasma wakefield

experiment in the FLASH3 beamline under construction planned to start operation at the end of 2017.
FEL: free-electron laser.

Table 1. Parameters for FLASH2. SASE: self-amplified stimulated emission.

Electron Beam Value
Energy range 0.45-1.2 GeV
Peak current <25kA
Bunch charge 0.02-1nC
Normalized emittance 1.4 mm mrad
Energy spread 0.5 MeV
Average B-function 6m
Rep. rate 10Hz
Bunch separation 1-25 ps
Undulator Value
Period 31.4 mm
Kyms 0.5-2
Segment length 2.5m
Number of segments 12
Photon Beam SASE Value
Wavelength range (fundamental) 4-90 nm
Average single pulse energy up to 1 mJ
Pulse duration (FWHM) 10-200 fs
Spectral width (FWHM) ~0.5-2%
Peak brilliance 10%8-10%' B
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2. Fast Wavelength Scans

The advantage of variable gap undulators in terms of enhanced flexibility regarding wavelength
tunability is demonstrated in Figures 2 and 3 . While the setup of FLASH1 for SASE for a new user
experiment at a specific wavelength takes up to several hours because of the required electron beam
energy change (with FLASH1 undulators being fixed-gap), setup of FLASH2 can normally be done
within one hour or less, depending on the wavelength requested compared to the one at FLASH1. As a
consequence, the time it takes for the initial setup of FLASH2 which is done combined with FLASH1,
is almost completely determined by the FLASHI1 setup time. After that, any change in wavelength
and pulse pattern for FLASH2 can be done in a matter of minutes. The longest wavelength that can
be reached is produced when the undulators are closed and is given by approximately three times
the FLASH1 wavelength for the specific electron beam energy. The minimum FLASH2 wavelength in
normal SASE operation depends on the electron beam energy and beam quality, but it is always less
than or equal to the FLASH1 wavelength. Therefore, factor of 3 wavelength tunability can be offered
at any time. For lower electron beam energies, one can even go significantly beyond that, with up to
factor of 4 tunability at lower energies.

% aa
N + measured SASE energy <50 uJ
80 —ama = measured SASE energy > 50 )
NN A measured SASE energy > 200 W
70 +—am.
measured SASE energy > 500 W
am g o
L] SASE 1000
- Sal O measures energy > w
emm o ——FLASH1 wavelength
50 b 3. ' LU ——3 X FLASH1 wavelength

40

wavelength (nm)

350 550 750 950 1150
beam energy (MeV)

Figure 2. Wavelength tunability of FLASH2 for specific electron beam energies. The different symbols
and colors refer to the achieved photon pulse energies. The upper and lower limits are given by three
times the FLASH1 wavelength as a maximum (for a closed undulator gap) and the FLASH1 wavelength
as a minimum.

400 -

350 onm
3anm 3™ ¢ 20nm
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400m 3gqm  38nm36nm© an’S gem
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e220m
©210m
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Figure 3. Fast wavelength scan at FLASH2 performed while FLASH1 delivered the beam to users at
13.5 nm (electron beam energy 699 MeV). This scan was performed with standard undulator optics
(see below).
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Figure 3 shows a fast wavelength scan. In principle, the only action needed to decrease the
wavelength is opening of the undulators. In practice, minor orbit corrections of the electron beam are
necessary. The online, non-invasive measurement of crucial photon parameters including wavelength,
intensity, and beam position need only a few seconds to average before these values are available again.
Hence, setting a new wavelength takes only minutes as long as the wavelength change is moderate.
In particular, scanning across a photoabsorption resonance is almost as easy as at a storage ring.

For large wavelength changes, the setup is still fast, but needs further adjustments concerning
electron beam optics. For electron beam energies, at which FLASH is operated, the undulator focusing
can be rather strong when the undulators are closed. In extreme cases, as shown in simulations in
Figure 4, the focusing becomes so strong that the beam size along the undulator grows and leads
to losses unless the focusing is adjusted. Even if these losses would not trigger the machine protection
system and consequently switch off the beam, the growing beam size would pose a problem. In this
case, the last undulators would no longer contribute to the FEL amplification process, resulting
in lower pulse energy. Furthermore, the source point would be no longer in the last undulator,
forcing the experiment to either move the instrument or adapt the focusing, assuming that either is
possible. Neither solution is straightforward and they can only be performed once the saturation source
point is remeasured. At FLASH2, we therefore now adjust the focusing automatically, as shown in the
simulations in the right picture of Figure 4. Theoretically, this would also require a rematching of the
electron beam at the undulator entrance, which can be calculated in special and staightforward cases,
but not easily in general. With more exotic schemes, such as two-color lasing or any fast switching
schemes, that will become more important in the future, because a mismatch can in general no longer
be avoided. However, as can also be seen in Figure 4, for now even without rematching, the result of
the simple adjustment procedure used is more than sufficient.
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Figure 4. Simulated beam size (in mm) along the undulator without automatic adjustment (left) and
including adjusted focusing to compensate for the additional undulator focusing (right) for a beam
energy of 380 MeV and an undulator Kj;s = 2.

The results in Figure 4 are from simulations as mentioned. However, the effect of the automatic
optics adjustment can be clearly seen experimentally, as shown in Figure 5, for the same beam energy
of 380 MeV as in the simulations. The figure shows the photon beam on a YAG (Yttrium aluminium
garnet)-screen for different wavelengths from 50 to 150 nm in a single scan, with automatic optics
adjustment switched on, but no other parameters touched during this scan (The interference pattern
visible on the screen is caused by a mesh, which is inserted in the photon beam upstream of one
of the photon detectors. Furthermore, the YAG screen already shows some beam-induced damage,
which makes the beam quality seem poorer than it actually is). In contrast, without adjusting the
optics, the spot would look identical at A = 50 nm, where the undulator focusing is not yet important,
but at A = 85 nm, the beam would have already become extremely large and the radiation power
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would have dropped. For wavelengths longer than A = 85 nm, the beam losses in the undulator
would have exceeded the alarm threshold of the machine protection system and as a result, the beam
would have been switched off. Including adjusted optics, one can continue to close the gaps down
to 9 mm, corresponding to A = 150 nm without any problem. It is also clear from Figure 5 that
further improvement is still needed. Because no beam-based alignment was performed prior to this
experiment, a small movement of the center of the beam is visible.

Figure 5. Photon spotsize for 50 (left), 85 (middle) and 150 nm (right) wavelength, 15 m downstream
of the undulator with automatic optics adjustment in the undulator switched on. Without adjustment,
the undulators cannot be closed to produce wavelengths longer than 85 nm because of beam loss.

However, even given the need for further beam optics automation, first user experiments where
the photon energy has been scanned across a resonance within minutes have already demonstrated
the great advantages of tunable undulators for experiments at FLASH.

3. New Operation Modes

The variable gap undulators not only allow fast wavelength scans but also enable novel
operation modes, such as advanced tapering schemes, frequency doubling, two-color operation,
and harmonic lasing self-seeding. With optimized undulator tapering, photon pulse energies up
to 1 mJ have been demonstrated at FLASH2 [8]. A particularly interesting option in this respect is
reverse tapering [9,10]. In combination with a harmonic afterburner for circular polarization currently
under design this should in the future allow experiments with variable polarization at photon energies
beyond the water window at FLASH2. Tuning the FLASH2 undulators individually it is also possible
to push the photon energy range of FLASH beyond the current limit of 300 eV in the fundamental.

Setting the first part of the undulator section to twice the final wavelength in a frequency doubling
scheme it has been shown that the photon energy range of FLASH2 can be extended up to 400 eV
with stable pulse energies of a few 1], significantly higher than what has been achieved when the full
undulator section is set to the final wavelength at the same electron energy [11]. Another interesting
option is harmonic lasing self-seeding (HLSS) which had been proposed a while ago [12] as a
method to reach higher photon energies with increased brightness. With FLASH2, HLSS was recently
demonstrated for the first time experimentally and the theoretical predictions were confirmed [13].
In the following some results for the different schemes will be presented.

Harmonic lasing self-seeding (HLSS), while proposed some time ago, could never be tested at
FLASHI1 with its fixed gap undulators. HLSS requires the setting of the first part of the undulator
section to a sub-harmonic (k) of the final wavelength which is schematically shown in Figure 6.
As can be seen in Figure 7, saturation is reached earlier with HLSS than with conventional SASE. This
is clear from the higher power and the reduction in fluctuations when saturation is reached. More
importantly, the bandwidth is also reduced and therefore the brightness is higher, as shown in Figure 8.
Due to the limitations of FLASH2, which was originally not built with this concept in mind, one can
only go to the second or third harmonic of the wavelength selected for the first part of the undulator,
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but in principle, higher harmonics could be considered when an FEL line is specifically designed for
efficient use of the HLSS scheme.

exponential gain saturation

)\,res = h}\.l Xres — }\,I

Figure 6. Conceptual scheme of a harmonic lasing self-seeded (HLSS) FEL.
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Figure 7. Growth of pulse energy (a) and fluctuations (b) along the undulator for SASE (black) and
HLSS (blue). In the HLSS experiment the first four undulators were set to 33 nm and the next six
undulators to 11 nm, while in the SASE case all ten undulators modules were set to 11 nm.

1754
—— HLSS: 4+6 modules

150 A/ ygy= 0.31%
s —— SASE: 10 modules
B 125 A/, 0.41%
°
3 100
2 75
(=]
a
T 507
8
q 25
2]

0 — T T
10.8 10.9 1.0

Wavelength (nm)

Figure 8. Spectral bandwidth for SASE and HLSS in the same experiment.



Appl. Sci. 2017,7,1114

The wavelength limits can be pushed at FLASH2 by tuning the undulator sections individually
as shown in the frequency doubler scheme in Figure 9. Given the maximum electron beam energy
of FLASH of 1.25 GeV, radiation in the water window at 4 nm can only be reached with the present
FLASH2 undulator design and normal SASE operation with all undulators set to the same wavelength
using the complete undulator length. Going to shorter wavelengths, the SASE intensity drops fast,
because saturation is no longer reached. In addition, the SASE fluctuations increase for the same reason.
Compared to this, the radiation intensity is clearly higher than it would be without a frequency doubler
scheme, as can be seen in Figure 10. In the experiment, first the fundamental at frequency w is tuned
for maximum SASE gain in the uniform undulator. Analysis of the gain curve and fluctuations of
the radiation pulse energy allows for determination of the optimum length of the w-section. Then,
the remaining sections are tuned to the frequency 2w, and after adjustment of the phase shifters and
electron beam orbit, the frequency doubler starts to generate radiation at the second harmonic.

Figure 9. Scheme of frequency doubler operation.
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Figure 10. Setting the first part of the undulator to twice the final wavelength (squares), the final
wavelength that can be reached with reasonable pulse energy is much shorter and has more stable
intensity than with setting all undulators to the same resonant wavelength (triangles).

The same scheme can also be used for two-color operation of the FEL line. In Figure 11 the spectral
power obtained is shown for specific settings of the two undulator sections. The experiments show
that two-color operation is possible with similar pulse energies of roughly 10 p1J. Moreover, the relative
pulse energies of the two colors (w vs. 2w) can be tuned in wide limits.

For an extreme case of frequency multiplication, using a short afterburner at for example the
third harmonic, the power output is rather small because of the large energy spread generated in the
main undulator section. In addition, if the afterburner generates circular polarized light at either the
fundamental or odd harmonic, there is the problem that the linearly polarized light from the main
undulator section produces a radiation pulse with roughly the same intensity. A proposal to improve
this situation is found in [9]. In this scheme, the radiation of the main undulator is suppressed by
using an inverse taper. This scheme keeps the bunching to a large extent, but suppresses the radiation
and therefore also the energy spread induced during the amplification process. The first experimental
demonstration is given in [10]. In the experiment shown in Figure 12, the first 10 undulators of FLASH2
were set up with reversed taper, whereas the last two undulators where used as an afterburner, showing
that even though the first 10 undulators did not produce a high radiation intensity, they did produce
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bunching. In this demonstration experiment, the last two undulators were set to the same wavelength,
resulting in an increase in pulse energy exceeding two orders of magnitude.
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Figure 11. Radiation spectra generated in a frequency doubler experiment at FLASH2 tuned to equal

pulse energies for the two wavelength taken with a grating spectrometer [14] in the experimental hall.

In blue, the spectral line for the second harmonic at 4.5 nm, and in red, the first harmonic at 9 nm are

shown. The electron beam energy in this experiment was 1080 MeV and the bunch charge 300 pC.
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Figure 12. The figure shows the photon pulse energy measured after the respective undulator
in FLASH2. Undulators 1 to 10 were set to reverse tapering while the final two act as an afterburner,
leading to an increase in pulse energy by a factor of 200.

4. Future Upgrades

The experimental hall of FLASH2 can accommodate up to six beamlines and experimental stations.
Since spring 2016, the beamlines FL.24 and FL26 have been open for users. FL24 provides an open
port for user-supplied experiments and has been equipped with KB (Kirkpatrick-Baez) focusing optics
with bendable mirrors in order to adapt focus size and focal length to user demands. At FL26, the
permanent end station REMI, a reaction microscope from the Max-Planck Institute for Nuclear Physics
in Heidelberg, has been installed for advanced AMO (atomic, molecular, and optical) physics and
molecular femtochemistry experiments [15]. As one of the next beamlines, a new time-compensating
monochromator will be installed in the FLASH2 experimental hall. The design for this beamline has
recently been finalized after intense discussions with the user community. In addition, it is planned to
install a THz undulator at FLASH? and to integrate a THz streaking station based on a single cycle
source in the FLASH2 photon diagnostics section for online pulse duration monitoring.

The FLASH?2 FEL control system is not yet completely finished. Regarding the control system,
the undulator server, which controls the undulator gaps, phase shifters, and aircoils to correct
gap-dependent kicks, now includes the automatic focusing. This means that with one click, one can
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change the wavelength, keeping the phases, undulator gaps, and focusing at an optimum. However, the
undulator length and the starting point for and degree of tapering will also be determined in the near
future automatically [16].

The new opportunities with the variable gap undulators in the FLASH2 line outlined above
will significantly enhance the FLASH performance for users in the coming years. In the period
from 2018 to 2020 we plan to refurbish two accelerator modules in the linac and to install a variable
polarization afterburner in FLASH2. Furthermore, a new flexible injector laser for FLASH will be
developed which can provide flexible electron bunch patterns at the full repetition rate for simultaneous
operation of FLASH1 and FLASH?2. In FLASH?2, an X-band-deflecting cavity will be installed behind
the undulators for advanced diagnostics of SASE pulses. The electron beam diagnostics will be
upgraded with particular emphasis on low-charge operation required for the shortest SASE pulses.
DESY is also currently in a preparation phase for a long-term upgrade plan of FLASH known as
“FLASH2020”. A major part of FLASH2020 will be the exchange of the fixed gap undulators in
FLASHI1 and the implementation of a new flexible undulator scheme aimed at providing coherent
radiation for multi-color experiments over a broad wavelength range.
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Abstract: The development of X-ray free-electron lasers (XFELs) has launched a new era in X-ray
science by providing ultrafast coherent X-ray pulses with a peak brightness that is approximately
one billion times higher than previous X-ray sources. The Linac Coherent Light Source (LCLS)
facility at the SLAC National Accelerator Laboratory, the world’s first hard X-ray FEL, has already
demonstrated a tremendous scientific impact across broad areas of science. Here, a few of the more
recent representative highlights from LCLS are presented in the areas of atomic, molecular, and optical
science; chemistry; condensed matter physics; matter in extreme conditions; and biology. This paper
also outlines the near term upgrade (LCLS-II) and motivating science opportunities for ultrafast
X-rays in the 0.25-5 keV range at repetition rates up to 1 MHz. Future plans to extend the X-ray
energy reach to beyond 13 keV (<1 A) at high repetition rate (LCLS-II-HE) are envisioned, motivated
by compelling new science of structural dynamics at the atomic scale.

Keywords: ultrafast; X-ray; XFEL; X-ray free-electron laser

1. Introduction

A new era in X-ray science has been launched by the development of X-ray free-electron lasers
(XFELs) which provide ultrafast coherent X-ray pulses with a peak brightness that is approximately
one billion times higher than previous X-ray sources. The FLASH facility at DESY in Hamburg (the
first extreme ultraviolet XFEL) [1], the LCLS facility at SLAC National Accelerator Laboratory (the first
hard X-ray XFEL) and the SACLA facility in Japan [2] represent the first generation of XFEL sources,
and they have already demonstrated the tremendous scientific potential and impact across broad areas
of science.

A comprehensive overview of the scientific impact of the first five years of operation of LCLS
was published in Reviews of Modern Physics in 2016 [3]. This paper will highlight some of the
more recent accomplishments from LCLS in the areas of atomic, molecular, and optical science;
chemistry; condensed matter physics; matter in extreme conditions; and biology. This paper also
presents an outline of the upgrade plans for the facility along with the motivating science opportunities.
In particular, LCLS is now in the middle of an upgrade project (LCLS-II) which will provide ultrafast
X-rays in the 0.25 keV-5 keV range at repetition rates up to 1 MHz with two independent XFELs
based on adjustable-gap undulators: 0.25 keV-1.25 keV soft X-ray undulator (SXU) and 1 keV-5
keV hard X-ray undulator (HXU) [4]. LCLS-II is based on a new continuous-wave radio-frequency
superconducting accelerator (CW-SCRF) operating at 4 GeV, and first-light is projected for 2020.
A second phase upgrade is envisioned to extend the X-ray energy reach to beyond 13 keV (<1 A) at a
high repetition rate by doubling the CW-SCREF linac energy to 8 GeV. This is motivated by compelling
new science of structural dynamics at the atomic scale.

Appl. Sci. 2017, 7, 850 11 www.mdpi.com/journal/applsci
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2. LCLS Recent Representative Highlights

Following are some representative recent highlights that illustrate the breadth and depth of LCLS
science. These pioneering results are expected to open new areas of science enabled by the unique
capabilities of LCLS.

2.1. Gase-Phase Atomic, Molecular, and Optical Science

Ultrafast X-ray pulses from LCLS have revealed for the first time the atomic motions associated
with an ultrafast chemical reaction triggered by light, as shown in Figure 1 [5]. The ring opening
reaction of 1,3-cyclohexadiene (CHD) to form the linear 1,3,5-hexatriene molecule is a prototypical
example of a class of organic electrocyclic reactions [6] that are relevant for a wide range of synthetic
chemical processes, photochemical switches, and natural biochemical production. Time-resolved hard
X-ray scattering studies at LCLS mapped the structural dynamics by providing snapshots roughly
every 25 fs (over the 200 fs lifetime) following initiation of the reaction via ultrafast UV excitation.
This time-resolved observation of an evolving photochemical reaction paves the way for a wide
range of X-ray studies examining gas phase chemistry and the structural dynamics associated with
chemical reactions.
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Figure 1. (a) [llustration of femtosecond electrocyclic ring opening of 1,3-cyclohexadiene. (b) Transient
X-ray scattering data at a sequence of time delays following initiation of the reaction by an ultrafast UV
laser pulse. Reprinted figure with permission from [5]. Copyright The American Physical Society, 2017.

2.2. Condensed-Phase Chemistry

Transition-metal complexes catalyze many important reactions, and their performance is coupled
to charge and spin density changes at the metal site caused by electronic excitation and/or ligand
loss from the metal center. LCLS results (Figure 2) show that femtosecond X-ray spectroscopy and
quantum chemistry theory can provide an unprecedented molecular-level insight into the dynamics
of the model transition-metal complex Fe(CO)s, revealing that light-induced dissociation creates
a previously unreported excited singlet species and its subsequent reactions [7]. Time-resolved
resonant inelastic X-ray scattering (RIXS) spectroscopy is a powerful tool for mapping the evolution of
frontier-orbitals with element-specificity and is expected to be applicable to a wide range of molecular
dynamics (and a major area of science for LCLS-II). RIXS probing of electronic structural dynamics
complements X-ray scattering approaches that probe the atomic structural changes associated with
ultrafast chemical reactions.
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Figure 2. (a) Resonant inelastic X-ray scattering (RIXS) is an element-specific probe of occupied
and unoccupied valence states in molecules. (b) Measured Fe L3-RIXS intensity maps for Fe(CO)s
ground-state (top); and difference intensities for the time intervals 0-700 fs (middle) and 0.7-3.5 ps
(bottom). Reprinted with permission from [7]. Copyright Nature Publishing Group, 2015.

2.3. Materials Physics

Ultrafast X-ray scattering studies at LCLS resolved for the first time the mechanism responsible
for the incipient ferroelectric behavior in the bulk thermoelectric PbTe (Figure 3), and demonstrate the
critical importance of electron-phonon interactions [8]. In PbTe and related materials, the ferroelectric
instability is associated with thermoelectricity, phase-change behavior, and superconductivity.
However, the origin of the instability has long been controversial. Recent studies have focused
on the role of anharmonic phonon-phonon interactions in these materials, while largely overlooking
the role of electron-phonon coupling. LCLS studies, using the novel approach of Fourier-transform
inelastic X-ray scattering (FT-IXS) [9,10], show that ultrafast infrared excitation transiently stabilizes
the paraelectric phase, coupling the transverse optical and acoustic phonons propagating along the
bonding direction. An important conclusion is that near band-gap electrons preferentially interact
with the soft-phonons to induce ferroelectric instability. These results further reconcile the band and
bond pictures of ferroelectricity, which has broad implications for broken-symmetry states in materials
with strong electron-phonon interactions.
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Figure 3. (a) Set-up for time-resolved inelastic X-ray scattering for probing nonequilibrium lattice
dynamics. (b) Ultrafast two-phonon spectrum of PbTe obtained through Fourier transform of the
femtosecond X-ray scattering signal. The results show a combination of modes (squeezed state)
indicative of photo-induced stabilization of the paraelectric state [8].
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2.4. Quantum Materials

LCLS provides new insight into quantum materials by enabling transient X-ray scattering
studies in the presence of pulsed high magnetic fields. In cuprates and related materials exhibiting
unconventional (high-Tc) superconductivity, the universal existence of charge density wave (CDW)
correlations raises profound questions regarding the role of CDW phenomena in the emergence of
high-Te superconductivity. Uncovering the evolution of CDW upon suppression of superconductivity
by an external magnetic field provides valuable insight into these issues. Studies at LCLS (Figure 4)
directly revealed the structure of the long-sought field-induced CDW phase in the high-Tc cuprate
YBayCu3Og 67 via time-resolved X-ray scattering in the presence of a transient high magnetic field
(28 Tesla) [11]. An unexpected three-dimensionally ordered CDW emerges at low temperatures with
magnetic fields above 15 Tesla. This is a distinctly different ordering pattern than that observed
previously at zero-field CDW. This discovery of the field-induced CDW provides long-sought
information to bridge the gap in cuprate phenomenology, which is critical to uncover the mechanism
of high-Tc superconductivity.

3-Dimensional
CDW

s Scattering

Figure 4. The msec pulsed magnetic field and femtosecond X-ray free-electron laser (FEL) pulses
are synchronized to obtain a diffraction pattern from the YBa,Cu3Og 7 YBCO single crystal at the
maximum magnetic field. The 3-dimensional charge density wave (CDW) pattern (inset) was captured
with an applied 28 Tesla magnetic field. Reprinted with permission from [11]. Copyright AAAS, 2015.

2.5. Matter in Extreme Conditions

A wealth of new and complex crystal structures emerge from elements exposed to high
pressure, an important example of which is the incommensurate composite structure comprised
of interpenetrating host and guest components (HG structure) [12]. LCLS shock compression studies
(shown in Figure 5) demonstrate for the first time that that these complex crystal structures can
develop in less than a few nanoseconds [13]. Time-resolved X-ray scattering studies of scandium
under shock compression map the evolving crystal structure along the Hugoniot up to a pressure
of 82 GPa. The complex HG crystal structure forms in less than a few nanoseconds, with the guest
atoms disordered inside the channels. The onset of melting in scandium is directly observed at the
highest compression. This observation of the rapid formation of a complex crystal structure provides
an important benchmark of the time scale for atomic rearrangement that is expected to be relevant for
a wide range of materials.
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liquid scattering

A

Figure 5. (a) Incommensurate host-guest crystal structure of scandium phase II at 23 GPa. Reprinted
with permission from [14]. Copyright The American Physical Society, 2005. (b) Linac Coherent Light
Source (LCLS) transient X-ray scattering snapshot of shock-compressed scandium showing liquid
scattering (broad diffuse peak) along with uncompressed material ahead of the shockwave (sharp
peaks) [13].

2.6. Structural Biology

Serial femtosecond crystallography (SEFX) at XFEL sources [1,15-17] has revolutionized the ability
to determine macromolecular structures that are inaccessible by synchrotron sources. Furthermore,
time-resolved SFX maps the conformational dynamics that determine biological function, and enables
studies at room temperature (near physiological conditions).

Recent LCLS time-resolved SFX studies of riboswitches, structural elements of messenger RNA
(mRNA), capture the dynamic structural response to the binding of a ligand for the first time, as shown
in Figure 6 [18]. This ligand-triggered conformational reaction in mRNA mediates gene expression.
By using ultra-small riboswitch crystals, the diffusion of a ligand can be timed to initiate a reaction just
prior to X-ray diffraction, thereby capturing the transient structure. Four transient structures identified
support a reaction mechanism model with at least four states, and illustrate the structural basis for
signal transmission. These results further demonstrate the potential of “mix-and-inject” time-resolved
serial crystallography to study important interactions between biological macromolecules and ligands.
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Figure 6. (a) Apparatus for “mix-and-inject” time-resolved serial crystallography at LCLS. (b) Structural
snapshots of the binding pocket in the riboswitch viewed from the same angle (figure from Y.-X. Wang
of NCI). (c) Evolution of species concentrations over time. Reprinted with permission from [18].
Copyright Nature Publishing Group, 2017.
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Room temperature time-resolved SFX studies at LCLS have substantially advanced our
understanding of the mechanism underlying sunlight-driven oxidation of water by photosystem
II (PS II) [19]. The four-electron redox chemistry of water oxidation is accomplished by the Mn;CaOs
cluster in the oxygen-evolving complex (OEC) within PS II. A grand science challenge is to elucidate
the transient structures of the OEC in the different chemical transition states, particularly the transient
binding of two waters molecules at the catalytic site. LCLS SFX studies have captured the transient
structures of the OEC in the dark S; and illuminated S; state at high resolution (2.25 to 3.0 A), in situ
and at room temperature. Substrate water and ammonia (water-analog) binding to the MnyCa catalyst
reveal new details about the mechanism of water oxidation.

2.7. XFEL Physics

The development of powerful new XFEL capabilities has been a hallmark of LCLS since its
inception. Prominent examples include ultrashort X-ray pulse generation [20,21], self-seeding in both
the hard X-ray [22] and soft X-ray ranges [23], and novel approaches for characterizing the X-ray
pulse duration [24]. These developments are driven primarily by scientific need and potential impact,
and are facilitated by close interaction between X-ray scientists and XFEL physicists at LCLS. At the
same time, new XFEL capabilities trigger the development of creative new experimental approaches
that enhance the scientific impact of the facility.

Recently, LCLS has developed a novel fresh-slice technique for multicolor XFEL pulse production
(Figure 7), wherein different temporal slices of an electron bunch lase to saturation in separate undulator
sections [25]. This method combines electron bunch tailoring from a passive wakefield device with
trajectory control to provide multicolor pulses. The fresh-slice scheme outperforms existing techniques
at soft X-ray wavelengths. It produces femtosecond pulses with a power of tens of gigawatts and
flexible color separation. The pulse delay can be varied from temporal overlap to almost one picosecond.
We have further demonstrated the first three-color XFEL and variably polarized two-color pulses.
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Figure 7. Fresh-slice multi-pulse scheme. The electron bunch propagates off-axis in the dechirper
to create a strong transverse head-tail kick. The subsequent oscillating orbit (in combination with
fixed-magnet corrections) is exploited so that the tail of the bunch (orange) lases in the first undulator
section (at energy E1) and the head of the bunch (blue) lases in the second undulator section (at energy
Ejp). The current LCLS layout allows for up to three pulses with controlled photon energies and pulse
delays. Reprinted with permission from [25]. Copyright Nature Publishing Group, 2016.

3. LCLS-II Science Opportunities

The representative recent highlights illustrated above are just a glimpse of the remarkable scientific
impact achieved by LCLS and related facilities that comprise the first generation of X-ray free-electron
lasers. Similar facilities are just beginning operation or are under constructions around the world,
including PAL-FEL in the Republic of Korea and Swiss-FEL in Switzerland [26]. However, despite the
enormous peak brightness, the average X-ray brightness from this initial generation of XFEL facilities
is quite modest, owing to the low repetition rate associated with pulsed-RF accelerator technology.
This restricts their impact in many important areas of science that require both high average brightness
and ultrafast time resolution.

A new generation of XFELs is now under development that will overcome this limitation by
exploiting superconducting RF accelerator technology (SCRF) to provide ultrafast X-ray pulses at
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high repetition rate. This development is driven by important new science opportunities that have
been identified and advanced over the past decade through scientific workshops around the world.
The European-XFEL in Germany is the first of this new generation, spanning the hard and soft X-ray
ranges and delivering 10 Hz bursts of 2700 pulses at ~4.5 MHz, representing an average repetition
rate of up to 27 kHz. Most recently, a series of science workshops held at SLAC National Accelerator
Laboratory in 2015 focused on the new science opportunities [27] that will be enabled by the LCLS
upgrade project (LCLS-1I), based on a novel continuous wave SCRF (CW-SCRF) accelerator technology.
As shown in Figure 8, LCLS-II will provide ultrafast X-rays in the 0.25 keV-5 keV range at repetition
rates up to 1 MHz with two independent XFELs based on adjustable-gap undulators: soft X-ray
undulator (SXU) spanning the range from 0.25 to 1.6 keV, and the hard X-ray undulator (HXU)
spanning the range from 1 keV to 5 keV [4].
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Figure 8. Projected LCLS-II X-ray pulse energies for the soft X-ray undulator (SXU) (red) and the hard
X-ray undulator (HXU) (blue) undulators for 100 pC per bunch (from ref. [4]). The X-ray pulse energy
is expected to be constant up to ~300 kHz, and will scale inversely with repetition rate (i.e., constant
average X-ray power) for repetition rates above ~300 kHz.

Here we highlight some of the important new science opportunities enabled by such a facility in
the areas of (1) fundamental charge and energy flow in molecular complexes; (2) photo-catalysis
and coordination chemistry; (3) quantum materials; and (4) coherent imaging at the nanoscale.
These examples represent just a few of the many science opportunities where a high repetition rate is
particularly enabling, and is not intended to be comprehensive of the broad range of science that is
driving the development of such facilities.

3.1. Energy and Charge Dynamics in Atoms and Molecules

The fundamental processes of charge migration, redistribution and localization are at the heart of
complex processes such as photosynthesis, catalysis, and bond formation/dissolution that govern all
chemical reactions. Such charge dynamics are closely coupled with atomic motion, and substantial
evidence points to the importance of the concurrent evolution of electronic and nuclear wave functions
(i.e., beyond the Born-Oppenheimer approximation [28]) in many molecular systems. Recent evidence
also suggests that quantum coherence in chemical and biological complexes may play a more important
role than previously appreciated [29]. Our understanding of these processes at the quantum level is
limited, even for simple molecules. We have not been able to directly observe these processes to date,
and they are beyond the description of conventional chemistry models.

Ultrafast soft X-rays at a high repetition rate from advanced XFELs will enable new experimental
methods that will directly map valence charge distributions and reaction dynamics in the molecular
frame. One powerful approach that will be qualitatively advanced by the capabilities of LCLS-II
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is the dynamic molecular reaction microscope. As illustrated in Figure 9, the molecular reaction
microscope [30-32] employs sophisticated coincidence measurements of photoelectrons (scattered
from a molecular structure at the moment of photo absorption) and ion fragments (of the dissociating
molecule) to enable a reconstruction of the molecule at a fixed orientation in space. The unique
combination of ultrafast X-rays and high repetition rate at LCLS-II will advance these techniques
to the time domain to follow molecular dynamics in the excited-state on fundamental time scales.
Here specific molecular dynamics are initiated via tailored transient excitations, such as charge transfer,
vibrational excitation, the creation of a valence hole via ionization, or the creation of non-equilibrium
Rydberg wavepackets.
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Figure 9. (a) Illustration of a molecular reaction microscope (also known as COLd Target Recoil
Ion Momentum Spectroscopy, COLTRIMS). Only one molecule is in the X-ray beam on each
pulse (i.e., less than one ionization event per pulse). The electron and ion momenta are fully
characterized in coincidence via position-sensitive time-of-flight detectors (graphic courtesy of
R. Dorner, Goethe U. Frankfurt). (b—d) Schematic of charge transfer in iodomethane during dissociation.
Reprinted with permission from [33]. Copyright AAAS, 2014. Dynamic reaction microscope studies at
high repetition rate would enable a full reconstruction of the charge-sharing dynamics in iodomethane
and similar complexes in the molecular frame.

Recent experiments highlight the promising opportunities for dynamic reaction microscope
studies at high repetition rate XFELs [34-37]. For example, LCLS experiments at 120 Hz by Erk et al.
on charge-transfer processes in gas-phase iodomethane [33] identified three dissociative channels
based on the time-dependent kinetic energy distributions of the charged fragments (Figure 9 right).
Measurements at high repetition rate will enable the complete spatial reconstruction of the excited-state
charge transfer and subsequent dissociation of iodomethane at each time step for a particular molecular
orientation. The more than 1000-fold increase in coincidence rates (and information content) from
LCLS-II will transform this into a powerful approach for visualizing a broad range of ultrafast
molecular dynamics from dissociation of simple diatomic molecules, to charge-transfer processes,
to isomerization and ring-opening reactions [5], to non-Born—-Oppenheimer relaxation processes [38],
to quantum symmetry breaking events from which chirality emerges [39].

3.2. Photochemistry and Catalysis

The directed design of photo-catalytic systems for chemical transformation and solar energy
conversion (particularly systems that are efficient, chemically selective, robust, and based on
earth-abundant elements) remains a major scientific and technological challenge. Meeting this
challenge requires a much deeper understanding of the fundamental processes of photo-chemistry
that influence the performance of photo-catalysts; namely, stable charge separation, transport,
and localization. In molecular systems, these events are mediated by internal conversion, intersystem
crossing, and conformational changes on the ultrafast time scale. Understanding such processes
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in molecular systems is hindered by the limited ability of conventional experimental or theoretical
approaches to directly observed or calculate these charge dynamics. For example, ultrafast optical
spectroscopy can capture charge dynamics (and reveal quantum coherences), but is limited to
probing electronic states delocalized over multiple atomic sites (or overlapping vibrational spectra),
and thus lack element specificity and struggle to identify nuclear degrees of freedom coupled to
excited-state dynamics.

Since charge separation, charge transport, and catalysis are local phenomena, the resolving
power and element specificity of X-rays can provide insight that is unavailable from non-local
probes. Ultrafast X-ray can thus disentangle the coupled motion of electrons and nuclear dynamics,
making them uniquely powerful for studying chemical dynamics. High repetition rate X-rays from
LCLS-II will enable a powerful suite of spectroscopy tools for understanding the physics and chemistry
of photo-catalysts in operating environments. One important example where LCLS-II capabilities
will provide a qualitative advance beyond what is presently possible at LCLS is resonant inelastic
X-ray scattering (RIXS). As illustrated in Figure 2 RIXS measures the energy distribution of both
occupied and unoccupied molecular orbitals, via resonant transitions from a specific atomic core level,
thus providing sensitivity to the local chemistry with high resolution.

As highlighted in Section 2.2, recent demonstration experiments at LCLS have applied
femtosecond time-resolved RIXS to investigate the charge transfer and ligand exchange dynamics
of Fe(CO)s in solution [7]. By comparing 2D RIXS maps with quantum chemical calculations,
the dynamics of the frontier orbitals and their interactions are revealed for the first time with element
specificity. These studies demonstrate the potential of time-resolved RIXS to capture short-lived
reaction intermediates and correlate the underlying orbital symmetry with spin multiplicity and
reactivity. However, the low repetition rate (and corresponding low average spectral flux: ph/s/meV)
of LCLS presently limits the application of time-resolved RIXS to studies of gross structural changes
in model molecular systems at high concentrations (e.g., ~1 M in the case of the Fe(CO)s5 studies [7]).
With the more than 1000-fold increase in average brightness provided by LCLS-II, time-resolved RIXS
with high spectral resolution will enable complete time-sequenced measurements at high fidelity.
The resulting detailed mapping of frontier orbital energies and subtle conformational changes will
drive a major advance in our understanding of charge separation and transfer in complex functioning
systems where the active sites are often in dilute concentrations.

3.3. Quantum Materials

“Quantum materials” are materials where charged particles behave collectively in ways we
are unable to predict from the conventional single-electron band models that effectively describe
simple metals and semiconductors. For quantum materials, reductionist approaches that consider only
individual atoms, electrons and their orbitals are inadequate. Rather, hallmarks of quantum materials
are competing or entwined order, phase separation, and heterogeneity (e.g., fluctuating nanoscale
texture of charge, spin and orbitals) that result from strong coupling between constituent particles
(charge, spin, orbitals, and phonons). These quantum interactions give rise to important “emergent”
macroscopic properties such as high-temperature superconductivity, colossal magnetoresistivity,
and topologically protected phases.

One fundamental model for understanding the charged collective modes of an interacting electron
system is the two-particle dynamic structure factor, S.(q,w)~x(q,w) that describes inter-particle
correlations as a function of momentum-transfer (g) and energy (w). Although the study of
quasiparticles in quantum materials is now well advanced, we still lack effective experimental methods
to directly probe S.(q,w) in relevant materials. Because of the subtle balance among competing
interactions in quantum materials, the important ground states are determined by collective modes in
the 1 to 100 meV energy range as illustrated in Figure 10. In this region, modern X-ray sources and
X-ray emission spectrometers struggle to achieve the combination of photon flux and energy resolution
required for incisive measurements. This capability gap for measuring the essential observable
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of an interacting electron system substantially limits our understanding of quantum materials.
High repetition rate XFELs will bridge this capability gap and offer transformative capabilities; for both
characterizing ground-state collective modes (energy and momentum dependence throughout the
Brillouin zone), and for following their response to tailored excitations.
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Figure 10. (a) Illustration of coupling between charge, spin, orbitals, and lattice. (b) Collective
excitations that can be characterized by RIXS—including excitations within d-orbital manifolds (d-d)
and charge-transfer excitations (C-T). Higher resolution is essential to reveal collective excitations at
energy scales comparable to that of superconducting gap and pseudogap ~kBT (<25 meV) (image
adapted from ref. [40]). (c) Resonant inelastic X-ray scattering (RIXS) probe of collective charge states.

Momentum-resolved resonant inelastic X-ray scattering (qRIXS) records the energy and
momentum-transfer of scattered X-rays and is a powerful tool to map the energy-momentum
dispersion of collective excitations [41]. This approach has been applied to characterize
the energy-momentum dispersion of a range of collective excitations (such as magnons [42],
paramagnons [43], triplons [44], two-spinons [45], phonons [46], orbitons [45] etc.) at a routinely
available energy resolution of ~100 meV (resolving power R ~10,000). State-of-the art RIXS instruments
(e.g., ESRF ID32 [47], NSLS-II 2-ID SIX [48]) provide R > 30,000 to investigate collective excitations
at energy scales comparable to the superconducting gap and pseudogap in unconventional high-Tc
superconductors (<50 meV). In spite of these advances, the inherent lack of longitudinal coherence (and
therefore limited spectral flux, ph/s/meV) of synchrotron X-ray sources limits the ultimate scientific
impact of qRIXS. High repetition rate seeded XFELs are anticipated to drive a qualitative advance in
applications of qRIXS to quantum materials by providing nearly a 1000-fold increase in available X-ray
spectral flux for studies at unprecedented resolution and sensitivity.

Beyond conventional qRIXS methods, time-domain approaches have tremendous potential
to provide an important new perspective on collective excitations by selectively perturbing (or
suppressing) one of the interacting degrees of freedom; e.g., by transient charge, spin, or vibrational
excitation. Of particular interest is the stimulation of materials directly on the low-energy scales
characteristic of the collective excitations (phonons, plasmons, magnons etc.). Ultrafast pulses spanning
the visible-to-THz regimes are effective stimuli of coherent collective excitations and can transiently
disrupt intertwined degrees of freedom. For example, recent studies have shown that broadband
THz pulses can selectively couple to electronic order, and thereby transiently decouple charge and
lattice modes [49]. Such approaches can also trigger phase transitions and create new phases that are
inaccessible in thermal equilibrium [50-53], thus pointing the way toward control of quantum materials.
For example, tailored ultrafast vibrational excitation has been shown to drive insulator-to-metal phase
transitions in colossal magnetoresistive manganites [54], photo-induced superconductivity has been
reported [50], and enhanced superconductivity is claimed to result from transiently-driven nonlinear
lattice dynamics in YBCO [55] and K-doped C60 [56].

An unambiguous interpretation and characterization of these novel photo-induced phenomena is
still lacking, but time- and momentum-resolved RIXS can provide much clearer insight. For example,
time-resolved RIXS at the Cu L-edge can map the evolution of magnetic excitations and phonons in
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time, energy, and momentum to provide a more complete microscopic picture about the transient
photo-enhanced superconducting phase. The role of charge order in high-Tc superconductivity remains
the subject of ongoing debate, and following the evolution of coexisting charge-stripe order through
the transient phase will be incredibly informative. Time-resolved RIXS is applicable to a wide range of
problems in quantum materials, such as the recently discovered branch of collective modes near the
zone center in Nd»,Ce,CuOy and their putative connection to magnetic fluctuations [57].

3.4. Coherent X-ray Imaging at the Nanoscale—Heterogeneity and Dynamics

The ability to image individual non-identical particles in three dimensions at the atomic scale via
coherent X-ray scattering remains one of the driving scientific visions for XFELs. This is based on the
concept of “diffraction before destruction” whereby the interpretable scattering patterns are generated
from individual X-ray pulses (of sufficient intensity and short duration) before X-ray damage effects
degrade the achievable resolution [58]. Initial demonstration experiments and applications of single
particle imaging methods at LCLS include single-shot coherent diffraction images of viruses [59],
bacteriophages [60], organelles [61], and cyanobacteria [62].

Active ongoing research is refining the optimum conditions for single particle imaging. Biological
samples are typically comprised of low-Z elements with low X-ray scattering cross-sections,
thus yielding scattering snapshots with low signal-to-background ratios. Studies have suggested
that the optimum photon energy for single particle imaging is in the tender X-ray range between
2 keV and 6 keV, which may represent the best compromise between scattering cross-section and
resolution [63]. The assembly of complete data sets via single particle imaging is hampered by the
low number of snapshots (at current low XFEL repetition rates), and further complicated by sample
heterogeneity. In order to advance single particle imagine methods, LCLS has launched the single
particle imaging (SPI) initiative to develop a roadmap towards the goal of imaging at 3 A resolution [64].
The initiative consists of over 100 scientists from 20 international institutions and covers all aspects of
SPI, from ultrafast X-ray induced damage processes to sample delivery and algorithm development.
Recently, the SPI initiative reported scattering data from rice dwarf virus particles out to 3.0 A (with
scattering signals significantly above background) [65], and have pushed the state-of-the-art for 3D
image reconstruction to below 10 nm [66].

LCLS-II presents some important opportunities for single particle imaging—particularly the
possibility to image the dynamics of macromolecules and assemblies in near-native environments at
room temperature. The high repetition rate of LCLS-II in the near-optimum tender X-ray range
can potentially generate 10® to 10!0 scattering snapshots per day, thereby driving a qualitative
advance in our ability to map the conformational energy landscapes traversed by biological
nanomachines. Cryogenic electron microscopy (cryo-EM) results demonstrate the potential to extract
three-dimensional structure [67], conformational movies, and energy landscapes from ultralow-signal
snapshots of biological complexes cryo-trapped in random orientations at statistically determined
points in their work cycle [68]. In the low-signal regime, the number of available snapshots ultimately
determines the information content of a conformational movie and the detail with which an energy
landscape can be mapped.

Complementing single-particle imaging, fluctuation X-ray scattering (fSAXS) has emerged as a
method bridging SPI and crystallography and is a potentially powerful approach for understanding
protein interactions in native environments. fSAXS is a multi-particle scattering approach (based
on a limited ensemble of particles) and is enabled by the combination of ultrafast X-ray pulses and
high repetition rate [69-71]. It potentially provides ~100 times more information than conventional
SAXS—sufficient for 3-D reconstruction. As an example, the dynamic fluctuations and conformational
response of enzymes to active substrates or small molecules in physiological environments is
central to their biological function, and current structural biology methods provide only limited
insight. The repetition rate of LCLS-II combined with advanced microfluidic mixing liquid jets may
open entirely new opportunities for investigating enzyme dynamics and their response to rapidly
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introduced substrates. While rapid mixing enhances the population of transient intermediate states,
they nevertheless constitute “rare events,” with their observation probability (and distinguishability
from other states) determined by the reaction kinetics. High repetition rate XFELs will be essential to
capture such rare events and characterize a distribution of transient intermediate structures.

4. Future Developments and Science Opportunities—LCLS-II-HE

The extension of high repetition rate XFELs to the hard X-ray regime is motivated by the
scientific need for ultrafast atomic resolution at a high average power. LCLS-II-HE represents a
significant next step in the ongoing revolution in X-ray lasers and is a natural extension to LCLS-II,
based on known CW-SCREF accelerator technology and using existing LCLS infrastructure. LCLS-II-HE
will extend operation of the high-repetition-rate LCLS-II beam into the critically important “hard
X-ray” regime that has been used in more than 75% of LCLS experiments to date, providing a major
advance in performance to the broadest cross-section of the user community. The energy reach of
LCLS-II-HE (stretching from 5 keV to at least 13 keV and potentially up to 20 keV) will enable the
study of atomic-scale dynamics with the penetrating power and pulse structure needed for in situ and
operando studies of real-world materials, functioning assemblies, and biological systems. The projected
performance of LCLS-II-HE in comparison to other X-ray sources is shown in Figure 11.
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Figure 11. The performance of LCLS-II-HE will allow access to the ‘hard X-ray’ regime, providing
atomic resolution capability, with an average brightness roughly 300 times the ultimate capability of a
diffraction-limited storage ring (DLSR) [72]. Self-seeding will further increase the average brightness
of the X-ray free-electron laser (XFEL) facilities by an additional factor of 20 to 50.

4.1. LCLS-II-HE Overview and Technical Capabilities

4.1.1. The Envisioned LCLS-II-HE Upgrade Will:

e Deliver two to three orders of magnitude of increase in average spectral brightness in the hard
X-ray range beyond any proposed or envisioned diffraction-limited storage ring (DLSR) and
exceed the anticipated performance of the European-XFEL.

e  Provide temporal coherence for high-resolution spectroscopy near the Fourier transform limit
with more than a 300-fold increase in average spectral flux (ph/s/meV) for high-resolution studies
beyond any proposed or envisioned DLSR.
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Generate ultrafast hard X-ray pulses in a uniform (or programmable) time structure at a repetition
rate of up to 1 MHz.

Double the electron beam energy of the CW-SCRF linac to 8 GeV, thereby creating three
independent accelerators within a single facility: (1) a new 8 GeV superconducting linac;
(2) a separately tunable 3.6 GeV by-pass line for the LCLS-II instruments; and (3) the existing
15 GeV Cu-linac.

4.1.2. LCLS-II-HE Technical Capabilities

Access to the energy regime above 5 keV for the analysis of key chemical elements and for atomic
resolution. This regime encompasses Earth-abundant elements that are expected to comprise
future photocatalysts for electricity and fuel production; it also accesses elements with strong
spin-orbit coupling that are of significant interest for future quantum materials; and it reaches the
biologically important selenium K-edge for phasing in protein crystallography.
High-repetition-rate, ultrafast hard X-rays from LCLS-II-HE will reveal coupled atomic and
electronic dynamics in unprecedented detail. Advanced X-ray techniques will simultaneously
measure electronic structure and subtle nuclear displacements at the atomic scale, on fundamental
timescales (femtosecond and longer), and in operating environments that require the penetrating
capabilities of hard X-rays and the sensitivity provided by high repetition rate.

Temporal resolution: LCLS-II-HE will deliver coherent X-rays on the fastest timescales,
opening up experimental opportunities that were previously unattainable due to low
signal-to-noise from LCLS (at 120 Hz) and that are simply not possible on non-laser sources.
The performance of LCLS has progressed from initial pulse durations of 300 fs down to 5 fs,
coupled to the capability for double pulses with independent control of energy, bandwidth,
and timing. Ongoing development programs offer the potential for 0.5 fs pulses.

Temporal coherence: Control over the XFEL bandwidth will be a major advance for
high-resolution inelastic X-ray scattering and spectroscopy in the hard X-ray range (RIXS and IXS).
The present scientific impact of RIXS and IXS is substantially limited by the available spectral
flux (ph/s/meV) from temporally incoherent synchrotron sources. In the hard X-ray regime,
LCLS-II-HE will provide more than a 300-fold increase in average spectral flux compared to
synchrotron sources, opening new areas of science and exploiting high energy resolution and
dynamics near the Fourier transform limit.

Spatial Coherence: The high average coherent power of LCLS-II-HE in the hard X-ray
range, with programmable pulses at high repetition rate, will enable studies of spontaneous
ground-state fluctuations and heterogeneity at the atomic scale from ps (or longer) down to
fundamental femtosecond timescales using powerful time-domain approaches such as X-ray
photon correlation spectroscopy (XPCS). LCLS-II-HE capabilities will further provide a qualitative
advance for understanding non-equilibrium dynamics and fluctuations via time-domain inelastic
X-ray scattering (FT-IXS) and X-ray Fourier-transform spectroscopy approaches using Bragg
crystal interferometers.

Structural dynamics and complete time sequences: LCLS achieved early success in the
determination of high-resolution structures of biological systems and nanoscale matter before
the onset of damage. X-ray scattering with ultrashort pulses represents a step-change in the
field of protein crystallography. An important scientific challenge is to understand function
as determined by structural dynamics, at the atomic scale (requiring ~1 A resolution) and
under operating conditions or in physiologically relevant environments (e.g., aqueous, room
temperature). The potential of dynamic pump-probe structure studies has been demonstrated
in model systems, but the much higher repetition rates of LCLS-II-HE are needed in order to
extract complete time sequences from biologically relevant complexes. Here, small differential
scattering signals that originate from dilute concentrations of active sites and low photolysis
levels are essential in order to provide interpretable results.
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e  Heterogeneous sample ensembles and rare events: The high repetition rate and uniform time
structure of LCLS-II-HE provide a transformational capability to collect 108-10'0 scattering
patterns (or spectra) per day with sample replacement between pulses. By exploiting revolutionary
advances in data science (e.g., Bayesian analysis, pattern recognition, manifold maps,
or machine-learning algorithms) it will be possible to characterize heterogeneous ensembles of
particles or identify and extract new information about rare transient events from comprehensive
data sets.

4.2. LCLS-I-HE Science Opportunities

LCLS-II-HE will enable precision measurements of structural dynamics on atomic spatial scales
and fundamental timescales—providing detailed insight into the behavior of complex matter in
real-world heterogeneous samples on fundamental scales of energy, time, and length. The solutions
to many important challenges facing humanity, such as developing alternative sources of energy,
mitigating environmental and climate problems, and delivering precision medical tools, depend on an
improved understanding and control of matter.

We highlight seven broad classes of science for which LCLS-II-HE will uniquely address critical
knowledge gaps.

4.2.1. Coupled Dynamics of Energy and Charge in Atoms and Molecules

Flows of energy and charge in molecules are the fundamental processes that drive chemical
reactions and store or release energy. They are central to energy processes ranging from combustion
to natural and man-made molecular systems that convert sunlight into fuels. Understanding and
controlling these processes remains a fundamental science challenge, in large part because the
movement of charge is closely coupled to subtle structural changes of the molecule, and conventional
chemistry models are inadequate to fully describe this. Sharper experimental tools are needed to
probe these processes—simultaneously at the atomic level and on natural (femtosecond) time scales.
LCLS-II-HE will image dynamics at the atomic scale via hard X-ray scattering and coherent diffractive
imaging (CDI) to reveal the coupled behavior of electrons and atoms with unprecedented clarity.
The combination of hard X-rays with high peak power and high average power will enable new
nonlinear spectroscopies that promise important new insights into reactive chemical flows in complex
chemical environments such as combustion.

4.2.2. Catalysis, Photocatalysis, Environmental & Coordination Chemistry

A deeper understanding of the fundamental processes in catalysis, photocatalysis, and interfacial
chemistry is essential for the directed design of new systems for chemical transformations,
energy storage, and solar energy conversion that are efficient, chemically selective, robust, and based
on Earth-abundant elements. LCLS-II-HE will reveal the critical (and often rare) transient events in
these multistep processes, from light harvesting to charge separation, migration, and accumulation at
catalytically active sites. Time-resolved, high-sensitivity, element-specific scattering and spectroscopy
enabled by LCLS-II-HE will provide the first direct view of atomic-scale chemical dynamics at interfaces.
The penetrating capability of hard X-rays will probe operating catalytic systems across multiple time
and length scales. The unique LCLS-II-HE capability for simultaneous delivery of hard and soft X-ray
pulses opens the possibility to follow chemical dynamics (via spectroscopy) concurrent with structural
dynamics (substrate scattering) during heterogeneous catalysis. Time-resolved hard X-ray spectroscopy
with high fidelity, enabled by LCLS-II-HE, will reveal the fine details of functioning biological catalysts
(enzymes) and inform the design of artificial catalysts and networks with targeted functionality.

4.2.3. Imaging Biological Function and Dynamics

The combination of high spatial and time resolution with a high repetition rate will make
LCLS-II-HE a revolutionary machine for many biological science fields. At high repetition rates,

24



Appl. Sci. 2017, 7,850

serial femtosecond crystallography (SEX) will advance from successful demonstration experiments to
address some of the most pressing challenges in structural biology for which only very limited sample
volumes are available (e.g., human proteins); or only very small crystal sizes can be achieved (<1 um);
or where current structural information is significantly compromised by damage from conventional
X-ray methods (e.g., redox effects in metalloproteins). In all of these cases, high throughput and
near-physiological conditions of room temperature crystallography will be qualitative advances.
X-ray energies spanning the Se K-edge (12.6 keV) will further enable de novo phasing and anomalous
scattering. Time-resolved SFX and solution SAXS will advance from present few-time snapshots of
model systems at high photolysis levels to full time sequences of molecular dynamics that are most
relevant for biology. Hard X-rays and high repetition rates will further enable advanced crystallography
methods that exploit diffuse scattering from imperfect crystals, as well as advanced solution scattering
and single particle imaging methods to map sample heterogeneity and conformational dynamics in
native environments.

4.2.4. Materials Heterogeneity, Fluctuations, and Dynamics

Heterogeneity and fluctuations of atoms and charge-carriers—spanning the range from the
atomic scale to the mesoscale—underlie the performance and energy efficiency of functional materials
and hierarchical devices. Conventional models of ideal materials often break down when trying to
describe the properties that arise from these complex, non-equilibrium conditions. Yet, there exists an
untapped potential to enhance material performance and create new functionality if we can achieve
a much deeper insight into these statistical atomic-scale dynamics. Important examples include
structural dynamics associated with ion transport in materials for energy storage devices and fuel
cells; nanostructured materials for manipulating nonequilibrium thermal transport; two-dimensional
materials and heterostructures with exotic properties that are strongly influenced by electron-phonon
coupling, light-matter interactions, and subtle external stimuli; and perovskite photovoltaics where
dynamic structural fluctuations influence power conversion efficiency. LCLS-II-HE will open an
entirely new regime for time-domain coherent X-ray scattering of both statistical (e.g., XPCS) and
triggered (pump-probe) dynamics with high average coherent power and penetrating capability for
sensitive real-time, in situ probes of atomic-scale structure. This novel class of measurements will lead
to new understanding of materials, and, ultimately, device performance, and will couple directly to
both theory efforts and next-generation materials design initiatives.

4.2.5. Quantum Materials and Emergent Properties

There is an urgent technological need to understand and ultimately control the exotic
quantum-based properties of new materials—ranging from superconductivity to ferroelectricity
to magnetism. These properties emerge from the correlated interactions of the constituent matter
components of charge, spin, and phonons, and are not well described by conventional band models
that underpin present semiconductor technologies. A comprehensive description of the ground-state
collective modes that appear at modest energies, 1 meV-100 meV, where modern X-ray sources
and spectrometers lack the required combination of photon flux and energy resolution, is critical to
understanding quantum materials. High-resolution hard X-ray scattering and spectroscopy at close
to the Fourier limit will provide important new insights into the collective modes in 5d transition
metal oxides—where entirely new phenomena are now being discovered, owing to the combination
of strong spin-orbit coupling and strong charge correlation. The ability to apply transient fields and
forces (optical, THz, magnetic, pressure) with the time-structure of LCLS-II-HE will be a powerful
approach for teasing apart intertwined ordering, and will be a step toward materials control that
exploits coherent light-matter interaction. Deeper insight into the coupled electronic and atomic
structure in quantum materials will be achieved via simultaneous atomic-resolution scattering and
bulk-sensitive photoemission enabled by LCLS-II-HE hard X-rays and high repetition rate.
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4.2.6. Materials in Extreme Environments

LCLS-II-HE studies of extreme materials will be important for fusion and fission material
applications and could lead to important insights into planetary physics and geoscience. The unique
combination of capabilities from LCLS-II-HE will enable the high-resolution spectroscopic and
structural characterization of matter in extreme states that is far beyond what is achievable today.
High peak brightness combined with high repetition rates and high X-ray energies are required
to (i) penetrate dynamically heated dense targets and diamond anvil cells (DAC); (ii) achieve high
signal-to-noise data above the self-emission bremsstrahlung background; (iii) probe large momentum
transfers on atomic scales to reveal structure and material phases; and (iv) measure inelastic X-ray
scattering with sufficient energy resolution and sensitivity to determine the physical properties
of materials.

4.2.7. Nonlinear X-ray Matter Interactions

A few seminal experiments on the first generation of X-ray free-electron lasers, LCLS
and SACLA, have demonstrated new fundamental nonlinear hard X-ray-matter interactions,
including phase-matched sum frequency generation, second harmonic generation, and two-photon
Compton scattering. While nonlinear X-ray optics is still in the discovery-based science phase,
advances in our understanding of these fundamental interactions will lead to powerful new tools for
atomic and molecular physics, chemistry, materials science, and biology via measurement of valence
charge density at atomic resolution and on the attosecond-to-femtosecond timescale of electron motion.
The combination of high repetition rate and high peak intensity pulses from LCLS-II-HE will enable
high-sensitivity measurements that exploit subtle nonlinear effects. This will transform the nonlinear
X-ray optics field from demonstration experiments to real measurements that utilize the nonlinear
interactions of “photon-in, photon-out” to simultaneously access transient spectroscopic and structural
information from real materials.

5. Conclusions

Recent accomplishments from LCLS in the areas of atomic, molecular, and optical science;
chemistry; condensed matter physics; matter in extreme conditions; and biology are just a few of
the many examples illustrating the ongoing rapid development of XFEL science. At the same time,
important new science opportunities are driving the development of a new generation of XFELs that
will exploit continuous-wave superconducting accelerator technology to provide ultrafast X-ray pulses
at a high repetition rate (~MHz) in a uniform or programmable time structure. The LCLS upgrade
project (LCLS-II) will provide ultrafast X-rays in the 0.25-5.0 keV range at repetition rates up to 1 MHz
with two independent XFELs based on adjustable-gap undulators: 0.25-1.25 keV soft X-ray undulator
(SXU) and 1-5 keV hard X-ray undulator (HXU), with first-light projected for 2020 [4]. In this paper,
we have highlighted a few of the important new science opportunities enabled by such a facility in
the areas of (1) fundamental charge and energy flow in molecular complexes; (2) photo-catalysis and
coordination chemistry; (3) quantum materials; and (4) coherent imaging at the nanoscale. A second
phase upgrade is envisioned to extend the X-ray energy reach to beyond 13 keV (<1 A) at high
repetition rate by doubling the CW-SCREF linac energy to 8 GeV. This is motivated by compelling new
science of structural dynamics at the atomic scale.
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Abstract: This article reports the current status of SACLA, SPring-8 Angstrom Compact free electron
LAser, which has been producing stable X-ray Free Electron Laser (XFEL) light since 2012. A unique
injector system and a short-period in-vacuum undulator enable the generation of ultra-short coherent
X-ray pulses with a wavelength shorter than 0.1 nm. Continuous development of accelerator
technologies has steadily improved XFEL performance, not only for normal operations but also for
fast switching operation of the two beamlines. After upgrading the broadband spontaneous-radiation
beamline to produce soft X-ray FEL with a dedicated electron beam driver, it is now possible
to operate three FEL beamlines simultaneously. Beamline/end-station instruments and data
acquisition/analyzation systems have also been upgraded to allow advanced experiments. These
efforts have led to the production of novel results and will offer exciting new opportunities for users
from many fields of science.

Keywords: X-ray free electron laser; SACLA; linac; undulator; X-ray optics; photon diagnostics;
damage-free analysis; ultrafast science

1. Introduction

SACLA, SPring-8 Angstrom Compact free electron LAser, is an X-ray Free Electron Laser (XFEL)
facility at SPring-8, Japan. It was inaugurated in March 2012 [1], becoming the second XFEL facility in
the world, following the 2009 inauguration of LCLS, the Linac Coherent Light Source, at SLAC in the
US [2]. The LCLS and the European XFEL [3] at DESY in Germany, which were first proposed in the
1990s, utilize high-energy linacs with beam energies around 15 GeV and lengths of a few kilometers to
produce short wavelength XFEL radiation. In contrast, SACLA was designed as the first compact XFEL
facility to produce brilliant and stable XFEL radiation with substantially lower costs for construction
and operations. To enable this, we employed unique accelerator technologies: a low emittance
injector with a thermionic electron gun (e-gun) and a velocity bunching system; a high-gradient
normal-conducting C-band linac; and a short-period in-vacuum undulator [4]. Combining these
devices with state-of-the-art X-ray optics [5,6], we have steadily generated XFEL light for users more
than 4000 h in FY2016, allowing researchers to produce a number of important scientific results in the
fields of biology [7-12], chemistry [13-16], materials science [17-20], high-energy density science [21],
and non-linear X-ray optics [22-26]. The success of SACLA has promoted the development of similar
compact XFEL facilities, such as SwissFEL at Paul Scherrer Institut in Switzerland [27].

In parallel to conducting user operations, we have continued to upgrade the facility. One of
the most critical demands from users is to increase beam time, which recently led us to construct
new beamlines and to develop an innovative scheme to switch XFEL over multiple beamlines in a
pulse-by-pulse manner [28]. We have also developed various new beamline/end-station instruments
and data acquisition/analysis systems to advance experimental capabilities [29-37].
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Over the years, we have published several articles about the SACLA facility. In [1], we reported
the concept, design, and initial performance of SACLA. Tono et al. also reported the initial beamline
design and performance [5]. In [6], we provided updated information on beam performance, beamline
instruments, and early scientific highlights. In this article, we report the current status of SACLA,
including recent scientific achievements and new capabilities enabled in early 2017. In Section 2, we
summarize the typical performance of a hard X-ray FEL beamline, BL3, with the updated design.
Section 3 describes recent scientific highlights and the advanced technologies that enable these
achievements. In Section 4, we review the construction and operation of two new beamlines, BL2 and
BL1. Finally, Section 5 presents our plans for the future.

2. Typical Performance

Table 1 shows basic radiation characteristics for the first XFEL beamline, BL3. The unique injector
system combines an e-gun using a thermionic cathode and a multi-stage bunch compression system,
instead of an RF-photo cathode system. This configuration can produce high peak power with an
X-ray pulse duration shorter than 10 fs under normal operating conditions. Such a short pulse
duration assures analysis with a “diffraction-before-destruction” scheme and potentially facilitate
ultrafast experiments.

Table 1. Typical characteristics for the X-ray Free Electron Laser (XFEL) light of beamline 3 (BL3).

Parameter Typical Value
Pulse energy ~0.5m] at 10 keV
Pulse duration <10fs
Peak power >50 GW
Photon energy (Wavelength) 4.0-20 keV ! (0.062-0.31 nm)
Bandwidth 0.5% (FWHM 2)
Repetition rate 60 Hz maximum

14.0-15 keV in daily operation. 2 Full width at half maximum.

The beamline provides hard X-ray FEL with a high photon energy, greater than ~15 keV, even with
amoderate beam energy of 8 GeV. This distinct capability is possible due to the in-vacuum short-period
undulator, a core device adopted for our compact XFEL machine. Furthermore, shorter wavelength
X-rays can be produced while fixing the electron beam energy by decreasing the magnetic field by
opening a gap between the undulator magnets. This variable-gap design enables the production
of two-color XFEL pulses with a wavelength separation above 30% using a simple split undulator
technique, where the undulator gaps between the upstream and downstream sections are changed [38].

In the autumn of 2016, the first user experiment to use the maximum repetition rate of 60 Hz took
place. The standard repetition rate in daily operations has increased steadily and will be 60 Hz during
the latter half of 2017. Figure 1 shows a typical trend graph of pulse energy for user experiments.
The constant output with a small fluctuation of 16% in root mean square (rms) demonstrates the high
stability of operations, another important feature of SACLA operations. The mean fault interval in
2016 was more than 1 h at a repetition rate of 30 Hz.

Figure 2 shows the current schema for BL3. In the original design, the beamline had only basic
functions, such as beam transport, monochromatization, focusing, and monitoring of fundamental
beam parameters [5]. The beam-transport optical system basically consists of two sets of double plane
mirrors and a double crystal monochromator (DCM). One of the mirror sets or DCM is selected to
deliver a beam that is pink or monochromatic, respectively. The double mirror systems with different
glancing angles (2 and 4 mrad) reflect X-rays below cutoff energies and attenuates the higher order
harmonics above them. The DCM with Si (111) crystals delivers a monochromatic beam with a
bandwidth of ~10~4 (AE/E). The standard focusing optical device is a Kirkpatrick-Baez mirror pair,
which is stationed at an experimental hutch to provide a 1 pm X-ray spot [30]. In the upgraded
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beamline, new functions have been added to support broader and more advanced applications.
The following major upgrades have been applied:
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Figure 1. Trend of XFEL (X-ray Free Electron Laser) pulse energy at BL3 over 48 h on 18-20 April 2016.
The average and peak pulse energies were 0.61 mJ and 0.87 mJ, respectively, at a photon energy of

10 keV. The rms pulse-energy fluctuation was 16%.

(Side view)

Frontend enclosure BL3 Optics hutch (OH2)
SCM5 SCM6 SCM7 GM SCM8 BM |

nitnf & . n -
[N O O
M2b  S(TC) SA TG XPR

scM1 scMz | scm3 BM wm  scme o
nBnlgnemm Erizg
o RN s =

S(FE) BW M1 DCM
L ~25m N
r )
Experimental hutches (EHs) EH4c
OH2 EH1 EH2 EH3 EH5
BM SCM9 SR
liavi = in — -
> == vy O = = ==
BW TSM [CcRL E SA  2SFM-U FM 2SFM-D
<

Figure 2. Major optical and diagnostic systems of SACLA BL3. SCM: screen monitor; S(FE): frontend
slit; BW: beryllium window; BM: beam intensity and position monitor; WM: wavelength monitor;
M1, M2a, M2b: plane mirrors; DCM: double crystal monochromator; S(TC): transport-channel slit;
SA: solid attenuator; TG: transmission grating; XPR: X-ray phase retarder; GM: gas intensity monitor;
TSM: timing and spectrum monitor; CRL: compound refractive lens; 2SFM-U(-D): two-stage focusing
mirrors on the upstream (downstream) side (50 nm spot size); FM: focusing mirrors (1 um spot size);
SR: synchrotron radiation from SPring-8.

Beam-transport and 1 um focusing mirrors were replaced with longer ones to increase acceptable
beam sizes, especially in the lower photon energy ranges with a larger beam size [39]. Transmission
ratios from the source to the sample position were improved from 30% to 55% at 5.5 keV, from 46% to
61% at 7.0 keV, and from 59% to 65% at 10 keV.

e  Transmission gratings working as beam splitters were installed in an optics hutch (OH2). The
gratings are used for simultaneous diagnostics of timing [36] and/or spectrum [29] at the first
experimental hutch EH1 with user experiments performed at another experimental hutch [37].

e A diamond phase retarder was stationed in OH2 for the polarization control of XFEL light [40].
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e  Compound refractive lenses made of beryllium were installed in EH2.
e A two-stage focusing system was deployed at EH4c and EHS5 to produce a 50 nm X-ray spot [32].

A more detailed description of the new components/functions will be provided in a separate
article [41]. These state-of-the-art X-ray optics and diagnostics enable advanced experiments, such
as X-ray nonlinear optics under ultrahigh intensity over 102 W/cm?, achieved with the two-stage
focusing system.

3. Recent Scientific Highlights and New Instruments

To enable a deeper understanding of the photosynthetic process so that we can design artificial
photosynthesis, it is important to determine the structures and functions of photosystem II (PSII), a key
catalytic protein complex for photosynthesis. Shen and team achieved a milestone by determining the
“radiation-damage-free” structure of PSII in the S, state at a resolution of 1.95 A with SACLA. Their
results show differences at the sub-angstrom level, compared to those obtained with a quasi-CW X-ray
source of synchrotron radiation [10]. Furthermore, they determined the structure of an intermediate S3
state with two-flash illumination at room temperature at a resolution of 2.35 A with a time-resolved
(TR) serial femtosecond crystallography (SEX) method. This finding suggests the insertion of a new
oxygen atom close to an existing oxygen atom in the molecule [11]. These results provide a critical
basis for understanding the mechanisms underlying oxygen evolution in photosynthesis.

The TR-SEX method was also used to determine conformational changes in bacteriorhodopsin
(bR), a light-driven proton pump, and a model membrane transport protein, at 13 time points in a scale
ranging from nanoseconds to milliseconds following photo activation [12]. The resulting molecular
movie elucidated a fundamental mechanism for directional proton transport in bR.

These achievements were supported by an experimental platform named DAPHNIS developed
by the SACLA team [34]. This instrument is composed of a small He chamber for sample injection and
a short-work-distance MPCCD detector with octal sensors that is separated from the chamber [31]. This
design offers great flexibility to efficiently meet various demands from users, including introduction of
new types of sample injectors, such as grease-matrix and droplet injectors [9,42], and extensions to
pump-probe experiments.

The pump-probe scheme was applied for X-ray analysis based on wide-angle scattering (WAXS)
of solution. Thee and Adachi et al. observed a formation process for a gold complex [Au(CN)]3
in solution after excitation of an ultrafast laser pulse with a wavelength of 267 nm [14]. The time
resolution in this experiment was sub-picosecond, limited mainly by arrival timing jitter between the
XFEL and optical laser pulses.

To improve the time resolution, we developed an arrival timing monitor by probing the ultrafast
change in optical transmittance induced by intense XFEL light with a spatial decoding technique [36,37].
A unique feature of our optical design is the utilization of an X-ray elliptical mirror for increasing X-ray
intensity to form a line-focused profile, which suppresses the X-ray pulse energy that is required to be
as small as several microjoules at ~10 keV. Furthermore, we developed a beam branching system for
enabling timing diagnostics to be determined simultaneously with experiments. The system is based
on a transmission grating that creates two branches dedicated for timing and spectral diagnostics in
addition to the Oth order branch used for the main experiments [43]. We evaluated the accuracy of the
monitor by constructing a similar setup in the main branch and found that the error was as small as
7 fs in rms. We compared our system with another timing monitor based on the THz streaking method
constructed by the PSI group, which assured a relative accuracy of 16.7 fs [44]. This system is now
routinely used for pump-probe experiments and contributes to improving time resolution down to a
few tens of fs.

The two-color generation configuration based on the split-undulator technique can be combined
with the two-stage tight X-ray focusing system, enabling researchers to investigate the non-linear
interactions between intense X-ray fields and matter [32,38]. The generation of a Cu K« laser marked a
significant achievement. The Cu target was excited with ultra-intense 9-keV X-rays to produce K-shell

34



Appl. Sci. 2017, 7,604

vacancies and to form the population inversion condition, leading to the generation of amplified
spontaneous emission on Cu K lines [26]. Furthermore, while operating SACLA in the two-color
mode, we observed the efficient amplification of 8 keV X-rays induced as a seeding.

In this two-color mode, the temporal separation of two XFEL pulses could be tuned with a sub-fs
resolution by using a small chicane of the electron beam in the middle of the undulator line. In the
summer of 2016, the maximum separation of 40 fs for the 8 GeV electron beam was extended to ~300 fs
by increasing the maximum current for the chicane magnets. Based on this scheme, an X-ray pump and
X-ray probe experiment was performed to investigate the fundamental damage processes in a diamond
induced by intense 6.1 keV X-rays [45]. It was found that the diffraction signal of the 5.9 keV probe
pulse decreased after 20 fs following pump pulse irradiation with an intensity of 101° W/cm? due to
the X-ray—induced atomic displacement. This finding offers a valuable opportunity for experimental
evaluation of the “diffraction-before-destruction” scheme.

We developed a hard X-ray split-and-delay optical (SDO) system based on the Bragg diffraction
in crystal optics for generating two split pulses with a variable temporal separation [46-48]. To achieve
both high stability and operational flexibility, the SDO system was designed to include both
variable-delay and fixed-delay branches. As key optical elements, we fabricated high-quality thin
crystals and channel-cut crystals by applying the plasma chemical vaporization machining technique.
The SDO system using Si(220) crystals covered a photon energy range of 6.5-11.5 keV and a delay
time range from a negative value to >45 ps over the photon energy range (up to 220 ps at 6.5 keV).
We developed a simple alignment method for achieving a spatial overlap between the split pulses. This
SDO system was tested at BL29XU of SPring-8 in combination with a focusing system. We achieved an
excellent overlap with an accuracy of 30 nm for ~200 nm focused beams in both the horizontal and
vertical directions. This result marks a milestone towards the realization of time-resolved studies using
multiple X-ray pulses with a time range from femtosecond to sub-nanosecond scales at XFEL facilities.

4. New Beamlines

Figure 3 shows the schematic view of the current SACLA facility with three beamlines. In 2015,
we constructed a second hard X-ray FEL beamline, BL2, and tested pulse-to-pulse switching operations
between BL2 and BL3, the first hard XFEL beamline, by using a fast kicker magnet in the upstream
location of the undulator lines [28]. At that time, we found that the quality of an electron beam
was degraded at a dog-leg transport with a deflection angle of +3 degrees to the BL2 undulators.
The highly compressed electron beam with a peak current greater than 10 kA produced unwanted
coherent synchrotron radiation (CSR), which significantly enlarged the electron beam emittance
through large energy modulation in the dipole magnets. To resolve this issue, we redesigned the
optics of the dog-leg transport to include a combination of two double-bend achromat structures while
maintaining high symmetry. Furthermore, we developed a pulsed high power supply to increase the
deflection angle of the switching magnet. In February 2017, we tested this system and found that high
pulse energies of several hundred microjoules were simultaneously generated at the two beamlines
by employing the highly compressed electron beam. Later in 2017, we plan to offer simultaneous
operations of these beamlines for users.

In 2015, we also upgraded the broadband spontaneous radiation beamline BL1 to a soft X-ray
FEL beamline. A key machine used for this project was the SPring-8 Compact SASE Source (SCSS)
test accelerator [4]. This machine was built in 2005 with a beam energy of 250 MeV, originally for
performing proof-of-principle tests for the compact XFEL scheme. Following the first lasing at 49 nm in
2006, SCSS was also used for R&D on FEL utilization and experiments with intense FEL radiation in the
extreme ultraviolet (EUV) region. In 2013, SCSS was decommissioned after the successful inauguration
of SACLA. However, we found space in the upstream position of the BL1 undulator to accommodate
this machine as a compact electron beam driver dedicated to BL1. In the summer of 2015, we relocated
the accelerator components of SCSS while increasing the beam energy to 450 MeV. This upgraded
machine is called SCSS+. In October 2015, we achieved first lasing at a photon energy of 37 eV, and
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started user operations the following July. In the summer of 2016, we further added two accelerator
units to increase the beam energy to 800 MeV. We observed a high pulse energy above 100 uJ at a
photon energy around 100 eV before the winter shutdown of 2016. The typical energy resolution is
~2%. Since we use an in-vacuum variable-gap undulator for BL1, i.e., the same as that used for BL2
and BL3, we can cover a higher photon energy up to ~150 eV by opening the undulator gap while
maintaining pulse energy above ~10 pJ. It should be emphasized that SCSS+ and SACLA are operated
independently, so we are able to increase the available user time of soft X-ray FEL without limiting the
availability of hard X-ray FEL at BL2 and BL3.
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Figure 3. (a) Schematic top view of the SACLA facility. Purple bars in (a) indicate linacs and green

bard indicate undulators. OH: optics hutch; EH: experimental hutch; LH: laser hutch; SR: synchrotron
radiation from SPring-8. (b) Schematic bird’s eye view of the SACLA experimental hall.

5. Plans for the Future

We continue to upgrade SACLA not only to enhance the performance and availability of XFEL
but also to establish a technological foundation for the future SPring-8-1II, our upgrade of the existing
SPring-8 facility. The unique capability to operate multiple FEL beamlines allows us to offer exciting
research opportunities with new experimental schemes. For example, BL1 and BL2/BL3 can be
synchronized to provide FEL pulses with a finely controlled time interval because both the SCSS+ and
SACLA linacs use a common trigger source. This synchronized operation will enable pump and probe
experiments with both soft and hard X-ray FELs.

36



Appl. Sci. 2017, 7,604

Pulse-by-pulse switching is presently realized in a scheme that distributes laser pulses equally
over multiple beamlines. In this scheme, an equivalent number of pulses is delivered to each beamline.
However, depending on the combination of experiments at BL2 and BL3, one beamline may require
more pulses than the other. A flexible control system enabling an arbitrary pulse distribution, e.g.,
40 pulses/s at BL2 and 20 at BL3, is under development to improve the utilization efficiency.

On the other hand, we plan to use the SACLA linac as an injector for SPring-8-II. Although the
dynamic aperture of SPring-8-II is much narrower than the current one, the small emittance beams
from the SACLA linac can maintain excellent injection efficiency with high stability. Another advantage
of this scheme is that we can save massive amounts of electricity by stopping operations of the existing
SPring-8 injector composed of the 8 GeV booster synchrotron and 1 GeV linac. However, this scenario
of sharing the SACLA linac between SACLA and SPring-8-II requires two major developments: one
is to change the bunch length in a pulse-by-pulse manner to keep the small beam emittance at the
injection point of the ring; the other is to enable “on-demand beam injection” that accepts injection
requests from the ring for the top-up operation. The first test of beam injection from the SACLA linac
to the current storage ring is scheduled for FY2018.

Acknowledgments: The authors are grateful to all of the SACLA /SPring-8 staff who have participated in the
construction and operation of SACLA.

Author Contributions: All authors wrote the paper on behalf of the SACLA team.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ishikawa, T.; Aoyagi, H.; Asaka, T.; Asano, Y.; Azumi, N.; Bizen, T.; Ego, H.; Fukami, K.; Fukui, T.;
Furukawa, Y,; et al. A compact X-ray free-electron laser emitting in the sub-angstrom region. Nat. Photonics
2012, 6, 540-544. [CrossRef]

2. Emma, P; Akre, R.; Arthur, J.; Bionta, R.; Bostedt, C.; Bozek, J.; Brachmann, A.; Bucksbaum, P,; Coffee, R.;
Decker, F.-J.; et al. First lasing and operation of an dngstrom-wavelength free-electron laser. Nat. Photonics
2010, 4, 641-647. [CrossRef]

3. Altarelli, M. The European X-ray Free-Electron Laser Facility in Hamburg. Nucl. Instrum. Methods B 2011,
269, 2845-2849. [CrossRef]

4. Shintake, T.; Tanaka, H.; Hara, T.; Tanaka, T.; Togawa, K.; Yabashi, M.; Otake, Y.; Asano, Y.; Bizen, T.; Fukui, T.;
et al. A compact free-electron laser for generating coherent radiation in the extreme ultraviolet region.
Nat. Photonics 2008, 2, 555-559. [CrossRef]

5. Tono, K; Togashi, T.; Inubushi, Y.; Sato, T.; Katayama, T.; Ogawa, K.; Ohashi, H.; Kimura, H.; Takahashi, S.;
Takeshita, K.; et al. Beamline, experimental stations and photon beam diagnostics for the hard X-ray free
electron laser of SACLA. New |. Phys. 2013, 15, 083035. [CrossRef]

6.  Yabashi, M.; Tanaka, H.; Ishikawa, T. Overview of the SACLA facility. ]. Synchrotron Rad. 2015, 22, 477-484.
[CrossRef] [PubMed]

7. Kimura, T; Joti, Y,; Shibuya, A.; Song, C.; Kim, S.; Tono, K.; Yabashi, M.; Tamakoshi, M.; Moriya, T.;
Oshima, T.; et al. Imaging live cell in micro-liquid enclosure by X-ray laser diffraction. Nat. Commun. 2014, 5,
3052. [CrossRef] [PubMed]

8.  Hirata, K.; Shinzawa-Itoh, K.; Yano, N.; Takemura, S.; Kato, K.; Hatanaka, M.; Muramoto, K.; Kawahara, T.;
Tsukihara, T.; Yamashita, E.; et al. Determination of damage-free crystal structure of an X-ray-sensitive
protein using an XFEL. Nat. Methods 2014, 11, 734-736. [CrossRef] [PubMed]

9.  Sugahara, M.; Mizohata, E.; Nango, E.; Suzuki, M.; Tanaka, T.; Masuda, T.; Tanaka, R.; Shimamura, T.;
Tanaka, Y.; Suno, C.; et al. Grease matrix as a versatile carrier of proteins for serial crystallography.
Nat. Methods 2015, 12, 61-63. [CrossRef] [PubMed]

10. Suga, M.; Akita, F; Hirata, K.; Ueno, G.; Murakami, H.; Nakajima, Y.; Shimizu, T.; Yamashita, K.;
Yamamoto, M.; Ago, H.; Shen, ]J.-R. Native structure of photosystem II at 1.95 A resolution viewed by
femtosecond X-ray pulses. Nature 2015, 517, 99-103. [CrossRef] [PubMed]

37



Appl. Sci. 2017, 7,604

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

Suga, M.; Akita, F; Sugahara, M.; Kubo, M.; Nakajima, Y.; Nakane, T.; Yamashita, K.; Umena, Y.;
Nakabayashi, M.; Yamane, T.; et al. Light-induced structural changes and the site of O=0O bond formation in
PSII caught by XFEL. Nature 2017, 543, 131-135. [CrossRef] [PubMed]

Nango, E.; Royant, A.; Kubo, M.; Nakane, T.; Wickstrand, C.; Kimura, T.; Tanaka, T.; Tono, K.; Song, C.;
Tanaka, R.; et al. A three-dimensional movie of structural changes in bacteriorhodopsin. Science 2016, 354,
1552-1557. [CrossRef] [PubMed]

Obara, Y;; Katayama, T.; Ogi, Y.; Suzuki, T.; Kurahashi, N.; Karashima, S.; Chiba, Y.; Isokawa, Y.; Togashi, T.;
Inubushi, Y.; et al. Femtosecond time-resolved X-ray absorption spectroscopy of liquid using a hard X-ray
free electron laser in a dual-beam dispersive detection method. Opt. Express 2014, 22, 1105-1113. [CrossRef]
[PubMed]

Kim, K.H.; Kim, J.G.; Nozawa, S.; Sato, T.; Oang, K.Y.; Kim, TW.; Ki, H.; Jo, J.; Park, S.; Song, C.; et al. Direct
observation of bond formation in solution with femtosecond X-ray scattering. Nature 2015, 518, 385-389.
[CrossRef] [PubMed]

Uemura, Y.; Kido, D.; Wakisaka, Y.; Uehara, H.; Ohba, T.; Niwa, Y.; Nozawa, S.; Sato, T.; Ichiyanagi, K.;
Fukaya, R.; et al. Dynamics of photoelectrons and structural changes of tungsten trioxide observed by
femtosecond transient XAFS. Angew. Chem. Int. Ed. 2016, 55, 1364-1367. [CrossRef] [PubMed]

Canton, S.E.; Kjeer, K.S.; Vanko, G.; van Driel, T.B.; Adachi, S.; Bordage, A.; Bressler, C.; Chabera, P;
Christensen, M.; Dohn, A.O.; et al. Visualizing the non-equilibrium dynamics of photoinduced
intramolecular electron transfer with femtosecond X-ray pulses. Nat. Commun. 2015, 6, 6359. [CrossRef]
[PubMed]

Takahashi, Y.; Suzuki, A.; Zettsu, N.; Oroguchi, T.; Takayama, Y.; Sekiguchi, Y.; Kobayashi, A.; Yamamoto, M.;
Nakasako, M. Coherent diffraction imaging analysis of shape-controlled nanoparticles with focused hard
X-ray free-electron laser pulses. Nano Lett. 2013, 13, 6028-6032. [CrossRef] [PubMed]

Mitrofanov, K.V,; Fons, P.; Makino, K.; Terashima, R.; Shimada, T.; Kolobov, A.V.; Tominaga, J.; Bragaglia, V.;
Giussani, A.; Calarco, R.; et al. Sub-nanometre resolution of atomic motion during electronic excitation in
phase-change materials. Sci. Rep. 2016, 6, 20633. [CrossRef] [PubMed]

Dean, M.PM.; Cao, Y.; Liu, X.; Wall, S.; Zhu, D.; Mankowsky, R.; Thampy, V.; Chen, X.M.; Vale, ].G.; Casa, D.;
et al. Ultrafast energy- and momentum-resolved dynamics of magnetic correlations in the photo-doped Mott
insulator SrpIrOy4. Nat. Mater. 2016, 15, 601-605. [CrossRef] [PubMed]

Matsubara, E.; Okada, S.; Ichitsubo, T.; Kawaguchi, T.; Hirata, A.; Guan, PF; Tokuda, K.; Tanimura, K.;
Matsunaga, T.; Chen, M.W.; Yamada, N. Initial atomic motion immediately following femtosecond-laser
excitation in phase-change materials. Phys. Rev. Lett. 2016, 117, 135501. [CrossRef] [PubMed]

Hartley, N.J.; Ozaki, N.; Matsuoka, T.; Albertazzi, B.; Faenov, A.; Fujimoto, Y.; Habara, H.; Harmand, M.;
Inubushi, Y.; Katayama, T.; et al. Ultrafast observation of lattice dynamics in laser-irradiated gold foils.
Appl. Phys. Lett. 2017, 110, 071905. [CrossRef]

Fukuzawa, H.; Son, S.-K.; Motomura, K.; Mondal, S.; Nagaya, K.; Wada, S.; Liu, X.-J.; Feifel, R.;
Tachibana, T.; Ito, Y.; et al. Deep inner-shell multiphoton ionization by intense X-ray free-electron laser
pulses. Phys. Rev. Lett. 2013, 110, 173005. [CrossRef] [PubMed]

Tamasaku, K.; Shigemasa, E.; Inubushi, Y.; Katayama, T.; Sawada, K.; Yumoto, H.; Ohashi, H.; Mimura, H.;
Yabashi, M.; Yamauchi, K.; Ishikawa, T. X-ray two-photon absorption competing against single and sequential
multiphoton processes. Nat. Photonics 2014, 8, 313-316. [CrossRef]

Shwartz, S.; Fuchs, M.; Hastings, J.B.; Inubushi, Y.; Ishikawa, T.; Katayama, T.; Reis, D.A.; Sato, T.; Tono, K.;
Yabashi, M.; et al. X-ray second harmonic generation. Phys. Rev. Lett. 2014, 112, 163901. [CrossRef] [PubMed]
Yoneda, H.; Inubushi, Y.; Yabashi, M.; Katayama, T.; Ishikawa, T.; Ohashi, H.; Yumoto, H.; Yamauchi, K.;
Mimura, H.; Kitamura, H. Saturable absorption of intense hard X-rays in iron. Nat. Commun. 2014, 5, 5080.
[CrossRef] [PubMed]

Yoneda, H.; Inubushi, Y.; Nagamine, K.; Michine, Y.; Ohashi, H.; Yumoto, H.; Yamauchi, K.; Mimura, H.;
Kitamura, H.; Katayama, T.; et al. Atomic inner-shell laser at 1.5-dngstrom wavelength pumped by an X-ray
free-electron laser. Nature 2015, 524, 446-449. [CrossRef] [PubMed]

Ganter, R. (Ed.) SwissFEL Conceptual Design Report; PSI Report 10-04; PSI: Villigen, Switzerland, 2010.
Hara, T.; Fukami, K.; Inagaki, T.; Kawaguchi, H.; Kinjo, R.; Kondo, C.; Otake, Y.; Tajiri, Y.; Takebe, H.;
Togawa, K.; et al. Pulse-by-pulse multi-beam-line operation for X-ray free-electron lasers. Phys. Rev. ST AB
2016, 19, 020703. [CrossRef]

38



Appl. Sci. 2017, 7,604

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Inubushi, Y.; Tono, K.; Togashi, T.; Sato, T.; Hatsui, T.; Kameshima, T.; Togawa, K,; Hara, T.; Tanaka, T.;
Tanaka, H.; et al. Determination of the pulse duration of an X-ray free electron laser using highly resolved
single-shot spectra. Phys. Rev. Lett. 2012, 109, 144801. [CrossRef] [PubMed]

Yumoto, H.; Mimura, H.; Koyama, T.; Matsuyama, S.; Tono, K.; Togashi, T.; Inubushi, Y.; Sato, T.; Tanaka, T.;
Kimura, T.; et al. Focusing of X-ray free-electron laser pulses with reflective optics. Nat. Photonics 2013, 7,
43-47. [CrossRef]

Kameshima, T.; Ono, S.; Kudo, T.; Ozaki, K; Kirihara, Y.; Kobayashi, K.; Inubushi, Y.; Yabashi, M.;
Horigome, T.; Holland, A_; et al. Development of an X-ray pixel detector with multi-port charge-coupled
device for X-ray free-electron laser experiments. Rev. Sci. Instrum. 2014, 85, 033110. [CrossRef] [PubMed]
Mimura, H.; Yumoto, H.; Matsuyama, S.; Koyama, T.; Tono, K.; Inubushi, Y.; Togashi, T.; Sato, T.; Kim, J.;
Fukui, R.; et al. Generation of 1020 Wem ™2 hard X-ray laser pulses with two-stage reflective focusing system.
Nat. Commun. 2014, 5, 3539. [CrossRef] [PubMed]

Song, C.; Tono, K,; Park, J.; Ebisu, T.; Kim, S.; Shimada, H.; Kim, S.; Gallagher-Jones, M.; Nam, D.; Sato, T.;
et al. Multiple application X-ray imaging chamber for single-shot diffraction experiments with femtosecond
X-ray laser pulses. |. Appl. Cryst. 2014, 47, 188-197. [CrossRef]

Tono, K.; Nango, E.; Sugahara, M.; Song, C.; Park, J.; Tanaka, T.; Tanaka, R.; Joti, Y.; Kameshima, T.; Ono, S.;
et al. Diverse application platform for hard X-ray diffraction in SACLA (DAPHNIS): Application to serial
protein crystallography using an X-ray free-electron laser. J. Synchrotron Rad. 2015, 22, 532-537. [CrossRef]
[PubMed]

Joti, Y.; Kameshima, T.; Yamaga, M.; Sugimoto, T.; Okada, K.; Abe, T.; Furukawa, Y.; Ohata, T;
Tanaka, R.; Hatsui, T.; et al. Data acquisition system for X-ray free-electron laser experiments at SACLA.
J. Synchrotron Rad. 2015, 22, 571-576. [CrossRef] [PubMed]

Sato, T.; Togashi, T.; Ogawa, K.; Katayama, T.; Inubushi, Y.; Tono, K.; Yabashi, M. Highly efficient arrival
timing diagnostics for femtosecond X-ray and optical laser pulses. Appl. Phys. Exp. 2015, 8, 012702.
[CrossRef]

Katayama, T.; Owada, S.; Togashi, T.; Ogawa, K.; Karvinen, P,; Vartiainen, I.; Eronen, A.; David, C.; Sato, T.;
Nakajima, K.; et al. A beam branching method for timing and spectral characterization of hard X-ray free
electron lasers. Struct. Dyn. 2016, 3, 034301. [CrossRef] [PubMed]

Hara, T.; Inubushi, Y.; Katayama, T.; Sato, T.; Tanaka, H.; Tanaka, T.; Togashi, T.; Togawa, K.; Tono, K.;
Yabashi, M.; Ishikawa, T. Two-colour hard X-ray free-electron laser with wide tenability. Nat. Commun. 2013,
4,2919. [CrossRef] [PubMed]

Koyama, T.; Yumoto, H.; Miura, T.; Tono, K.; Togashi, T.; Inubushi, Y.; Katayama, T.; Kim, J.; Matsuyama, S.;
Yabashi, M.; et al. Damage threshold of coating materials on X-ray mirror for X-ray free electron laser.
Rev. Sci. Instrum. 2016, 87, 051801. [CrossRef] [PubMed]

Suzuki, M.; Inubushi, Y.; Yabashi, M.; Ishikawa, T. Polarization control of an X-ray free-electron laser with a
diamond phase retarder. J. Synchrotron Rad. 2014, 21, 466—472. [CrossRef] [PubMed]

Tono, K.; Togashi, T.; Inubushi, Y.; Katayama, T.; Owada, S.; Yabuuchi, T.; Kon, A.; Inoue, L; Osaka, T.;
Yumoto, H.; et al. Overview of optics, photon diagnostics and experimental instruments at SACLA:
Development, operation and scientific applications. Proc. SPIE 2017. to be published.

Mafuné, E; Miyajima, K.; Tono, K.; Takeda, Y.; Kohno, J.; Miyauchi, N.; Kobayashi, J.; Joti, Y.; Nango, E.;
Iwata, S.; Yabashi, M. Microcrystal delivery by pulsed liquid droplet for serial femtosecond crystallography.
Acta Cryst. D 2016, 72, 520-523. [CrossRef] [PubMed]

David, C.; Nohammer, B.; Ziegler, E. Wavelength tunable diffractive transmission lens for hard X rays.
Appl. Phys. Lett. 2001, 79, 1088-1090. [CrossRef]

Gorgisyan, I.; Ischebeck, R.; Erny, C.; Dax, A.; Patthey, L.; Pradervand, C.; Sala, L.; Milne, C.; Lemke, H.T.;
Hauri, C.P. THz streak camera method for synchronous arrival time measurement of two-color hard X-ray
FEL pulses. Opt. Express 2017, 25, 2080-2091. [CrossRef]

Inoue, I; Inubushi, Y.; Sato, T.; Tono, K.; Katayama, T.; Kameshima, T.; Ogawa, K.; Togashi, T.; Owada, S.;
Amemiya, Y.; et al. Observation of femtosecond X-ray interactions with matter using an X-ray-X-ray
pump-probe scheme. Proc. Natl. Acad. Sci. USA 2016, 113, 1492-1497. [CrossRef] [PubMed]

Osaka, T.; Yabashi, M.; Sano, Y.; Tono, K.; Inubushi, Y.; Sato, T.; Matsuyama, S.; Ishikawa, T.; Yamauchi, K.
A Bragg beam splitter for hard X-ray free-electron lasers. Opt. Express 2013, 21, 2823-2831. [CrossRef]
[PubMed]

39



Appl. Sci. 2017, 7,604

47. Osaka, T.; Hirano, T.; Sano, Y.; Inubushi, Y.; Matsuyama, S.; Tono, K.; Ishikawa, T.; Yamauchi, K.; Yabashi, M.
Wavelength-tunable split-and-delay optical system for hard X-ray free-electron lasers. Opt. Express 2016, 24,
9187-9201. [CrossRef] [PubMed]

48. Hirano, T.; Osaka, T.; Sano, Y.; Inubushi, Y.; Matsuyama, S.; Tono, K.; Ishikawa, T.; Yabashi, M.; Yamauchi, K.
Development of speckle-free channel-cut crystal optics using plasma chemical vaporization machining for
coherent X-ray applications. Rev. Sci. Instrum. 2016, 87, 063118. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

40



friried applied
L sciences

Article

FERMI: Present and Future Challenges

Luca Giannessi 1'2* and Claudio Masciovecchio 2

1 ENEA C.R. Frascati, Via E. Fermi 45, Frascati, 00044 Rome, Italy

2 Elettra Sincrotrone Trieste, [-34149 Basovizza, Trieste, Italy; claudio.masciovecchio@elettra.eu

*  Correspondence: luca.giannessi@elettra.eu; Tel.: +39-04-0375-8043

Academic Editor: Kiyoshi Ueda
Received: 12 May 2017; Accepted: 12 June 2017; Published: 21 June 2017

Abstract: We present an overview of the FERMI (acronym of Free Electron laser Radiation for
Multidisciplinary Investigations) seeded free electron laser (FEL) facility located at the Elettra
laboratory in Trieste. FERMI is now in user operation with both the FEL lines FEL-1 and FEL-2,
covering the wavelength range between 100 nm and 4 nm. The seeding scheme adopted for photon
pulse production makes FERMI unique worldwide and allows the extension of table top laser
experiments in the extreme ultraviolet/soft X-ray region. In this paper, we discuss how advances
in the performance of the FELs, with respect to coherent control and multi-colour pulse production,
may push the development of original experimental strategies to study non-equilibrium behaviour
of matter at the attosecond-nanometer time-length scales. This will have a tremendous impact as an
experimental tool to investigate a large array of phenomena ranging from nano-dynamics in complex
materials to phenomena that are at the heart of the conversion of light into other forms of energy.

Keywords: free electron laser; non-linear optics; four wave mixing; coherent control

1. Introduction

The newest light sources, extreme ultraviolet (XUV) and X-ray free electron lasers (FELs), are
extending laboratory laser experiments to shorter wavelengths, adding element and chemical state
specificity by exciting and probing electronic transitions from core levels. The high pulse energies
available ensure that spectroscopies belonging to table top laser, such as, for instance, non-linear
optics, can cross the frontier into this new wavelength range. Since the first short wavelength FEL
FLASH began operation in Hamburg [1], development has been very rapid. The Linac Coherent
Light Source (LCLS) was specified to produce 200 fs pulses, but soon produced few fs pulses [2].
Schemes have been developed to create multi pulse and polychromatic radiation, and FEL light
has been used to pump atomic lasers in the X-ray region [3,4]. The XUV /soft X-ray laser FERMI
is the first fully coherent FEL facility, as the light possesses the full longitudinal coherence lacking
in a pure SASE (Self-Amplified Stimulated Emission) configuration [5]. Coherence is achieved by
initiating the FEL process with an external seed. The coherence properties of the seed are indeed
transferred to the electron modulation, leading to coherent emission at the undulator resonance
and at its harmonics. A similar configuration is adopted in the new facility in China; the Dalian
Coherent Light Source (DCLS, Dalian, China) covers the vacuum-ultraviolet (VUV) photon energy
range [6]. Advanced schemes of self seeding, both in the soft and hard X-rays, were adopted at
LCLS [7] to improve coherence of a SASE FEL. With the development of coherent FEL radiation
sources, a new era of X-ray spectroscopy commenced, which may have a comparable impact to that of
lasers in optics and spectroscopy [8]. In non-linear ultrafast time-resolved techniques, state-specific
information is often provided through multiphoton resonances with combinations of sequential
photons. Theoretically, combinations of multiple X-ray photons resonant with core transitions can also
characterize different excitation processes due to specific sequences of light-matter interaction. Thus,
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particular sub-processes can be enhanced by matching the pulse frequencies to transitions between
molecular Eigen-states. This provides high selectivity and flexibility due to momentum and energy
conservation of the interacting photons with the material. The different non-linear processes can
typically be ordered by the number of involved photons: sum-frequency generation, two-photon
absorption and stimulated emission with two photons, followed by other non-linear X-ray phenomena,
time resolved transient gratings (XUV-TG) or four wave mixing (XUV-FWM) spectroscopy (see [8] and
references therein). Fluorescent decays in the soft X-ray region allow unique access to the structure
of the occupied valence states, while keeping the element selectivity and chemical state specificity of
soft X-ray spectroscopies [9]. Unfortunately, the probability for a fluorescent decay in the soft X-ray
range is below 1%. With a typical spectrometer acceptance of less than 10~ of the full solid angle
into which the fluorescence is emitted, soft X-ray emission spectroscopy (XES) or resonant inelastic
X-ray scattering (RIXS) are experiments where single photons have to be counted for hours in order
to obtain useful information. Using stimulated emission spectroscopy combined to high intensity,
small bandwidth, tunable soft X-ray beams of different colors, a stimulated beam containing the
same information as a fluorescence spectrum can be formed—mitigating the low acceptance angle of
the spectrometers, and suppressing the dominating Auger decays that also create electronic damage
to the sample. With such techniques, two to three orders of magnitude in the signal levels can be
gained through the suppression of Auger processes, while the beam directed into the spectrometer
promises to gain about five orders of magnitude in detected signal levels—clearly having the potential
to revolutionize how we can study matter with XES or RIXS based spectroscopies [10].

Beyond the understanding of molecular processes, one also wishes to manipulate them. In the
quantum mechanical world this can be done by the established methods of coherent control [11,12]. When
this approach is developed for FELs, the new frontiers opened up include control of inner valence and
core levels, and consequently element sensitivity. Optical coherent control is temporally limited to pulses
that are several times the duration of an optical cycle, which is several femtoseconds. In the XUV to
X-ray range, the periods are from hundreds to a few attoseconds. Thus, extremely fast processes can be
controlled by tuning the relative phases and intensities of pulses delivered to the sample [13].

We provide an overview of the status and perspectives of the FERMI facility as an experimental
tool to investigate a large array of phenomena ranging from nano-dynamics in complex materials to
phenomena that are at the heart of conversion of light into other forms of energy.

2. FERMI Overview

FERMI is located at the Elettra laboratory in Trieste. The FEL facility covers the VUV to soft
X-ray photon energy range with two FELs, FEL-1 and FEL-2 both based on the High Gain Harmonic
Generation seeded mode (HGHG) [14]. The HGHG scheme consists in preparing the electron beam
phase space in a first undulator, called modulator in Figure 1, where the interaction with an external
laser, the seed, induces a controlled and periodic modulation in the electron beam longitudinal
energy distribution.

seed dispersive section

5
aa

amnmm

radiator N
modulator e dump

Figure 1. Sketch of the High Gain Harmonic Generation (HGHG) free electron laser (FEL) configuration.
Seed laser pulse and electron beam are superimposed in a first undulator indicated as modulator.
The FEL interaction induces an electron energy modulation with the periodicity of the seed wavelength.
The dispersive section converts this energy modulation into a density modulation containing higher
order Fourier components of the original modulation. One of these components is finally amplified in
the radiator.
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The beam propagates through a “dispersive section”, a magnetic device introducing a strong
correlation between the electron energy and the path length. This dispersive section converts the energy
modulation into a density modulation, which is characterized by higher order harmonic components
and retains the phase properties of the seed. The “density” modulated beam is then injected into a
long FEL amplifier, similar to the one adopted in SASE FELs. The amplification process is initially
enhanced by the presence of the modulation. The modulation depth is calibrated by tuning the seed
intensity, in order to reach FEL saturation and efficient energy extraction at the end of the amplifier.

The HGHG cascade scheme is implemented in FERMI FEL-1, to generate fully coherent radiation
pulses in the VUV spectral range [15]. The seed signal, continuously tunable, typically in the range
230-260 nm, is obtained from a sequence of nonlinear harmonic generation and mixing conversion
processes from an optical parametric amplifier. The radiation resulting from conversion in the FEL up
to the 13th harmonic is routinely delivered to user experiments [16].

The amplitude of the energy modulation necessary to initiate the HGHG process grows with
the order of the harmonic conversion. The induced energy dispersion has a detrimental effect on the
high gain amplification in the final radiator, for this reason the design of FEL-1 relied on harmonic
conversions up to harmonic 13. During the last years of operations, we have demonstrated the ability
to operate the FEL at even higher harmonic orders with reduced performances, e.g., up to the 20th
harmonic, but substantially higher orders can be reached with a double stage HGHG cascade, where
the harmonic conversion is repeated twice. The double conversion is done with the fresh bunch
injection technique [17,18] on FERMI FEL-2 [19], shown in Figure 2. The FEL is composed by a first
stage, analogous to FEL-1 (see Figure 1), followed by a delay line, a magnetic chicane slowing down
the electron beam with respect to the light pulse generated in the first stage. The light pulse from the
first stage is shifted to a longitudinal portion of the beam unperturbed by the seed in the first stage.
In this way the light from the first stage functions as a short wavelength seed for the second stage.
This scheme was implemented for the first time on FERMI FEL-2 and was used to demonstrate the
seeded FEL coherent emission in the soft-X rays, up to harmonic orders of 65, and more [19].
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Figure 2. Schematic layout of FERMI (acronym of Free Electron laser Radiation for Multidisciplinary
Investigations) FEL-2, implementing the HGHG double stage cascade in the fresh-bunch high-gain
harmonic generation configuration. The first stage (mod1-disp1-radl) is analogous to the high-gain
harmonic generation scheme of FEL-1 shown in Figure 1. The second stage (mod2-disp2-rad?2) is based
on the same concept, but the seed is the radiation produced in the first stage. The two stages are
separated by a delay line (delay) which lengthens the electron path with respect to the radiation path
allowing to shift the seed over a “fresh” portion of the electron beam.

3. FEL Performances

3.1. Longitudinal Coherence and Pulse Duration

FEL-1 and FEL-2 may be operated even without the presence of an external seed, i.e., in SASE
mode. The emission may be indeed enhanced by tuning the dispersive section of FEL-1 [20] or the
multiple dispersion sections of FEL-2 [21], to increase the electron bunching at entrance of the final
amplifier. In this configuration, the light pulse resembles the longitudinal structure of the beam
current, with a correlation length much shorter than the electron bunch length. The consequence is a
longer pulse, of several hundred of fs, with broad spectrum and spiky spectral features, characteristic
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of SASE FELs. This mode of operation can be used in those experiments requiring longer pulses
and broadband emission, for alignments, or in the eventuality the seed laser system is not available.
In Figure 3 we show the seeded FEL spectrum measured at harmonic order 8 compared to an optimized
Optical-Klystron-SASE spectrum (OK-SASE spectrum). In in the example shown in the figure, in
seeded mode the relative linewidth drops by about an order of magnitude. Typical relative linewidths
of 2 to 5 x 10~* (rms) are routinely achieved on both FEL-1 and FEL-2. Less evident from the images
in Figure 3, the presence of the seed also affects the pulse duration.

HGHG SASE

31.8 32 322 324 326 328 33 31.8 32 322 324 326 32.8 33
}(nm) »(nm)

(@) (b)

Figure 3. Spectrum in seeded mode (a) and in Self-Amplified Stimulated Emission (SASE) mode;
(b) Wavelengths are dispersed along the horizontal axis. The vertical axis represents the vertical
position at the spectrometer detector. The distribution on the vertical axis gives the projection of the
beam spatial distribution on the vertical plane.

In seeded mode the pulse duration depends primarily on the duration of the seed, scaled according
to the harmonic order 7 by a coefficient 7/ 6n1/3 [22]. Typical pulse duration with a seed duration
of 120-150 fs are 50-70 fs (fwhm) on FEL-1. FEL-2 seeded with a short seed laser (70 fs) is expected
to deliver FEL pulses of about 20 fs, depending on the laser setup and harmonic conversion order.
We may therefore compare the longitudinal coherence of the source in the two modes of operation, in
terms of distance from the Fourier transform limit for a Gaussian pulse (FTL),

AtAN = 0.44A% /¢

where At and AA correspond to the full width half maximum of the temporal and spectral distributions
of the optical pulse. If we consider the FERMI SASE conditions of operation in Figure 3b where the
spectral width is about 0.3 nm, and where the optical pulse duration should be comparable to the
electron bunch length, of the order of 0.5-0.7 ps, a rough estimate would indicate the pulse about
120-200 x FTL. This value, with the input seed and with the proper tuning of the FEL parameters,
drops to ~1.2-1.5FTL [23]. Specific tuning of the e-beam and the seed laser parameters may be set
to bring the FEL even closer to the ideal Fourier limit [24]. The example in Figure 3 corresponds to
harmonic order 8 of FEL-1. A narrow, single mode spectral line, such as the one shown in Figure 3
corresponding to harmonic 8 of FEL-1 seeded at 260 nm, is available in the entire spectral window of
photon energies emitted by the FERMI FELs (2060 eV on FEL-1 and 60-330 eV on FEL-2). As a second
example in Figure 4, the spectrum of the second stage of FEL-2 is shown. The high end of the nominal
photon energy range is reached upshifting the seed frequency by harmonic order 13 in the first stage
and harmonic 5 in the second stage, for a total frequency upshift of 65.

44



Appl. Sci. 2017, 7, 640

4.02
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Figure 4. Spectrum of FERMI FEL-2 at harmonic 65 of the input seed. As in Figure 3, wavelengths are
dispersed along the horizontal axis. As in Figure 3 the vertical axis represents the vertical position at
the spectrometer detector.

3.2. Energy Per Pulse & Temporal [itter

This dramatic increase of the longitudinal coherence with respect to a SASE source is only
the first evident advantage of starting the amplification process from an external seed. The seed
introduces indeed a number of additional handles to control amplification and the resulting output
pulse properties. The central emission frequency at the lowest order of approximation is determined
by the harmonic of the seed laser. The central emission frequency jitter is therefore normally lower
than the linewidth by up to an order of magnitude. A SASE source is characterized by an intrinsic
pulse energy fluctuation associated with the startup from the electron shot noise. From this point of
view a seeded FEL is, conversely, a completely deterministic system.

The fluctuations of the pulse energy are determined by fluctuations of the external parameters
driving the amplifier, as the energy of the electron beam, the timing between electrons and seed, and
the intensity of the seed itself. The energy jitter may be lower than 5%, as in the example shown in
Figure 5, where the histogram of the energy per pulse from FEL-1 in optimized conditions at 51 nm is
displayed. This value may be compared to the typical energy jitter of the input seed laser in the UV,
which is about 1%. A typical figure for the energy jitter is 10-15% for FEL-1 and 25-35% for FEL-2
with the double cascade. In terms of temporal synchronization, the seed timing largely determines the
arrival time of the FEL photon pulse. At FERMI the optical synchronization between the seed and the
lasers used in pump an probe experiments, which originates from the same oscillator, is associated to a
jitter between the FEL light and the other sources of about 5 fs [25]. Recent measurements have shown
even lower values, below 3 fs [22].

counts

0
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Figure 5. Histogram of the energy per pulse measured from FEL-1 at harmonic 5 (51 nm). Acquisition
of 220 consecutive shots, average 131 uJ, standard deviation 4.8 pJ.
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The typical energy per pulse depends on the wavelength of operation and in the requirements on
the spectral linewidth. Highest energy per pulse may be achieved in saturated conditions, where the
pulse shape may be affected by non-linear processes in the longitudinal electron dynamics. On FEL-1
an energy per pulse larger than 100 pJ is available in the entire range of operation (20-100 nm), in
conditions of single mode, narrow linewidth spectral line. On FEL-2 this is possible in the low end of
the spectral energy range, at wavelengths above 8-10 nm. The average energy per pulse decreases
while increasing the photon energy, down to about 10 pJ at 4 nm. The energy per pulse may be lower
than the one achievable in an optimized equivalent SASE FEL where most of the charge in the bunch
participates to the FEL action. The seeded portion of the electron beam is typically of the order of 100 fs,
which can be 10-20% or less of the entire bunch. Compressing the entire electron bunch down to the
seed duration in an ultrashort multi-kA spike of current would ensure a higher efficiency, but would
also introduce a much higher sensitivity to longitudinal jitter between the seed pulse and the current,
and the compression process would be strongly affected by self-field effects, such as space charge,
coherent synchrotron radiation and space charge fields [26], which alter the smooth distribution of the
electron longitudinal phase space necessary to preserve the quality of the pulse during amplification.
Moreover, an excess of peak current would increase the gain to a value leading the electron shot noise
background to compete with the seed at saturation, and this would remove most of the advantages
of seeding the amplifier. An alternative to extend the seeded region of the electron current is to
use a temporally stretched, chirped seed pulse, thus extracting a larger amount of energy from the
electrons. The chirp properties of the output pulse are strictly correlated to those of the seed. The FEL
pulse can be therefore optically compressed to increase the peak power. The scheme is equivalent
to the chirped pulse amplification scheme (CPA), commonly adopted in ultrashort pulse-solid state
lasers [27]. Here the issue is not that of reducing the peak power in an active medium, but to allow the
use of an extended electron beam longitudinal region, increasing the active bunch charge, without
compressing the electrons to the ultimate limit. Chirped pulse amplification (CPA) in FEL amplifiers
was proposed originally in [28] and further studied in the framework of a SASE amplifier in [29].
The scheme was later demonstrated at FERMI in [30].

3.3. Multiple Pulses

The intensity of the seed determines the depth level of saturation reached in the amplifier.
This parameter can be tuned to control the intensity and to some extent the longitudinal shape of the
laser pulse. An excess of seed can indeed be used for the generation of virtually jitter-free twin pulses
delayed in time [31], which can also be separated in frequency by a proper frequency chirp of the input
seed [32,33]. There are several other methods for generating multiple color—multiple pulses at FERML
From FEL-2 for example, two color pulses almost superimposed in time, are naturally available as the
emission from the first stage and the second stage. In normal operation, the light from the first stage
has to be removed or attenuated by gas attenuators or filters, but in some specific experiments the VUV
light from the first stage can be used in combination with XUV-Soft-X ray emitted by the second stage.
This setup was used in the study of the ultrafast dynamic of melting in Si monitored by tracking the
L(2,3)-edge shift [34]. Multiple pulses of different colors can be also generated on FEL-1. In Figure 6
we sketch three methods which were demonstrated in the past. In Figure 6a a second color is obtained
by simply tuning part of the radiator at one harmonic and part of it at a second, different harmonic.
The temporal jitter between the two components was estimated in an experiment of coherent control
where we manipulated the relative phase of two colors (63.0 nm and 31.5 nm) to control the asymmetry
of the photoelectron angular distribution of ionized neon with a temporal resolution of 3 as [13].
Temporally separated pulses can be generated in the setup of Figure 6b. A double seed can be indeed
injected with a temporal delay between the two seed pulses, with delays comprised between 200 and
600-700 fs, to ensure overlapping with the electron beam current. Even in this case the temporal jitter
between the two pulses can be sufficiently low to preserve a phase locking between the two pulses [35].
The two seed pulses can be also separated in frequency to generate two distinguishable colors, with
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the condition that they are both included in the gain bandwidth of the FEL amplifier (0.7-0.8%) [36].
A larger frequency separation between the two pulses can be achieved (Figure 6c¢) if the amplifier is
tuned to different harmonics of the seed. In this case two seed pulses are still separated in frequency by
less than the bandwidth of the modulator (3%) and both generate energy, and then density modulation
at the entrance of the amplifier. The amplifier is then separated in two parts, one resonant with the
modulation resulting from the first seed pulse and the other resonant with the one from the second.
The two amplified pulses have to be separated in frequency to be generated and amplified separately
in these two undulator parts and the amplification can happen on different harmonics of the seed [37].
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Figure 6. Various method for the generation of multiple pulses adopted on FERMI FEL-1. (a) Two
colors can be generated by tuning the final amplifier to different harmonics of the seed. The output
pulse is composed by the superposition of the two harmonic components; (b) A double seed can be
injected with a temporal delay between the two seed pulses comprised between 200 and 600-700 fs.
The two seed pulses can be separated in frequency to generate two distinguishable colors, by ensuring
they are both included in the gain bandwidth of the FEL amplifier (0.7-0.8%); (c) A larger frequency
separation between the two pulses is also possible if the amplifier is tuned to different harmonics of
the seed.

4. XUV Wave Mixing and Coherent Control

In this section, we discuss the advantages offered by a fully coherent FEL source in the extension
of experimental techniques as non-linear optics at shorter wavelength. An interesting aspect of the
development of non-linear optics is that the main concepts at the basis of this field were already
available for J. C. Maxwell (if in 1861 he had considered a power series expansion in the Maxwell
equations) and H. A. Lorentz (if in 1878 he had introduced anharmonic terms in the oscillator model of
the atom). The point is that neither Maxwell nor Lorentz had the experimental tools for inspiring their
research in this direction. Until a few years ago non-linear light-matter interactions in the extreme
ultraviolet (XUV) and X-ray range were basically ignored for the same reason. However nowadays
FELs have allowed undertaking relevant steps towards the exploitation of XUV /X-ray non-linear optics.
For instance, FELs have been employed to demonstrate: stimulated X-ray emission [3], amplified
spontaneous XUV emission [10], X-ray-optical sum-frequency generation [38], X-ray two-photon
absorption [39], X-ray second harmonic generation [40]; all these achievements were gained in the last
few years, reflecting rapid growth in the field. A common motivation for many of the aforementioned
investigations is the outlook represented by XUV /X-ray wave mixing experiments.
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4.1. Four Wave Mixing

Among wave-mixing processes, four wave mixing (FWM) processes have a special place, since
they are at the basis of most experimental methods, besides being the lowest order non-linear processes
that are not vanishing by reason of symmetry. FWM arise from the 3rd-order non-linear interactions of
three coherent electromagnetic fields (E; 7 3) that might have different frequencies (w1 2 3), wavevectors
(k1,2,3), polarizations, bandwidth, time delays, etc. (see Figure 7).

w, ; ky

il Pl \

sample

Figure 7. Sketch of the four wave mixing (FWM) experimental scheme. After the full stop:
The non-linear interaction of the three photon pulses (i.e., coherent electromagnetic fields E; 5 3) that
may have different frequencies and wavevectors (1,2,3) is represented in the figure. The pulses may
have as well different polarization, bandwidth and time delays. In the inset is depicted the phase
matching condition.

Such interacting fields drive the radiation of a fourth (signal) field, whose photon parameters
(frequency, wy, wavevector, ky, polarization, etc.) may differ from those of the input fields.
The possibility to experimentally control the input field parameters and to determine the output
field parameters turns into the capability to stimulate and detect different FWM processes, which often
carry out distinct and complementary information on the sample under study. Such a high degree
of selectivity and richness of information makes FWM an extremely versatile and informative tool.
For instance, through a FWM process termed impulsive stimulated scattering (ISS) it is possible to
determine in real time and with wavevector selectivity the dynamics of both ultrafast (sub-picosecond)
molecular vibrations or slow (millisecond) thermal and structural relaxations, depending on the
bandwidth and time delays of the interacting fields [41]. Information on the dynamics of higher
energy (i.e., faster) sample excitations can be achieved, e.g., by coherent Raman scattering (CRS) and
coherent multi-dimensional spectroscopy; methods also able to provide insights into the correlations
between different dynamical variables, such as those related to vibrational and electronic modes [42].
FWM approaches are also bringing relevant technological advances, ranging from sub-wavelength
microscopy [43] to wavefunction tomography during chemical reactions [44]. The hard-limit of optical
FWM, as any other optical spectroscopy, is inherently related to the long wavelength (some 100’s of
nm or more) and low photon energy (a few eV’s or less) of the optical radiation itself. This prevents to
probe matter at atomic and molecular length scales (a few nm or less) as well as to study excitations
with energies larger than a few eV’s, a limitation that basically confines optical CRS to the study of
vibrational dynamics and that of low-energy electronic excitations. Furthermore, optical photons
cannot exploit core-level electronic resonances, typically located in the 10’s eV to 10’s keV range,
adding elemental selectivity to the FWM approach. The latter point combined with the possibility to
detect high energy excitation (e.g., valence band excitons in the 1-10 eV energy range) on a Q-range
comparable with the inverse molecular size (~nm™!) are the main advantages expected from the
XUV /X-ray analogue of CRS (XCRS). By tuning the frequencies of the input beams involved in the
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XCRS process to core resonance of distinct atoms it would be possible to determine where a given
electronic wave-packet is created and where it is probed, as well as to follow in real time the dynamics
of such charge-transfer between the selected atoms. This unique capability arises from the multi-wave
nature of XCRS, which permits to overcome the basic limitation of any linear X-ray method, where the
light-matter interaction occurs in correspondence of a single atomic site and prevents the detection of
real-time dynamics between distinct atoms. Moreover, XCRS is not limited to the study of valence
band excitons, since the same concept in principle applies for all kind of excitations, related to any
dynamical variable coupled to the field (in some circumstances also to those uncoupled in the linear
regime), with energies lower than that of core-resonances. Such class basically includes all kind of
modes related to nuclear (phonons, structural relaxations, heat diffusion, etc.), electronic (excitons,
plasmons, etc.) and “mixed” (polarons, polaritons, etc.) degrees of freedom. The XCRS approach may
hence allow to study, e.g., charge and energy transfer processes among different atoms in molecules,
the delocalization and correlations of electronic excitations as well as structural fluctuations, nuclear
motions and relaxation processes, other than detecting the dynamics of elementary excitations such as,
e.g., phonons, plasmons and polarons. Among the worldwide existing FEL facilities, FERMI possesses
unique characteristics for FWM experiments in the XUV /soft X-ray domain. Firstly, most of the photon
parameters of the FEL radiation emitted (the longitudinal coherence properties among them) are
related to those of the seed laser, which is fully controllable in all relevant parameters, so that it is
possible to control the FEL output by simply acting on the seed. Moreover, it is possible to use two (or
more) independently controllable seed laser pulses, which result into the radiation of two (or more)
FEL-pulses with controllable photon energy, polarization, time delay, etc.; a further development of
such scheme includes the simultaneous use of multiple resonances in the FEL amplifier, which largely
extends the separation in the photon energy (i.e., up to several eV’s) of the multiple FEL pulses [37].
Finally, the layout of FERMI could be adapted to generate a few fs to sub-fs FEL-pulses with the
aforementioned benefits. In a nutshell, today FERMI is the FEL source most similar to a “multi-color”
conventional laser and, therefore, it could be used to attempt the development of XUV /soft X-ray
FWM. A significant endorsement of the latter statement is represented by the recent demonstration of
a time-resolved FEL-stimulated FWM response [45] (see Figure 8). In this experiment two time-space
coincident ultrafast (time duration ~70 fs) FEL pulses (photon energy wxyy ~45 eV) were crossed at
the sample (amorphous SiO,) position.

XTG signal

Sample

Transient XUV grating

Optical pulse (probe)

N\

FEL pulse 1

‘b)‘&<> kopt FEL pulse 2
-k, kout

FEL2

Figure 8. FEL-based FWM experiment stimulated by transient extreme ultraviolet (XUV) gratings (inset
(b) reports the phase matching geometry: kg1, kFeL2, kopt and kout are the wavevectors of the two FEL
pulses, the optical pulse and the FWM signal, respectively). The signal (XTG) has been registered on a
charged coupled detector (CCD).
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These beams were expected to generate an XUV grating able to scatter off, through FWM
processes, a third coherent beam, provided that the latter is send into the sample in phase matching
conditions. Indeed, using a third “phase matched” optical pulse (time duration ~ 100 fs, photon energy
wept ~ 3.1 eV) in the interaction region allowed the observation of an optical beam emerging from the
sample along the expected “phase matched” direction (see Figure 8 XTG signal).

4.2. Perspective for the XUV/X-ray FWM

Further steps can be undertaken to make XUV /X-ray FWM experiments feasible on routine
basis. One of the most useful would be to replace the optical pulse with a XUV /X-ray. This will
permit to probe, via ISS-type FWM methods, low energy modes (e.g., acoustic modes) in a wavevector
range (~0.1-1 nm™1) hardly accessible by both optical methods and linear X-ray spectroscopy [46].
Such a wavevector range matches the characteristic length-scales of heterogeneities in the local
structures of several classes of materials (e.g., block copolymer, relaxor ferroelectrics, glasses etc.), the
incommensurate dimensions of many crystalline phases showing super-lattices of different natures,
as well as the characteristic dimensions and periodicities of many nanostructures. Among these
applications we mention the study of acoustic dynamics in glasses, which is largely believed to be the
origin of the anomalous thermal properties of glasses, still a lively debated issue [47]. A debate that
essentially comes from the impossibility to fully access such a ~0.1-1 nm ! wavevector range and from
the stark disagreement often observed between the extrapolations of the trends found at lower and
larger wavevectors. Also, couplings between acoustic modes and local vibrations in nm-sized elastic
domains, inherently connected to the amorphous local structure, may also have a relevant role; such a
small length-scale is potentially in the range of XUV /X-ray FWM. Another relevant step to extend
the range of applications of FEL-based FWM is to exploit the two-color emission scheme in order
to demonstrate FEL-based CRS-type experiments. This would be a major step forward towards the
realization of XCRS with atomic selectivity (see Figure 9), which in many respects may be considered
as a main target application of XUV /X-ray FWM.
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Figure 9. (a) Sketch of the FEL-based X-ray analogue of coherent Raman scattering (XCRS) experiment;
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(b,c) are the excitation processes and level scheme for a XUV /X-ray CRS experiment involving core
transitions in both the excitation and probing process; (d) Phase matching diagram.
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Indeed, the potential of XCRS to follow charge and energy flows between constituent atoms in
materials would be of the greatest importance to address some fundamental scientific issues, such
as: (a) the study of intramolecular relaxation dynamics in metal complexes, which are the doorway
to photo-induced charge separation (the high selectivity of XCRS would be exploited to understand
and disentangle processes, such as intramolecular vibrational redistribution, internal conversion and
intersystem crossing, occurring upon photo-excitation; those are processes of fundamental interest in
devising efficient molecular systems for applications as diverse as solar energy conversion, biology or
data storage [48]); and (b) the dynamics of charge injection and transport in photocatalytic reactions
taking place in metal oxides nanoparticles, such as TiO,, that are key materials for renewable energy;
for instance, the key event occurring in devices for solar energy conversion is the generation of a
charge-separated state through ultrafast electron injection from an excited metal-complex, adsorbed
on a nanoporous metal oxide substrate, to the conduction band of the substrate [49]. In this context the
atomic selectivity of XCRS may allow us to understand whether such ultrafast electronic excited states
have an O or Ti character.

4.3. Coherent Control

In order to manipulate molecular processes, coherent control could be the technique of choice.
In this kind of experiment Phase coherent light of one or more colours interacts with a target.
The outcome of the interaction is determined by the phase and amplitude of the light. Ion yield,
direction of emission of ions and electrons, and so on, can be controlled. In the XUV to X-ray range,
the times of the duration of an optical cycle periods are from hundreds to a few attoseconds thus
increasing the temporal resolution of orders of magnitude when comparing to optical lasers. Recently
FERMI has been employed to carry out the first XUV coherent control experiment where the first and
the second harmonics were ionizing Neon on the 2p54s resonance [13]. While the second harmonic was
producing a single photon ionization process, the first was exiting two photon ionization processes
(see Figure 10a).

hw

4s
h2w

hw
(a)

2p

A¢ (radian)

Figure 10. (a) Scheme of the experiment. Left: a 2p electron is excited to 4s by one photon and then
emitted as a p-wave by a second photon. Right: a 2p electron process is emitted as an (s + d)-wave by a
one-photon process. (b) Asymmetry parameter Ay as a function of A¢ (black curve), and p; (green),
B3 (blue) and B, (red) parameters as a function of A¢. Experimental data are shown as markers with
error bars. The lines are sinusoidal or straight line fits for 81, B3, and B, respectively.

The possibility offered by FERMI to change the phase among the two harmonics (see Figure 10b)
allowed the first experimental demonstration that coherent control experiments can be carried out in
the XUV X-ray region.

Much effort is being invested to develop ever shorter pulses at FELs. The arrival of phase control
of multi-color pulses now means that they can be designed to produce trains of very short pulses, since
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a train of attosecond pulses can be constructed from a coherent superposition of coherent femtosecond
pulses with commensurate wavelengths. This ability to tailor pulses may eventually lead to “design”
single pulses of attosecond duration.

5. Discussion on Future Perspectives

A number of critical developments would boost the impact of the FERMI FELs in
nonlinear multi-wave spectroscopies and the other applications of the seeded FERMI FEL sources.
The Elettra-Sincrotrone Trieste scientific advisory committee, has recently outlined the importance
of extending the spectral range of FEL-2 toward higher photon energies, that would allow to reach
the K-edges of C (284 eV), N (410 eV) and O (543 eV). Higher order harmonics could be exploited to
extend the photon delivery to the L-edges of the 3d transition metals relevant for magnetism catalysis
and solar energy production. The required increase in electron beam energy would be modest and
within the capabilities of the present infrastructure. On the other side, the generation of shorter pulses
(sub-10 fs) would allow the investigation of the faster electron dynamics at the level of typical core
hole lifetimes (4-8 fs for O, N and C). We already mentioned the chirped pulse amplification as a
means for the generation of ultrashort pulses. Other options are under investigation to reduce the
pulse duration while maintaining the synchronization and longitudinal coherence properties of the
seeded source. On one side a proper shaping of the beam properties could limit the longitudinal region
where lasing takes place [50], and the FERMI linac laser heater is an additional handle to control the
properties of the FEL light [51,52]. On the other side, nonlinear dynamics at saturation may lead to a
longitudinal self-focusing regime [53-55] which is well suited for reaching the sub-10 fs regime in the
FERMI configuration. A second direction for the future development of FERMI in multidimensional
spectroscopy and the control of the light properties in advanced pump and probe configurations is in
a further extension of the flexibility for the generation of multiple colour, multiple pulses. While the
generation of multiple pulses on FEL-1, with the constraints imposed by the double lasing condition, is
routinely achieved, it is all but straightforward in the higher photon energy range, on the double stage
configuration of FEL-2. The same spectral range could be reached on FEL-2 with an Echo Enabled
harmonic generation configuration (EEHG) [56-58] that would allow on FEL-2 a similar flexibility as
the one demonstrated on FEL-1. For this purpose, an experiment on FEL-2 is under study [59] and
is planned for 2018. The requirement for different pump and probe pulses even calls for frequency
tripling for the few-fs FEL emission scheme. In this respect, the possibility of combining FEL1 and
FEL2 on the same experiment, with a variable controlled delay, could lead to a further extension
in multicolour multiple pulses generation. The coherence properties of FEL-1 and FEL-2 could be
combined while maintaining higher pulse energy and the full FELs flexibility in the choice of the
radiation colour for the two pulses [60].

6. Conclusions

Free electron laser radiation, through its unique combination of parameters, namely ultrashort
pulses with high brightness and coherence, has led to revolutionary steps forward in time resolved
X-ray methodologies. A decade ago these developments were just dreams for the researchers who
have recognized that a broad class of phenomena can be investigated by ultrafast X-rays [61]. The field
of non-linear XUV /X-ray optics is one of the youngest within fields opened by FELs and we expect
that it will advance fast, paralleling the ongoing development of FEL technology, and will contribute
to gaining a deeper comprehension of fast dynamics and learning how to manipulate materials. In this
framework, the FERMI facility would play a major role, thanks to its unique characteristics related to
the pioneering laser-seeding scheme.
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Abstract: The construction of Pohang Accelerator Laboratory X-ray Free-Electron Laser (PAL-XFEL),
a 0.1-nm hard X-ray free-electron laser (FEL) facility based on a 10-GeV S-band linear accelerator
(LINAC), is achieved in Pohang, Korea by the end of 2016. The construction of the 1.11 km-long
building was completed by the end of 2014, and the installation of the 10-GeV LINAC and undulators
started in January 2015. The installation of the 10-GeV LINAC, together with the undulators and
beamlines, was completed by the end of 2015. The commissioning began in April 2016, and the
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first lasing of the hard X-ray FEL line was achieved on 14 June 2016. The progress of the PAL-XFEL
construction and its commission are reported here.

Keywords: FEL; free electron laser; PAL; PAL-XFEL; construction; commissioning; LINAC; beamline

1. Introduction

The Pohang Accelerator Laboratory X-ray Free-Electron Laser (PAL-XFEL) project was started
in 2011 for the generation of X-ray FEL radiation in a range of 0.1 to 10 nm for users. The Korean
government launched the project on 1 April 2011 with a budget of 400 billion Won (~400 million USD).
The facility has the capacity for five undulator lines in total; three hard X-ray (HX) undulator lines and
two soft X-ray (SX) undulator lines. However, the budget was limited to two undulator lines; one for
a hard, and the other for a soft X-ray line. Since the PAL is the host institution carrying out the project,
the project budget was able to avoid significant costs; for example, there was no need to purchase
the land for the building site and a significant portion of the necessary infrastructures, such as power
transmission lines and substations, were already in place. A total of 75 members were involved during
the project. Among them, there were 35 newly hired members and 39 experienced members from
an existing Pohang Light Source-II (PLS-II) team. A yearly budget is shown in Table 1.

Table 1. Budget of PAL-XFEL Project.

Year 2011 2012 2013 2014 2015  Total
Budget in billion Won 20 45 105 120 113.8  403.8

PAL-XFEL includes a 10-GeV S-band (2856 MHz) normal-conducting LINAC, which is about
700 m long. The LINAC consists of a photocathode RF gun, 176 S-band accelerating structures with
50 klystrons and matching modulators, one X-band RF system for linearization, and three bunch
compressors in the HX line and one more for the SX line [1]. We also chose out-vacuum/variable-gap
undulators for the easy change of beam parameters, and the fast development and manufacturing
of undulators. Beyond the 10-GeV LINAC, a 250-m long hard X-ray undulator hall follows.
An experimental hall, which is 60 m long and 16 m wide, is located at the end of the facility. The total
length of the building is 1110 m, and the entire floor is 36,764 m2. The building can withstand
a maximum wind load of 63 m/s (US building code) and a seismic intensity of 0.19-g [2]. The facility
suffered no damage from the earthquake of a 5.8 magnitude on 12 September 2016, nor from the
typhoon Chava on 5 October 2016. The facility is shown in Figure 1.

Figure 1. Overview of Pohang Accelerator Laboratory. The Pohang Light Source (PLS) is shown in the
middle (circular building) and PAL-XFEL is shown above the PLS.
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2. LINAC

The PAL-XFEL LINAC is divided into four acceleration sections (L1, L2, L3, and L4), three bunch
compressors (BC1, BC2, BC3), and a dogleg transport line to the undulators, as shown in Figure 2.
The L1 section consists of two RF stations, where both are comprised of one klystron and two S-band
structures, while L2 has 10, L3 has four, and L4 has 27 RF stations where each station has one klystron,
four accelerating structures, and one energy doubler. A laser heater to mitigate micro-bunching
instability is placed right after the injector, and an X-band cavity for linearization is placed right before
the BC1. The major parameters of PAL-XFEL are summarized in Table 2.

Table 2. Major parameters of PAL-XFEL.

LINAC

FEL radiation wavelength 0.1 nm (Hard X-ray)/1 nm (Soft X-ray)
Electron energy 10 GeV

Slice emittance 0.5 mm-mrad

Beam charge 0.2nC

Peak current at undulator 3.0kA

Pulse repetition rate 60 Hz

Electron source Photo-cathode RF-gun
LINAC structure S-band normal conducting
Undulator

Type out-vacuum, variable gap
Length 5m

Undulator period 26 mm (HX)/35 mm (SX)
Undulator min. Gap 8.3 mm (HX)/9.0 mm (SX)
K value 1.9727 (HX)/3.3209 (SX)
Peak B (in Tesla) 0.8124 (HX)/1.0159 (SX)
Vacuum chamber dimension 13.4 x 6.7 mm?
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Figure 2. Schematic layout of PAL-XFEL.
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The total length of the LINAC tunnel is about 710 m. There are 176 S-band accelerating structures
and 42 energy doublers. The major high power devices of the 10-GeV linear accelerator are the
modulators, the klystrons, the energy doublers (ED), and the accelerating structures (AS). An energy
doubler increases the peak power of the RF pulse by reducing the RF pulse length to increase the
energy gain at the accelerating structure. The energy doubler was designed by PAL and fabricated by
a domestic company. There are 50 modulators for the S-band klystrons, and there is one modulator
for the X-band klystron that is used for linearizing the electron beam. The LINAC requires 46 S-band
klystrons to obtain an electron beam energy of 10 GeV. One S-band klystron is dedicated for the RF
gun, and three RF stations are designated for deflectors to measure the electron bunch length.

The klystron requires an RF drive signal at the level of a few hundred watts. A low-level
radio frequency (LLRF) and a solid-state amplifier (SSA) are necessary to supply the drive signal
to a klystron. To achieve beam energy stability of below 0.02% and an arrival time jitter of 20-fs
for PAL-XFEL, the LINAC RF parameters should be as stable as 0.03 degrees for the RF phase and
0.02% for the RF amplitude for S-band RF systems, and 0.1 degree/0.04% for the X-band linearizer RF
system. The pulse-to-pulse klystron RF stability is determined by the klystron beam voltage driven by
a modulator. Therefore, the klystron modulator beam voltage should be as stable as 50 ppm for the
0.03-degree S-band RF and 0.1-degree X-band RF [3].

An LLRF system consists of an SSA, a phase and amplitude detector (PAD), and a phase and
amplitude control (PAC) unit. The function of the PAC is to control the phase and amplitude of the RF
drive signal to a klystron, to provide a pulsed RF signal, and to reverse the RF phase of the klystron
drive signal in the middle of the pulse by turning on the Phase Shift Key (PSK) 180-degree phase shifter).
The RF pulse length of the drive signal is 4 s and the PSK is on after 3.17 us from the starting time of the
pulse. The PAL-XFEL LINAC tunnel and the klystron gallery are shown in Figures 3 and 4, respectively.

Figure 3. LINAC tunnel of PAL-XFEL.
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Figure 4. Klystron gallery of PAL-XFEL.

3. Undulator

The PAL-XFEL undulator system consists of 20 planar undulators for the hard X-ray line (HX)
and seven planar undulators for the soft X-ray undulator line (SX) [4]. The HX covers a wavelength
of A =0.1~0.6 nm using a 4 to 10-GeV electron beam. They are all out-vacuum undulators with
variable gaps. The SX covers a wavelength of A = 1.0-4.5 nm using a 3.15-GeV electron beam. The HX
undulators have a 26-mm undulator period. The gap is controlled remotely within 1 pm repeatability
and the minimum gap is 8.3 mm. The height is controlled remotely, too. The SX undulators have
a 35-mm undulator period and a minimum gap of 9.0 mm. Both hard and soft X-ray undulators are
planar type, and have the same structures except for the magnets. A self-seeding section is prepared
in HX undulator line. Two elliptically polarizing undulators are planned to be installed at the SX
beamline in coming years. The installed HX undulators are shown in Figure 5.

Figure 5. Hard X-ray undulator tunnel of PAL-XFEL.
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4. Diagnostic System

For the operation of PAL-XFEL, electron beam parameters, such as beam positions, energy, charge,
transverse beam size, bunch length, and arrival time, should be measured and monitored. A total of 209
beam position monitors (BPMs) are used for the electron beam position measurement [5]. Forty-nine
of them are cavity type BPMs, which can measure the beam position with sub-micrometer resolution
in the undulator beamline. Ten bunch charge monitors are installed for the bunch charge measurement
from the gun as well as beam loss monitoring though the accelerator. The beam profile is measured
with 54 screen monitors with YAG and/or Optical Transition Radiation (OTR) screens. Six spectrometer
dipole systems are located at the gun section, laser heater, BC1, soft X-ray branch, BC3S and hard X-ray
LINAC end. At both beam dumps at the ends of the hard and soft X-ray beamlines, the beam energy
can also be measured with the screens. Three S-band deflector systems after BC1, BC3H and BC3S are
used to measure the bunch longitudinal phase space. Table 3 summarizes the major components of
beam diagnostics and their functions.

Table 3. Major components of beam diagnostics and their functions.

Parameter Instruments Number
Position Beam Energy Stripline Beam Position Monitor 160
Cavity BPM 49
Beam Charge Turbo Integrated Current Transformer (ICT) 10
Beam Size Screen Monitor 54
Wire Scanner 9
Bunch Length Coherent Radiation Monitor 4
Transverse Cavity 3
Arrival Time Arrival Time Monitor 10
Beam Loss Beam Loss Monitor 26

5. Beamlines

There is one undulator line for the HX application and another for the SX application. However,
there are several end-stations for each undulator line to support various requests from users. For hard
X-ray application, there are two end-stations called HEH1 for the pump-probe experiment and HEH2
for the imaging [6]. These two stations are located in tandem. In order to provide HX FEL photons to
HEH?, the entire HEH1 stage is able to move in the transverse direction by 1 m. When HX/SX FEL
photons emerge from their corresponding undulator system, they pass through various components
located in the undulator hall (UH) and the optics hall (OH). Both halls are isolated with proper
concrete shielding.

For the HX case, photons are then allowed to enter the experimental hall (EH) where HEH1 and
HEH?2 are located. Mirrors and a double crystal monochromator (DCM) are located in UH/OH as well
as various collimators and safety shutter for radiation safety. In HEH1, beam position monitors (BPM)
and profile intensity monitors (PIM) are installed to measure the position and the intensity of the HX
FEL beam. An optical laser/X-ray correlator (OXC) is also installed to measure the offset of photon
arrival times in fs accuracy. Two Be compound refractive lenses (Be-CRL) are installed along with three
slits to define and optimize the XFEL beam. In the final stage, there is a hexapod diffractometer and
4-circle goniometer to adjust sample’s location. Finally, there is a robotic arm to control its position of
the detector. The HEH1 beamline is shown in Figure 6.
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Figure 6. Inside view of HEH1.

HEH?2 is designed based on forward scattering geometry, and will be used for the coherent X-ray
imaging (CXI) or the serial femtosecond crystallography (SFX) [7]. The XFEL beam is focused to about
2 um by the K-B mirror. A wire scanning method was used to measure the focusing beam profiles.
A tungsten wire with a diameter of 200 pum was placed at the focal point. A photo diode detector placed
behind the wire was also used to measure the beam intensity during the wire scanning. There are also
several diagnostic devices such as Pop-in, Quadrupole BPM (QBPM), and photo-diodes. The HEH2
beamline is shown in Figure 7.

Figure 7. Inside view of HEH2.
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For the SX beamline, there are also two end-stations: one for coherent diffraction imaging (CDI)
or X-ray emission/absorption spectroscopy (XES/XAS), and another for SX resonant scattering.

6. FEL Commissioning

After the Injector Test Facility (ITF) had stopped its operation by the end of September 2015,
the photocathode RF gun and the two S-band accelerating structures at the ITF were moved to the
main PAL-XFEL LINAC. The installation of 51 klystron modulators in the LINAC gallery was finished
as of 30 November 2015. Twenty (20) HX undulators for the HX line were installed as of December
2015 in the 250-m long HX undulator tunnel. Since the PAL-XFEL LINAC has all new RF components,
an RF aging or conditioning period is required. This RF conditioning had started in November 2015,
and continued until the Korean Nuclear Safety and Security Commission (NSSC) issued the operation
permission on 12 April 2016. The actual beam commissioning was started on 14 April 2016. Since the
ITF parts have already been conditioned during their use from 2012 to 2015, the electron beam emitted
from the photocathode gun quickly arrived at the first beam analyzing station (BAS0) on the same
day. By 25 April, the 10-GeV electron beam reached BAS3, and the commissioning of the LINAC was
completed [8].

Even though the 10-GeV beam is available, we have decided to reduce the electron beam energy
to 4-GeV in order to send the electron beam to the main dump through the 6.7-mm gap undulator
chambers. Also, the gaps of all undulators were fully opened. These two actions were intentionally
chosen to minimize radiation damages to the permanent magnets of the undulator system. After the
4-GeV electron beam reached the main dump, an effort to lase the photon beam was carried out with
several feedback algorithms including the beam-based alignment (BBA) technique. Finally, we lased
the photons at 0.5 nm on 06:00 14 April 2016. The third harmonic spectrum of 6.6 keV was measured
with a single shot spectrometer located in the HEH1, as shown in Figure 8 [9]. Its width was 30 eV or
0.45%. Figure 9 shows the snapshot of the 0.2-nm lasing. A bunch length of 12.7-fs was measured by
S-band Transverse Deflecting Cavity (TCAV) with a peak current of 3.7-kA. Major achievements and
unexpected interruptions during the commissioning are summarized in Table 4.
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Figure 8. The third harmonic spectrum of 6.6 keV was measured with a single shot spectrometer
located in the HEH1.
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Figure 9. Snapshot of the 0.2-nm lasing.
Table 4. Major achievements during the commissioning.
Date Energy (GeV) Remarks
Permission issued by National Nuclear Safety and Securit
4/12 (2016) gommission (NSSC) v Y
4/14 0.152 E-Gun and BASO
4/18 0.355 BAS1
4/19 0.355 Before BC2 (No acceleration by L.2)
4/20 2.545 BAS2
4/21 3.15 BAS3 (No acceleration after BAS2)
04/25 (5:30 p.m.) 10 BAS3
5/19 10 Tuneup dump
6/2 10 Passing the HX undulator line, beam at the main dump
06/14 (6:00 a.m.) 4 First lasing (0.5-nm) observed at SCM36
06/21 (3:00 a.m.) 4 Photon beam at Digital Current Monitor (DCM) in Optical Hutch
July~August - Summer maintenance
8/16 4 Commissioning resumed
8/30 4 Recovered 0.5-nm lasing
9/9 4 HX Beamline commissioning started
09/12 (8:30 p.m.) 4 Earthquake stopped commissioning
9/29 - Dedication ceremony
10/3 4 Commissioning resumed
10/8 52 0.35-nm lasing
10/16 6.7 0.2-nm lasing
11/27 8.04 0.144-nm lasing and saturation
12/2 8.04 First experiments
2/1(2017) 3 1.5-nm SX lasing and saturation
3/16 9.78 0.1-nm HX lasing
7. Summary

The PAL-XFEL project has been successfully constructed and commissioned by the end of 2016.
It has now provided XFEL photons of 0.1 nm as designed. The Pohang Accelerator Laboratory has
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already issued a call for proposals to potential (domestic and international) users on February 6, 2017.
The successful user will use PAL-XFEL's first light in June 2017.
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Featured Application: This article describes the layout of the European XFEL, a soft and hard
X-ray free-electron laser user facility starting operation in 2017. Emphasis is put on the photon
beam systems, scientific applications and the instrumentation of the scientific instruments of the
European XFEL.

Abstract: European XFEL is a free-electron laser (FEL) user facility providing soft and hard X-ray FEL
radiation to initially six scientific instruments. Starting user operation in fall 2017 European XFEL will
provide new research opportunities to users from science domains as diverse as physics, chemistry,
geo- and planetary sciences, materials sciences or biology. The unique feature of European XFEL is
the provision of high average brilliance in the soft and hard X-ray regime, combined with the pulse
properties of FEL radiation of extreme peak intensities, femtosecond pulse duration and high degree
of coherence. The high average brilliance is achieved through acceleration of up to 27,000 electron
bunches per second by the super-conducting electron accelerator. Enabling the usage of this high
average brilliance in user experiments is one of the major instrumentation drivers for European XFEL.
The radiation generated by three FEL sources is distributed via long beam transport systems to the
experiment hall where the scientific instruments are located side-by-side. The X-ray beam transport
systems have been optimized to maintain the unique features of the FEL radiation which will be
monitored using build-in photon diagnostics. The six scientific instruments are optimized for specific
applications using soft or hard X-ray techniques and include integrated lasers, dedicated sample
environment, large area high frame rate detector(s) and computing systems capable of processing
large quantities of data.

Keywords: free-electron lasers; average brilliance; peak brilliance; photon diagnostics; X-ray optics;
femtosecond time resolution; coherent X-ray diffraction imaging; ultrafast diffraction; ultrafast
absorption and emission spectroscopy; non-linear X-ray processes

1. Introduction

During the last decades, the development of X-ray light sources based on low emittance
electron accelerators has enabled spectacular increases in the average and peak brilliances. Brilliance
corresponds to the number of photons per phase space element of the emitted X-rays and is the
parameter best describing the performance of these sources. Electron accelerators optimized for
free-electron lasers (FEL) use low emittance injectors to create electron bunches, linear accelerators and
electron beam optics to minimize the emittance growth during acceleration and transport, and bunch
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compression to generate ultrashort bunches. The resulting low emittance and high peak current of the
electron bunches are the key performance parameters for these facilities. In undulator sections much
longer than for synchrotron radiation sources, the electron bunches are transported with high precision
and collimation to enable the self-amplified spontaneous emission (SASE) process leading to FEL gain
and occurring in a single-pass of the electron bunch [1,2]. In the SASE process, the electron bunch
typically undergoes a degradation of its properties and cannot be reused for another FEL source. It is
instead dumped at the end of the beam transport. FELs therefore, in general, are single-user machines
making their operation costly and the access to them much more limited than storage ring sources
where electron bunches are circulated and are reused by several insertion devices. Since X-ray FEL
radiation is generated by an intrinsically coherent SASE process it provides huge pulse energies of
10 mJ and possibly beyond, and pulse durations as short as single femtoseconds. These properties
correspond to peak brilliances eight to nine orders of magnitude higher than obtained by storage
ring sources. Exploiting this brilliance in FEL experiments allows embarking on yet impossible X-ray
experiments that will lead to interesting and valuable scientific and technological applications.

Two technologies have been pursued to construct electron accelerators for FEL applications: warm,
normal conducting machines and cold, super-conducting accelerators. The latter allowing acceleration
of electron bunches at a much higher repetition rate, thereby boosting the average brilliance and
enabling to distribute electron bunches to many FEL sources. The first short-wavelength FEL user
facility starting user operation was FLASH at Deutsches-Elektronen-Synchrotron (DESY) in Hamburg
(Germany), which uses super-conducting accelerator technology [3] and provides FEL radiation in the
XUV and soft X-ray spectral region up to the water window [4]. In the following years, several normal
conducting accelerator-based FELs started operation at SLAC National Accelerator Laboratory [5],
ELETTRA [6], SPring-8 [7], and the Pohang Accelerator Laboratory (PAL) [8]. The SwissFEL facility at
the Paul-Scherrer-Institute (PSI) [9] is nearing completion. The European XFEL [10,11] employs
the same super-conducting accelerator technology [12] used for FLASH and is currently under
commissioning for first user experiments in 2017. European XFEL enables the acceleration of up
to 27,000 electron bunches per second with an electron energy of up to 17.5 GeV (compare Table 1)
which are distributed to several FEL sources. Starting from 2019 European XFEL will operate a regular
user program with initially six instruments continuously receiving X-ray beams. At SLAC currently a
4 GeV super-conducting accelerator is under construction for LCLS-II, based on the same technology
used for FLASH and European XFEL plus enabling continuous wave (cw) acceleration [13].

Table 1. Comparison of accelerator parameters of hard X-ray FEL facilities.

Parameter LCLS SACLA PAL-XFEL SwissFEL European XFEL
Technology Warm Warm Warm Warm Super-conducting
Accelerator frequency 2.856 GHz 5.7 GHz 2.856 GHz 6 GHz 1.3 GHz
Maximum energy 15 GeV 8 GeV 10 GeV 5.8 GeV 17.5 GeV
Bunch charge 0.2nC 02nC 0.2nC 02nC 1.0nC
Repetition rate 120 Hz 60 Hz 60 Hz 100 Hz 27,000 bunches/s !
Maximum power 2 300 W 100 W 100 W 100 W 500 kW
User operation 2009 2012 2017 20182 2017
Reference [5] [7] [8] 9] [14,15]

1 Bunches are generated and distributed in 10 Hz bursts of 2700 bunches each; 2 Using nominal operation parameters
for energy, bunch charge and repetition rate.

The article is organized as follows: Following a description of the overall European XFEL
facility, we shall first describe the photon beam transport and photon diagnostics systems, before
introducing the individual science instruments. Finally, an outlook to future developments of the
facility is provided.
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2. Overview European XFEL

X-ray FEL radiation is characterized by its ultrashort pulse duration, high pulse energies and a
high degree of coherence. Scientific applications of soft and hard X-ray FEL radiation make use of
these properties, in particular in the investigation of ultrafast processes in atoms, ions, simple and
very complex molecules, clusters or condensed matter. The high pulse energies allow the collection
of meaningful data sets from single pulses, thereby enabling the study of non-reversible processes.
Coherence properties are exploited in imaging techniques that aim to obtain atomic spatial resolution
for weakly scattering systems, in part combined with a corresponding temporal resolution [16]. Finally,
the very high X-ray pulse energies, which combined with ultrashort pulse durations correspond to
very high peak powers of up to several tens of GW, promise to enable access to new information of
excited solids through non-linear X-ray scattering [17].

There are several classes of these experiments requiring not only a high peak brilliance, but
also high average brilliance. Here European XFEL has a clear advantage compared to other X-ray
FEL facilities. Examples comprise studies of ultra-dilute systems, very small cross-section processes,
non-linear X-ray processes, or particle-particle/particle-X-ray coincidence spectroscopy experiments.
Furthermore it is possible to use subsequent X-ray pulses to probe equilibrium dynamics at frequencies
up to 4.5 MHz, and beyond [18].

To enable the use of the highest repetition rates in a pulse-resolved (non-integrating) manner has
been the biggest instrumentation challenge for European XFEL. Such a mode of operation requires
that diagnostic and X-ray detection systems operate at repetition rates of up to 4.5 MHz. In addition,
optical lasers used to excite samples in a well-controlled manner and sample injections systems need
to accommodate these high event rates. The development of this non-standard high repetition rate
instrumentation is one key expertise of European XFEL and its partners.

2.1. Layout of the European XFEL Facility

The European XFEL facility consists principally of three sections. The first section includes the
superconducting low emittance 17.5 GeV electron accelerator and the distribution of electron bunches
to two beam lines comprising the FEL undulator sources. The electron beam transport is designed to
accommodate up to five FEL sources. Each FEL source has a dedicated photon beam transport section
to transport, steer, focus, and diagnose the X-ray FEL beams prior to their entry to the experiment
hall. Mirrors in the photon beam transports will direct the X-ray FEL beam to one of the scientific
instruments located at the respective FEL source. The third section is the experiment hall in which the
scientific instruments are located and where the experiment program is run. In its first installment,
only three FEL sources are constructed each leading to two scientific instruments. Figure 1 provides an
overview of the European XFEL facility. Completion of the facility with five FEL sources and up to
fifteen scientific instruments is expected to take place in the years following start of user operation.

The layout of European XFEL is governed by a few basic conditions. First, the goal to reach FEL
radiation exceeding 20 keV with high pulse energies and outstanding coherence properties has been
driving the definition of the maximum electron energy to be 17.5 GeV. Using an acceleration gradient
of 23.6 MeV/m this alone results in a length of nearly 1000 m for electron acceleration. A second
condition was to expand the highly collimated FEL beam to a size of order 1 mm, requiring with
divergences of order of 1 urad for hard X-rays another approximately 1000 m free-space transport.
This is accompanied by another requirement of achieving lateral separations on the order of 17 m for
the beam lines of the different FEL sources when arriving at the experiment hall.

The facility is located in the western part of the Metropolitan area of Hamburg, reaching from
the DESY campus in Hamburg Bahrenfeld to the town of Schenefeld, Schleswig-Holstein. Located
in a partly inhabited area, the facility had to be built in underground tunnels, fully immersed in the
ground water in this location. Access to tunnels is enabled by shaft buildings at the start and end of
each tunnel, and access to the experiment hall is provided from the office and laboratory building
build on top of this hall.
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Figure 1. Overall layout of the European XFEL facility. The electron accelerator leads into two electron
beamlines with up to five FEL sources. Each of these has dedicated X-ray transport sections leading
towards the experiment hall, where the up to fifteen scientific instruments can be installed. For
abbreviations see text.

2.2. The Super-Conducting Electron Accelerator

The European XFEL accelerator has the task of providing electron bunches for the FEL process.
It consists of a photo-injector, the main linac and the different beam line sections. In the 43 m long
photo-injector section [19,20], electron bunches are generated by means of the photoelectric effect
from a CsTe cathode. The photocathode is located inside a normal-conducting cavity to immediately
accelerate the electrons to 6 MeV before injection into the first super-conducting accelerator module.
This module is directly followed by a super-conducting 3.9 GHz acceleration module needed to
linearize the longitudinal phase of accelerated electrons. At 130 MeV the electrons enter a diagnostic
section enabling the measurement of the phase space properties of individual electron bunches in the
bunch train and even of slices of these bunches. At the end of the injector an electron beam dump
allows standalone operation of the injector over its full parameter range, such that commissioning and
further development can be performed independently of the operation of the main linac. Electron
extraction from the cathode is achieved by frequency-quadrupled 257 nm laser pulses supplied by a
dedicated Nd:YLF photo-injector laser. The laser is synchronized to the accelerator radio-frequency
and delivers a time pattern corresponding to the burst mode repetition rate of electron bunch delivery.
The photo-injector performance determines the smallest obtainable emittance of the entire accelerator
and its design has been optimized in this regard. Space charge driven emittance growth is the most
important limiting effect and is minimized by relatively long laser pulses (up to 20 ps) and very high
acceleration gradients of up to 50-60 MV /m at the cathode. Furthermore, the spatial and temporal
profile of the laser pulse ideally has a top-hat-like shape when hitting the cathode. The operation
with electron bunch charges from 0.02 to 1.0 nC at different emittances and enabling different bunch
durations is foreseen. Initial commissioning of the injector was concluded in summer 2016 [21].

The main linac accelerates the electrons to a final energy of up to 17.5 GeV by means of
96 accelerator modules operated at 2.2 K, built by an international collaboration for European XFEL
based on the TESLA design [14]. Each module is 12 m long, weighs eight tons and comprises eight
nine-cell Nb cavities. A total of 768 couplers provide the radio-frequency (RF) fields generated by
24 RF stations. The accelerator is operated in a 10 Hz pulsed RF mode (see Figure 2) for a maximum
beam power of 500 kW, exceeding by far the power that can be reached by any normal conducting
machine. The design gradient is 23.6 MV/m and the final installation considers the actual performance
of each accelerator module by tuning the RF distribution system. The injector and the three linac
sections L1, L2 and L3 are separated by three electron bunch compressors BCO, BC1 and BC2. These
are used to compress the electron bunches in steps from their initial approximately 20 ps duration to
as short as a few fs, hence reaching the design peak current of 5 kA, depending on the bunch charge.
The electron energy at the end of L2 is 2.4 GeV and will be kept constant during operation in order to
optimize the performance of the accelerator. Dedicated diagnostics sections for the measurement of
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integrated and slice bunch parameters are located after compressors BC1 and BC3. Cool-down of the
linac was started end of 2016 and commissioning with electron beam commenced in 2017 [22,23].

< RF pulse length
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Figure 2. Time pattern of the electron bunch train in the linac. The RF field is pulsed with 10 Hz and
has a flat top region of ~1.2 ms clearly exceeding the duration of the electron bunch train of 600 us. The
bunch train can be separated into portions with different function. The header H is typically used for
fast intra-bunch feedback. The next portion S is dedicated for the South branch with SASE2. Following
a short gap to switch the flat top kicker magnet the last portion N will be send to the North branch
with SASE1 and SASE3. The smallest separation of electron bunches is 222 ns in standard operation,
corresponding to 4.514 MHz and up to 2700 bunches per train. Operation at bunch separations of
886 ns (1.128 MHz) and 10 ps (0.1 MHz) is possible, too.

The last section comprises a total of approximately 3 km of electron beam transport systems
and starts with a collimation section removing halo and electrons at non-matching energies, i.e., dark
current, from the beam. Downstream of this section electron bunches are distributed to either one of the
two beam lines with the FEL undulators, denoted the North and South electron branches, or to a dump
beam line. Distribution between the two branch lines is performed by a precise flat top kicker magnet
with fast falling edge operating at 10 Hz to switch once during each bunch train. Likewise a dedicated
portion of the 600 us bunch train is first kicked to the South branch line. After a switching time of
approximately 20 ps electrons continue without kicking into the North branch line. An additional fast
kicker can operate at up to 4.5 MHz and is used to deflect single bunches to the dump beam line. It is
used to, e.g., generate the time window needed for switching between south and north branch and
furthermore enables a free choice of the bunch pattern delivered to the two FEL beam lines while the
accelerator is operated at constant loading. At the end of each electron beam line a solid state dump
is capable of absorbing up to 300 kW of beam power. In case the accelerator is operated at full beam
power, electrons will be distributed over more than one dump thereby limiting the absorbed power. In
the beam transport section of the accelerator many important electron diagnostics systems are located.
They measure beam position with um accuracy, arrival time of bunches relative to a precise laser
synchronization system with down to a few fs accuracy, and electron energy in dispersive sections to a
level better than 10~%. The long pulse trains allow using an initial portion of the train for intra-train
feedback scheme, thereby enabling a higher stability and performance of the electron beam delivery in
the remaining portion of the train delivered to the two branch lines.

2.3. The FEL Undulator Sources

The initially three FEL undulator sources denoted SASE1, SASE2 and SASE3 will provide FEL
radiation ranging from the carbon K-edge to very hard X-rays for user experiments. SASE1 and
SASE2 serve the hard X-ray regime from approximately 3 to 25 keV in the first harmonic. SASE3
produces soft X-rays from approximately 250 eV to 3 keV. These ranges are achieved by a combination
of electron energy set points and gap tuning (see Table 2). The lengths of the FEL undulators have
been determined after simulation of the saturation length for the highest photon energy at the largest
considered electron beam emittance. All FELs are therefore much longer than the saturation length
in the middle of the tuning range, around 10 keV (SASE1 and SASE2) or up to 1 keV (SASE3), which
allows for special modes of operation, e.g., the implementation of self-seeding. In addition, each FEL
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has additional space before and after the device for optional extensions, e.g., for laser-driven beam
manipulation or so-called afterburners.

Table 2. FEL undulator source parameters [24].

Parameter SASE1/SASE2 SASE3
Period length (mm) 40 68
Maximum B-field (T; @10 mm) 1.11 1.68
Number of poles per segment 248 146
Number of segments 35 21
Total system length (m) 205 121
Gap range (mm) 10-20 10-25
K-parameter range 1.65-3.9 4-9
Photon energy range (keV; @8.5 GeV) 1.991-72 0.243-1.08
Photon energy range (keV; @12 GeV) 3.97-14.5 0.485-2.16
Photon energy range (keV; @17.5 GeV) 8.44-30.8 1 1.0314.6 !

1 Beam transport does not allow reaching these photon energies.

All FELs are segmented into 5 m long planar undulators and 1.1 m long intersections. Undulators
are equipped with permanent hybrid NdFeB magnet technology for a minimum magnetic gap of
10 mm allowing the use of aluminum vacuum chambers with an inner opening of 8.8 mm for the
electron beam. Out of vacuum magnetic structures were chosen to minimize radiation damage of the
magnets, but also to reduce resistive wall wake fields. The intersections carry a quadrupole for electron
beam focusing, a phase shifter for matching the radiation field and the micro-bunched electron beam,
an electron beam position monitor, and vacuum devices. All parts for the total 91 undulator segments
have been produced and assembled by industry. Magnetic tuning was performed by the European
XFEL undulator group using the pole-height tuning technique [25].

The FEL source properties depend on a large number of parameters, not only of the FEL
undulators, but also the electron beam properties, e.g., peak current, emittance, or energy spread.
Table 3 shows simulation results for the saturation point for a selection of photon energies and electron
beam parameters. The full set of properties can be found in refs. [26,27]. In practice, FELs are often
operated well beyond saturation thereby boosting the emitted pulse energies but also sacrificing some
of the other properties.

Table 3. FEL radiation properties at saturation for selected photon energies and electron parameters
optimized for specific bunch charge working points [26].

X-ray Beam Energy 243 eV 790 eV 1680 eV 6.2 keV 13.3 keV 30.8 keV!
FEL source SASE3 SASE3 SASE3 SASE1/2 SASE1/2 SASE1/2
Electron energy (GeV) 8.5 12 17.5 12 17.5 17.5
Bunch charge 0.02 nC
Pulse energy (m]) 0.14 0.14 0.17 0.05 0.06 0.03
Peak brilliance 5.0 x 10! 2.3 x 1032 6.9 x 1032 1.5 x 10% 44 x 108 6.4 x 108
Average intensity 3 9.6 x 10'° 3.0 x 10 1.7 x 10'® 1.5 x 101 7.7 x 101 1.5 x 101
Saturation length (m) 29 38 47 47 59 101
Bunch charge 0.25 nC
Pulse energy (m]) 2.04 2.06 234 0.73 0.65 0.235
Peak brilliance 2 5.8 x 103 2.6 x 1032 7.9 x 10%2 1.6 x 103 4.1 x 10% 4.1 x 10%
Average intensity ° 14 x 1018 44 x 107 2.3 x 10V 2.0 x 10'® 8.3 x 10° 1.3 x 10°
Saturation length (m) 31 42 52 54 73 161
Bunch charge 1.0 nC
Pulse energy (m]) 8.51 8.36 9.25 2.29 1.68 -
Peak brilliance 2 5.9 x 103 2.6 x 10% 7.8 x 10% 1.3 x 10% 2.4 x 10% -
Average intensity > 59 x 1018 1.8 x 108 9.3 x 1017 6.2 x 101© 2.1 x 101 -
Saturation length (m) 35 48 60 68 105 252

! Radiation parameters simulated for electron beam and FEL undulator. However, the photon beam transport
in its present configuration does not allow propagating the photons to the instruments; 2 in units of
photons/s/mm2 /mrad?/0.1% BW; 3 in units of photons/s assuming 27,000 pulses/s.
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2.4. The Experiment Hall and Ancillary Instrumentation

The experiment hall has a size of 50 m along the beam direction and 90 m across to install five beam
line areas. The tunnels housing the X-ray beam transports enter with a separation of approximately
17 m. For each of the five beam line areas installation of up to three scientific instruments is considered
with an X-ray beam separation of 1.4 m at the entrance to the hall. Each beam line area includes
dedicated enclosures for X-ray optics, X-ray experiment, controlling the experiment, the pump-probe
laser system, instrument laser hutches, and in some cases also preparatory labs. Control and data
acquisition electronics are generally placed in separate rack rooms located on-top of the beam lines for
fire protection purposes. Here also most of the air-conditioning systems are located, used to stabilize
dedicated temperature zones to +0.1 °C while special care has been taken to avoid vibrations. The hall
is connected via stairs and elevators to the laboratory and office floors in the building above. In the
ground floor in total ~2500 m? is available for laboratories, comprising rooms for sample preparation
and characterization, chemistry and biochemistry laboratories. Furthermore, cleanrooms for optics,
detector and vacuum part assembly and testing and several laser labs for research and development
are found here.

2.4.1. Large Area Detectors for European XFEL

Already in 2006 European XFEL launched a significant program for the development of large
area detectors for FEL experiments, since it was clear that the requirements to detectors for FEL
experiments in general and European XFEL specifically could not be fulfilled by existing devices [28].
General requirements include an integrating operation mode, enabling the detection of several X-ray
photons per pixel and per pulse, very low noise, enabling to detect single X-ray photons, and a high
dynamic range, enabling to count 10* or more X-ray photons in a single pixel. Specific requirements
for European XFEL include the need for frame rates of up to 4.5 MHz, in order to be compatible with
X-ray pulse delivery within the pulse train structure (compare Figure 2), high throughput, to collect
as many images as possible per unit time, and radiation hardness. More recently, the possibility of
vetoing specific events was added as a requirement. Three large projects were selected and are pursued
together with external partners. Laboratory infrastructure, in particular for detector calibration and
characterization, has been designed and is operated by the European XFEL detector group [29]. In
addition, a few smaller projects consisted in modifying existing cameras, mostly designed for 10 Hz
operation, and in upgrading the Gotthard one-dimensional strip detector [30] to 4.5 MHz repetition
rate. In the following the three large area detector projects are described briefly.

The Adaptive Gain Integrated Pixel Detector (AGIPD) is developed by a consortium led by
DESY [31]. The main features of this detector are 200 x 200 umz pixels, dynamic gain switching with
3 stages, a dynamic range of ~10* at 12 keV, single photon detection (6c) above 7 keV, in-vacuum
operation, the capability of storing up to 352 images within the 600 us pulse train, and to read out
these data in-between pulse trains. As sensor material 500 um thick Si is used. Two 1 Mpixel AGIPD
devices constitute the primary 2D detectors at the SPB/SFX and MID instruments. A 4 Mpixel device
is under development as part of the SFX User Consortium, as is a 1 Mpixel device with GaAs sensor
for the HIBEF User Consortium.

The Large Pixel Detector (LPD) is developed by a consortium led by STEC [32]. The main features
of this detector are 500 x 500 um? pixels, three amplifiers with different gain per pixel, a dynamic
range of up to ~10° at 12 keV, single photon detection (30) above ~12 keV, the capability of storing
up to 512 images within the 600 us pulse train, and to read out these data in-between pulse trains.
As sensor material, 500 pm thick Si is used. A 1 Mpixel LPD device will be employed at the FXE
instrument, primarily for liquid scattering experiments.

The DepFET Sensor with Signal Compression (DSSC) detector is developed by a consortium
initially led by the Max-Planck-Society (MPG) [33]. The main features of this detector are hexagonal
236 um diameter pixels, a non-linear gain, a dynamic range of ~6 x 103 at 1 keV, single photon
detection (50) above 0.7 keV, in-vacuum operation, the capability of storing up to 800 images within
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the 600 ps pulse train, and to transfer up to 640 frames in-between pulse trains. The highest frame rate
of the DSSC detector therefore is 6.4 kHz. As sensor material 300 um thick Si is used. One 1 Mpixel
DSSC device is considered as the primary 2D detector for the SCS and SQS instruments. In a first
phase, a simplified detector with 1 Mpixel Si drift diodes with reduced performance will be available
for experiments.

2.4.2. Optical Lasers for European XFEL

The usage of synchronized optical laser pulses is foreseen at all scientific instruments and opens
various possibilities for time-resolved pump-probe studies and laser-controlled manipulation of
electronic relaxation and excitation processes. A dedicated development has been initiated to meet the
requirements of delivering 800 nm radiation, 10-100 fs pulse duration, 0.1-4.5 MHz selectable pulse
delivery and 0.1-1 mJ pulse energy. After the successful completion of a first design phase [34] the
implementation of three pump-probe burst-mode optical (PP) lasers systems was started, each serving
one beam line area. The final amplification of the laser pulses employs the Non-collinear Optical
Parametric Amplifier (NOPA) scheme. Three NOPA stages allow providing highest pulse energies
at reduced repetition rate, 3.25 mJ for 0.1 MHz, and reduced pulse energies at highest repetition
rate, 0.08 mJ at 4.5 MHz. A Pockels cell and polarizer before the NOPA amplifiers enable picking of
arbitrary pump pulse sequences from the amplified burst at frequencies up to 4.5 MHz. An additional
output delivers 1030 nm pulses with energies up to 40 mJ at 0.1 MHz and duration of 400 ps or
800 fs (compressed). Full performance of the system has been demonstrated recently [35]. In order
to synchronize the delivery of optical laser and X-ray pulses, RF and optical lasers a laser-based
synchronization system [36] is employed with the goal of reaching an accuracy better than 20 fs
rms [37].

The PP lasers are placed in dedicated laser rooms at each beam line. Laser beams are transported
to dedicated instrument laser hutches (ILH) adjacent to the X-ray experiment areas. The separation
from the X-ray hutch provides the possibility to work on these systems without disturbing the X-ray
program. In the ILHs, e.g., delay stages, frequency conversion optics, and laser diagnostics are placed.
Laser pulses are transported in a time stretched mode and final compression occurs close to the
experiment location. Particular care needs to be taken with respect to the dispersion management of
the optical laser pulses in order to achieve the shortest pulse duration.

2.5. The User Program

The European XFEL is conceived as a user facility with the main emphasis of providing excellent
conditions for FEL research with soft and hard X-rays. To reach this goal an accelerator operation of
approximately 5600 h annually is foreseen to provide 4000 h of user operation, 800 h for accelerator
and another 800 h for X-ray systems maintenance, research and development. Operation will be
continuous for several weeks with interruptions during two workdays, mainly for setup changes,
maintenance, and tuning for the next experiments. With initially two scientific instruments per FEL
source each of them schedules ~2000 h per year for users. In regular operation this should allow
for >200 user experiments annually, thereby significantly increasing the European and worldwide
accessibility of FEL experiments. User experiments will be selected by peer-review using scientific
excellence as criterion given that technical feasibility and safety requirements are fulfilled. User groups
will be supported by the instrument staff and the scientific support groups in preparing and executing
the experiment and analyzing the data. Due to the complexity of FEL experiments, often requiring
expertise in X-rays, optical lasers, sample delivery, detectors and data analysis, it is the goal to provide
these systems to the users, thereby facilitating the use of European XFEL and lowering the entry level
to FEL experiments. During experiments scientific staff of European XFEL will continuously support
user groups and ensure that the various sub-systems are functional.
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2.6. European XFEL Governance and Organization

The operation of the overall European XFEL facility is entrusted to the European XFEL GmbH,
based on an intergovernmental agreement between the participating countries Denmark, France,
Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain, Sweden, Switzerland, and the United
Kingdom. The largest contributors are Germany with 58% and Russia with 27% of the total construction
cost. Each participating country determines a legal entity to hold their shares and to represent the
country in the Council, the superior governance board of European XFEL. The construction costs
of the facility can be sub-divided into the three major areas: civil construction, accelerator complex,
and X-ray systems with shares of roughly 30:50:20. About 50% of the construction cost was provided
through in-kind contributions by the participating countries. The annual costs for operation are shared
amongst the participating countries initially according to the participation in the construction period.
Starting in 2023, 50% of the annual operation costs will be distributed according to real usage of the
facility by research groups from the participating countries, calculated using a three-year average.

The construction, commissioning and operation of the superconducting accelerator and its
ancillary systems depend on the expertise residing at DESY, a major accelerator and photon science
laboratory located in Hamburg, Germany. During the construction phase DESY led the international
Accelerator Consortium that designed, built, and commissioned the accelerator. European XFEL staff
has been responsible for the X-ray systems and ancillary instrumentation, including the undulators.
For the operation phase European XFEL and DESY have concluded an agreement according to which
DESY provides the personnel and expertise to operate and further develop the accelerator. European
XFEL takes the responsibility for the X-ray systems and the user program of the facility.

3. X-ray Photon Beam Transports

The X-ray optical systems that transport X-ray photons from the undulators to the experiment
hall are located in long underground tunnels. From the source point of FEL radiation located within
the last segments of the FEL undulators to the scientific instruments in the experiment hall these beam
transport paths are up to 1 km long [38,39]. The key optical elements of each transport system are three
mirrors: Mirrors “1” and “2” create a horizontal offset of the X-ray FEL beam. This offset prevents
unwanted background radiation, consisting of Bremsstrahlung and high-energy spontaneous radiation
also produced in the long FEL undulator, to be transported into the experiment areas. The spontaneous
radiation has a critical energy of typically 200 keV and is not reflected by the offset mirrors, but is rather
absorbed by the first mirror or transmitted and then stopped by a massive tungsten beam stop. Only
the desired X-ray FEL photons in the energy ranges of 3-25 keV (SASE1 and SASE2) and 0.25-3 keV
(SASE3) can pass the offset mirror chicane. Mirror “3” (distribution mirror) can be optionally inserted
to reflect the photons to the HED, FXE, or SCS instruments, while the undeflected beam passes to
the MID, SPB, and SQS instruments, respectively (compare Figure 3). In the case of the FXE, MID
and HED instruments, multi-bounce crystal monochromators (optional) are integrated in the beam
transport. For SASE3 a grating monochromator has been integrated that can be used by the SCS and
SQS instruments at this FEL source. The beam transport layout includes for each of the systems the
possibility of integrating a third beamline to a third instrument. Such an extension is currently in
preparation at SASE3.

The distance from the source point to the first mirror is between ~245 and 290 m, which is
enough to expand the beam to a size filling the about 1 m long mirrors under grazing incidence
angle and thereby reducing damage and heat load effects. In order to handle the demanding power
densities, a surface coating with boron carbide is applied on the single crystalline silicon mirrors. A
liquid indium gallium eutectic film, which is in contact with water-cooled copper blades, is used to
remove excess heat from all mirrors of the beam transport system. Because the X-ray FEL radiation
is close to the diffraction limit, its divergence is roughly proportional to the photon wavelength. To
utilize the full length of the offset mirrors for all photon energies, their reflection angle can be varied
from 1.1-3.6 mrad for the hard X-ray beam transports and from 6-20 mrad for SASE3. The reflection
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angles define the energy cut-off and, thereby, the transport of higher harmonic radiation, too. The
distribution mirror operates at a fixed angle, which is defined by the distance from the mirror to the
experiment hall and the lateral distance (1.4 m) between the shutters of instruments operating at the
same SASE beamline. To avoid over-illumination of the distribution mirror, the second offset mirror is
bendable and can slightly focus the beam towards the distribution mirror. Alternatively, Be Compound
Refracting Lenses (CRL) positioned upstream of the offset mirrors of the SASE1 and SASE2 beam
transports can be used to collimate the beam or to produce a similar confocal beam situation with an
intermediate focus behind the distribution mirror.
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Figure 3. Optical layout of the three photon beam transports with some of the most important elements
in the sequence towards the instruments located in the experiment hall. The most southern beam line
is: SASE2 (a); then SASE1 (b); and SASE3 (c).

The most crucial requirement to the X-ray mirrors is preservation of the almost perfect wave front
created by the lasing process [40]. Source properties and source-to-mirror distances at the European
XFEL lead to requirements of about 2 nm peak-to-valley shape error for all mirrors of the beam transport
systems, corresponding to roughly 50 nrad rms in slope error. The mirrors were manufactured in Japan
and Germany by deterministic polishing techniques, where material is iteratively removed on atomic
length scales according to a very precise metrology map of the mirror before each polishing step.

One important constraint of X-ray beam optics at an X-ray FEL is the so-called single-pulse
damage. Because a large number of photons (corresponding to pulse energies of the order of mJ per
pulse) arrive within 10-100 fs, thermal transport does not remove any heat during the pulse, even for
excellent heat conductors like copper or diamond. For focused beam conditions (typically smaller
than 50 pm diameter), most materials will vaporize on an ultrafast time scale due to the absorption of
energy from a single X-ray FEL pulse within the X-ray penetration depth. More resistant materials
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are the ones with low atomic number where the absorption per atom is lower. Most components
directly exposed to X-ray FEL radiation, or at least their beam facing surfaces, are therefore made of
boron-carbide or diamond, for example slits, beam stops, shutters, collimators and attenuator plates.
Exceptions are the cryogenically-cooled silicon monochromators in the hard X-ray beam transports
SASE1 and SASE2, but also beam position screens and a few other components. For these components,
it is required to carefully monitor the impinging beam size to avoid single-pulse damage effects.

Another big challenge is the total power of a train of X-ray pulses which could reach values
as high as several kW depending on pulse energy and number of pulses within the train of 600 us
duration. An automatic protection system will trigger a reduction of the maximal number of pulses if
equipment is inserted that does not withstand full pulse trains. In addition, long X-ray pulse trains,
when missteered, could easily damage the stainless steel pipes of the vacuum system. To prevent this,
photon beam loss monitors have been implemented at strategic places along the beam transport. Up to
four diamond plates can be adjusted around the beam trajectory. In case of unwanted beam motions
(e.g., due to mechanical drifts of the mirror mounts) the X-ray beam would hit a diamond and produce
optical light fluorescence. This light is captured by a photomultiplier and triggers via the machine
protection system a rapid interruption of the beam (within the same pulse train).

4. Photon Diagnostics Systems

X-ray photon diagnostics is required for monitoring the photon pulse parameters generated by
the European XFEL [41-44]. The diagnostics systems provide essential information to the machine for
setup, operation and optimization of the accelerator, undulator and X-ray optics, especially during
commissioning. Diagnostics is also mandatory for normalization and interpretation of the experimental
data. Several beam properties will be measured by so-called online methods, that is, for each photon
pulse and with minimal distortion of the pulse. Examples are the pulse energy and beam position,
but also spectral content and information about temporal properties can be collected through these
systems. Pulse-to-pulse capability is challenging because of the 4.5 MHz repetition rate, but it is
particularly important to be able to normalize data for fluctuations of photon pulse parameters due
to the SASE process or due to electron or X-ray beam instabilities. In addition, for setup and specific
measurements several invasive photon diagnostic systems are installed which stop the X-ray pulses,
or at least severely modify the pulse properties.

In this section, we only describe photon diagnostic devices that will be employed in the photon
transport sections inside the tunnels. Further systems are integrated in the scientific instruments in the
experiment hall. These include, in particular, the temporal diagnostic systems [45,46] employed
to monitor the X-ray pulse arrival, pulse duration, and, ideally, the temporal shape as shown
previously [47-50].

4.1. Online Photon Diagnostic Systems

These systems can be separated into residual gas systems, naturally interfering only minimally
with the X-ray beam, and systems using very thin solid films or crystals, thereby only absorbing a
minor fraction of the FEL pulse. This latter method is only applicable to hard X-ray radiation as
otherwise the absorption is too strong.

For residual gas diagnostic systems photoionization of rare gases (Xe, Ne, Ar or Kr) or nitrogen is
applied making these devices indestructible and highly transparent [51]. This non-invasive diagnostic
method is best suited for high peak energies and high average flux since there is no issue with damage
or heating due to the absorbed X-ray pulse energy. At European XFEL these systems are employed
in the beam transports to measure pulse energy, beam position and polarization of the X-ray pulse.
Residual gas monitors can operate continuously up to very high pulse repetition rates, limited by the
flight time of ions and electrons used for the measurement of pulse properties, and work even for hard
X-rays if a sufficient sensitivity is able to compensate for the reduced cross-sections. As of today no
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reports about distortion of coherence and wavefront properties due to residual gas monitors have been
reported, however for highest repetition rates and elevated gas pressures depletion may occur [52].

Online solid-state systems employ either thin foils to scatter a fraction of the X-ray beam, using
the detection of this scattered fraction to measure the pulse energy and, in a special configuration,
beam position [53], or thin curved crystals to disperse the incident spectrum on a position sensitive
detector [54]. In both cases, only a small fraction of the X-ray beam is absorbed or scattered, however,
these systems face limitations when it comes to very high pulse energies. In particular, heat transport
limitations of thin films restrict their high repetition rate applications.

4.1.1. X-ray Gas Monitors

The X-ray gas monitors (XGM) are pulse energy (photon number and flux) and position monitors
that resolve individual photon pulses at MHz rates (temporal resolution better than 100 ns) [51].
Due to a gain of up to 10, individual X-ray pulses with femtosecond durations containing 107 up to
10'5 photons can be measured with better than 10% absolute accuracy, and with better than 1% relative
(pulse-to-pulse) accuracy for pulses with more than 10'° photons. The beam position is monitored in
both transverse directions with an accuracy on the order of 10 um within a range of =1 mm. There is
an XGM installed in the direct beam of each FEL, upstream of the double mirror systems, monitoring
the source properties. Three more XGMs are placed closely upstream of the scientific instruments
SPB/SEX, SCS, and HED, to monitor the pulse properties actually delivered to the experiments after
passing several X-ray optics elements in the tunnels.

4.1.2. Photoelectron Spectrometer

The photo-electron spectrometer (PES) measures the spectrum and polarization of the photon
pulse based on an angular resolved time-of-flight measurement of photo-electrons [55,56]. This device
is integrated initially only in the SASE3 beam transport, because for soft X-rays one cannot employ
crystal-based schemes to measure the spectrum, and instead the energy distribution of XFEL-generated
photo-electrons can be used to deduce the center and width of the photon energy spectrum. In addition,
it is planned to employ variable polarization schemes at the SASE3 FEL source, hence requiring
measuring and monitoring of the polarization state. The PES has a spectral resolving power of AE/E
< 107* and the polarization direction and degree can be measured with an accuracy of 1%.

4.1.3. The HIREX Spectrometer

The High REsolution hard X-ray single-pulse diagnostic spectrometer (HiREX) spectrometer is
an online device, based on a diamond diffraction grating used in transmission to split off a small
fraction (0.1%) of the photon beam, a bent crystal as a dispersive element, and a MHz-repetition
rate strip detector. The grating and crystal chambers are separated by 10 m distance. Gratings with
pitches of 150 nm and 200 nm were installed. While beam transmission depends on the photon energy,
typically 95% transmission is achieved. Five percent is then spread into all diffraction orders. The
first order diffracted beam from the grating is sent to a bent crystal for energy dispersion under Bragg
condition [54]. The 10 um thick bent silicon Si crystals have (110) or (111) orientations and are mounted
with fixed bending radii of 75 mm, 100 mm or 150 mm. Two detectors are available for data acquisition:
an optical camera for full transverse 2D imaging at low repetition rate, and a modified Gotthard-II 1D
strip detector for fast data acquisition at 4.5 MHz.

4.2. Invasive Photon Diagnostics Systems

The invasive diagnostics is either used for initial commissioning with spontaneous radiation, for
FEL commissioning, or for setup purposes prior to or during measurements.
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4.2.1. MCP Based Detector

When all undulator segments are inserted to establish the SASE condition, this detector measures
intensities from the initial signs of lasing up to saturation [57]. Two horizontal manipulators insert
either 15 mm diameter MCP discs for integral intensity monitoring with 1% rel. accuracy over a large
pulse energy range (1 nJ-10 mJ), a photodiode (Hamamatsu, 10 x 10 mm?, 300 um thick), or a larger
MCP-intensified phosphor screen providing an intensified beam image with 30 um resolution via an
optical camera setup.

4.2.2. Undulator Commissioning Spectrometer

This spectrometer analyses spontaneous radiation from one or few undulator segments to measure
their individual undulator parameter K [58,59]. These measurements are necessary for an independent
measurement and setting of all undulator segments with AK/K < 107 and to further adjust the
individual phase shifters in-between undulators. The filter chambers of the systems at SASEI1,
SASE2 and SASE3 contain five filter foils of Al, Mo, Cu, Ni and Al with a diameter of 30 mm and
varying thicknesses for attenuation and also for spectroscopy by scanning across their K-edges. The
monochromator itself, called K-mono, contains two Si channel-cut crystals which can be used in two-
or four-bounce geometry. The Bragg angle range is 7° to 55° to cover an energy range from 2.5 keV to
16 keV with Si (111) (7.5 to 48 keV with Si (333)). The resolution is AE/E =2 x 10~* for Si (111) (10>
for Si (333)). The crystals are retracted in horizontal direction from the beam. Detection is realized by a
photodiode or the highly sensitive SR-imager (see below).

4.2.3. Imagers

There are almost 30 imaging units distributed over the photon tunnels which serve different
purposes and therefore have different resolutions, fields of view, and geometries [60]. All of them
contain one or more scintillators, mostly Ce:YAG, sometimes additionally polycrystalline diamond,
and all but one type have stationary optics with sCMOS GigE cameras and fixed focus lenses.

e  Transmissive imagers (1 per FEL) are closest to the source and have the thinnest scintillators
to allow transmitting the beam for recording another image of the same photon pulse
at a downstream imager. By this method beam pointing and beam offset data can be
obtained simultaneously.

e  The SR imagers (1 per FEL) are optimized for highest photon sensitivity to detect spontaneous
radiation from single undulator segments when applied in conjunction with the K-mono in
undulator commissioning. Their optical resolution is 25 pm (FWHM) and field of view (FOV)
26.6 x 15 mm? using YAG:Ce and ceramic Gd202S:Pr scintillators.

o  The FEL imagers (1 per FEL) are optimized for detailed spatial characterization of the FEL
beam to measure the transverse intensity profile with beam position, size and shape. Their
optical resolution is 28 um (FWHM) and FOV is 16 x 22 mm?. These imagers have redundancy
scintillators of several different materials.

e Pop-in monitors (15 in total) are the basic imagers for beam finding and alignment. These
monitors are placed downstream of major optical elements like mirrors and monochromators.
Their horizontal FOV is large as to cover the variable beam offset without scintillator or optics
movements. Various geometries are employed. Most devices put the scintillator at 45° to the XFEL
beam, but some have the scintillator at normal incidence and an additional optical mirror. Optical
resolutions range from 35 to 83 pm (FWHM) and FOVs from 22.7 x 40 up to 150 x 30 mm?.

e  Exitslitimagers are installed on the two exit slits of the SASE3 monochromator for beam alignment,
but more importantly to deliver single-pulse soft X-ray spectra with a resolution of AE/E > 107°.
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5. The SPB/SFX Instrument

5.1. Scientific Scope and X-ray Techniques

The Single Particles, Biomolecules and Serial Crystallography (SPB/SFX) scientific
instrument’s [61] primary goal is to enable three-dimensional imaging, or three-dimensional structure
determination, of micrometer-scale and smaller objects. A particular focus is placed on biological
objects—including viruses, biomolecules, and protein crystals—though the instrument will also be
capable of investigating non-biological samples using similar techniques. This structure determination
is not limited to static structures—three-dimensional time-resolved structures are within scope too.
One of the main driving factors for such studies is to ultimately enable rational drug design through
understanding the structure, and hence the function, of arbitrary biomolecules. Studies in structural
biology with X-rays have a long history and have exploited ever-brighter X-ray sources as they have
been developed [62].

X-ray FELs, as the most recent phase in X-ray source development, offer yet additional benefits
to structural biology with X-rays. In particular, they offer the possibility to investigate radiation
damage sensitive samples (such as proteins with important metal centers), samples that scatter only
weakly (small crystals or non-crystalline specimens), time-resolved processes that are irreversible,
as well as other cases that inherently require many incident X-ray photons in a single pulse [63,64].
Unprecedented possibilities are opening to observe weakly scattering samples, such as small crystals
of proteins or perhaps even non-crystalline bio-samples such as viruses, which are largely unable to be
seen at synchrotron or lab based X-ray sources. Nevertheless, techniques that are relatively simple at
conventional sources, such as tomography, are not viable at an X-ray FEL where samples are typically
destroyed by the act of illumination in a single projection. This reality means that many frames of
data from different projections of a crystal or (reproducible) particle must be combined to form a
complete three-dimensional diffraction volume that can be interpreted later as structure [65,66]. These
methods require as many as tens of thousands or hundreds of thousands of “good” hits for a single
structure [67,68]—and many more should one wish to look at a series of structures resolved in time
for example.

5.2. Requirements

These experiments require X-ray instrumentation in a traditional forward scattering geometry
to collect diffraction at angles up to those commensurate with atomic resolution. Crystallography
requires photon energies up to about 16 keV—beyond the Selenium edge—to aid in anomalous
diffraction measurements for structure determination. On the low energy side, single particle imaging,
which deals with typically very low diffraction signals, requires as low a photon energy that permits
the desired resolution for the system under study. Furthermore, mitigation of radiation damage
requires optimization of the beam power, that is, to carefully trade highest pulse energy versus shortest
pulse duration.

X-ray FEL serial crystallography and imaging experiments are primarily performed in a mode
that is destructive to the sample. The goal is to illuminate the specimen with as many X-ray photons
per pulse as possible, to maximize the scattered signal from each particle. To do so, one must have
an optical system that is highly transmissive, as well as focusing to a spot size that is comparable
to the size of the sample(s) under investigation. The “small” crystals used in serial crystallography
at XFELs tend to be around 1 um diameter in size, with some variation larger or smaller. Relevant
biological single particles range from biomolecules some tens of nanometers across to large viruses
up to 500 nm in diameter. To accommodate this wide range of sample sizes, the SPB/SFX instrument
plans to deliver two different focal spots—a 1 um-scale focus and a 100 nm-scale focus. Coherent
diffraction imaging of individual particles further requires precise knowledge of the wavefront of the
incident X-ray pulse leading to stringent requirements on the selection of the X-ray optical components
and their performance.
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Of particular importance for the experiments to be performed at SPB/SFX will be the performance
of the large area detectors. The two primary requirements are a very high dynamic range and single
photon sensitivity. An ideal 2D detector for serial crystallography should have a high dynamic
range much higher than the four [31] or five [32] orders of magnitude presently achievable, as the
intensities of individual Bragg peaks can vary enormously and these intensities must be determined
very accurately for successful phasing and structure determination (though nevertheless a detector
with 10* or smaller dynamic range can be successfully used). Single photon sensitivity is important
for detecting weaker scattering, such as from single non-crystalline particles or weak Bragg peaks.
The detectors should be compatible with detection at the 4.5 MHz intra-train repetition rate to ensure
collection of as much images as possible within a meaningful time frame during which particles can be
injected. This requirement leads to the further need for stringent data reduction techniques to avoid
a data deluge. Finally the detector(s)’ mechanical design must be compatible with the instrument.
This means a pixel size that is not too large (<200 pm), a number of pixels commensurate with the
number of resolution elements desired in any given structure (i.e., >1 MPixel for ~200 linear resolution
elements) and an operation that is ideally compatible with the sample environment (for the upstream
interaction region at SPB/SFX this means in vacuum operation). The detector is required to operate in
vacuum and be placed as close as 129 mm from the upstream interaction region, resulting in a better
than 2 A geometrical resolution limit for 9 keV photon energy. It can also be placed downstream as far
as 6 m from the interaction region, allowing for appropriate sampling of diffraction data from samples
as large as almost 1 um at the lowest energies.

5.3. SPB/SFX Instrumentation and Capabilities

The SPB/SEX instrument is a 3 to 16 keV, forward scattering instrument [61] with a 1 pm-scale
and a 100 nm-scale focus in the upstream interaction region [69,70], and optics to refocus the upstream
focal point to a second interaction region further downstream (about 12 m) in the experiment hutch.
This refocused beam allows for a second, in series, experiment to be performed simultaneously
with a measurement in the upstream interaction region (see Figure 4). The Serial Femtosecond
Crystallography (SEX) User Consortium provides the vast majority of the instrumentation for the
downstream interaction region including, but not limited to, a 4 Mpixel detector (AGIPD) and an
alternative detector (Jungfrau), the refocusing CRLs, sample delivery technologies (largely liquid
jet delivery in various forms and fixed target systems) as well as various diagnostics and sundry
apparatus. The 1 um-scale and 100 nm-scale focal spots for the upstream interaction region of the
SPB/SFX instrument are to be produced by mirror optics due to their high transmission and potential
for making very neat and well confined focal spots. The mirrors are all designed with 950 mm clear
aperture, with working angles of 4 mrad and 3.5 mrad, respectively.

XTD9 ! SPB/SFX SPB/SFX experiment
tunnel §  optics hutch
hutch

@ @ @ @ > @ o o

8 8 o S £ H a e P oL 8-

S =] Bo 0B e = 2 T B3

%5 2. & ies B_. & £ a5 ol e 22 O @5 &
o = om % 18- ol F H 4 ES PRCER: ) Eos o Q2o o
£ oX EGT g¥ a 2 S0 kgt - ® £ e EEE &
D0 e a Dofg T o 5 £3® &< pg) £3 S D355 @
8o 28 F &23£8 F w £ 652 oL SE S22 o S=§ g
T = SE £ ®ZESE £ B 9 2%g DP8% 2SS o3 9L TBE: &
c?Z o 5 & c28 7k © c -9 - ® 05 o - c &8 £352 @
o5 - © oo o o e < ' 498 o ;s 498 S o m
g2 & 2 227 oa =2 ES 2= e £ S 823

oL o oL o o © @ L © 3 s ° &

£ £ £ £ £ ] a ] "> s £°

o EY o c a 14 8

Figure 4. Overview schematic of the SPB/SFX scientific instrument at the SASE1 FEL beamline. The
sketch indicates major instrumentation items installed in the photon beam transport tunnel, optics and
experiment hutch. Not shown is the PP-laser instrumentation.
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The 100 nm-scale design is a traditional Kirkpatrick-Baez (KB) design. The 1 um-scale mirrors are
four-bounce—with a plan horizontal mirror followed by a focusing ellipse in the horizontal and then a
focusing vertical mirror with a plane vertical mirror. This four bounce design mitigates vibrational
issues and a large displacement from the direct beam over the long (~24 m) mirror to interaction
region distance. For early user operation in 2017, the mirrors will not yet be installed. Instead,
Beryllium compound refractive lenses (CRLs) will be used to produce an approximately 2.5 um spot
in the interaction region. After mirror installation, the CRL unit will be moved to the refocusing
position and new lenses installed to refocus the upstream spot to ~3-5 um in the second interaction
region downstream.

In addition to focusing elements, a variety of beam conditioning apparatus (slits, apertures and
attenuator) will be installed to aperture the beam upstream of the optics (the so-called power slits),
clean up tails and streaks from the optics immediately downstream of them (the so-called cleanup
slits) and apertures near the focal plane that further clean up the beam (termed apertures and will
likely be sacrificial). This beam conditioning is essential for single particle imaging where a very neat,
clean and well-understood beam is necessary for the successful observation and interpretation of the
weak diffraction data collected.

The primary 2D detector at SPB/SFX is a 1 Mpixel AGIPD detector [31]. It will be mounted in a
vacuum chamber directly attached to the upstream sample chamber. Using a longitudinal translation,
it can be placed as close as 129 mm from the interaction region, resulting in a better than 0.2 nm
geometrical resolution limit for 9 keV photon energy. It can also be placed downstream as far as 6 m
from the interaction region, allowing for appropriate sampling of diffraction data from samples as
large as almost 1 um at the lowest energies. The detector mechanics consists of four panels mounted
on x-y-translations to adjust the central hole for letting the X-ray beam pass.

The destructive nature of these experiments and the high repetition rate of the European XFEL
necessitate rapid delivery (and replenishment) of sample at the interaction region. Furthermore, for
biological systems the samples must be appropriately hydrated and handled to ensure an intact and
representative sample is brought to the XFEL beam. Three primary sample delivery mechanisms exist
for the delivery and replenishment of samples: liquid jet injectors, aerosol injectors and fixed target
stages, all of which will be deployed at the SPB/SFX instrument.

6. The FXE Instrument

6.1. Scientific Scope and X-ray Techniques

The Femtosecond X-ray Experiment (FXE) scientific instrument has a primary scientific focus in
the field of photo-induced chemical dynamics in liquid environments [71]. The interplay between
nuclear, electronic, and spin degrees of freedom during the course of an ongoing reaction will be
monitored using a suite of X-ray techniques, thereby offering new observables in the femtosecond
time domain to deliver this information. The FXE instrument will permit structural studies on the
25 fs time scale and below, with ultrafast X-ray Absorption Near Edge Structures (XANES), Extended
X-ray Absorption Fine Structure (EXAFS), Resonant Inelastic X-ray Scattering (RIXS), non-resonant
X-ray Emission Spectroscopy (XES), and Wide Angle X-ray Scattering (WAXS) from liquids being
key techniques to unravel new details about the very first steps in these reacting systems. One
fundamental goal is to eventually record a complete molecular movie, observing not only the structural
rearrangements occurring in the system but also of the underlying electronic structure changes.
Together with ultrafast optical spectroscopy techniques it will become possible to understand the
ensuing photo-physical behavior.

One particular interesting area of research concerns catalytic activity and solar energy conversion
schemes, which occur in several transition metal compounds. Such compounds are key ingredients
in certain proteins, and are often at the very beginning of light-driven biological functions [72]. They
are also studied in chemistry due to their rich magnetic switching behavior [73], their charge-transfer
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properties in light-harvesting applications [74], or for their ability to form highly reactive intermediate
species, which enhance further reaction steps, e.g., towards more efficient catalytic behavior [75].
These compounds are believed to exhibit correlated electron dynamics in a regime in which the
Born-Oppenheimer rule is not valid. The direct observation of elementary steps towards, e.g., spin
transition dynamics has so far been impossible which is expected to change due to the possibility of
studying new observables in X-ray FEL experiments [76,77].

6.2. Requirements

The different X-ray techniques offered at FXE have quite different requirements to the FEL source.
XES requires merely the photon energy to be well above the absorption edge of the selected element.
The same condition applies to WAXS while the bandwidth of SASE radiation is perfectly suited for
diffuse scattering measurements [77]. Therefore both techniques can be applied simultaneously. More
demanding X-ray beam properties exist for XANES, EXAFS or RIXS techniques, requiring smaller
bandwidth of the incident beam (typical AE/E ~107%), and scanning the photon energy over a certain
range at the selected absorption edge. This scanning requires tuning of the undulator gap together
with a primary monochromator.

All X-ray techniques need to be used in concert with an incident laser beam, whose femtosecond
pulses are synchronized to the X-ray source, and with sufficient intensity to trigger the desired reactions.
The experiments also require appropriate handling of the probed samples. For (bio)chemical systems
in liquid solutions, the sample should be removed after each pump-probe event, to permit the next
measurement to be recorded on a fresh sample, which has not been exposed to neither the optical laser
nor X-ray beams before. To preserve the femtosecond time resolution, the time spread through the
sample via the group velocity mismatch between optical and X-ray pulses needs to be minimized. In
general, this requires a jet thickness below 10-20 um.

6.3. FXE Instrumentation and Capabilities

X-ray FEL radiation from the SASE1 FEL is collimated by means of Be compound refractive
lenses (CRL) 900 m upstream from the experiment hall in XTD2 in order to maintain a beam size in
the 1-2 mm (FWHM) diameter range (for all X-ray energies in the 5-20 keV range), when the beam
enters the primary four-crystal monochromator, diamond beam splitter grating and eventually the
FXE experiment hutch (compare Figure 5).
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Figure 5. Overview schematic of the FXE scientific instrument at the SASE1 FEL beamline. The sketch
indicates major instrumentation items installed in the photon beam transport tunnel and experiment
hutch. Not shown is the PP-laser instrumentation.

The primary Si four-crystal monochromator (AE/E = 10~°~10%) maintains the same beam axis
for the X-ray beam onto the sample as the pink beam (thus without monochromator), this way we
ensure that the laser beam always strikes the X-ray illuminated volume, and that the X-rays always
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take the same path through the entire optics branch including the long stretch downstream to the beam
stop. This arrangement eliminates the need to geometrically adjust the beam(s) for varying conditions,
as demanded by the specific experiment. Only the timing changes considerably between pink and
monochromatic pulses entering the sample, especially the monochromatic beam has different arrival
times (with respect to the exciting optical laser pulses), which can be tabulated for each energy.

At the end of the tunnel section a diamond grating generates side maxima (diffraction orders) of
the main X-ray beam, which are used for X-ray beam diagnostics inside the experiment hutch (similar
to what has been described in Ref. [78]). The side beams can be used to measure the incident spectrum
of the X-ray beam via a curved crystal spectrometer, and the actual arrival time of the X-ray pulse with
respect to the optical laser pulse. Together with beam shaping slits and an intensity position monitor
the conditions of the beam entering the sample are thus well characterized.

With a second stack of Be CRL lenses the X-ray spot size on sample can be freely tailored to values
in the 2-200 um range (FWHM). The X-rays enter the sample area via a diamond window separating
the ultrahigh vacuum optics branch from the sample environment under ambient conditions (He
atmosphere at room temperature). A liquid flat sheet jet with adjustable thickness in the 2-200 um range
provides a defined surface for optical excitation and X-ray probing. Two secondary spectrometers are
available for XES experiments, and each can also be rotated around the sample from forward to nearly
backward scattering angles: a Johann spectrometer with up to 5 spherically bent crystals collects single
emission wavelengths with a resolution of AE/E = 10~%. This spectrometer has a large solid angle and
spectra are obtained by scanning both the crystal rotation with the collecting detector on a Rowland
circle. Alternatively, a 16 element von Hamos type spectrometer collects the entire XES spectra at a
resolution of AE/E ~10~3 without moving elements, thus enabling single-pulse experiments.

The forward WAXS scattering pattern is collected using the LPD detector [32] having moveable
quadrants for a central hole for the X-ray beam with adjustable size in the 1-10 mm range.
A post-diagnostics bench can then record the beam properties (spectrum, intensity, and timing)
of the transmitted beam, before it finally strikes the copper beam stop.

7. The SQS Instrument

7.1. Scientific Scope and X-ray Techniques

The SQS (Small Quantum Systems) scientific instrument is dedicated to investigations of
fundamental processes of light-matter interaction in the soft X-ray wavelength regime. In particular,
studies of non-linear phenomena, such as multiple ionization and multi-photon processes,
time-resolved experiments following dynamical processes on the femtosecond timescale, and
investigations using coherent scattering techniques are targeted [79]. Principal research targets are
isolated species in the gas phase, such as atoms, molecules, ions, clusters, nanoparticles and large
bio-molecules. The use of soft X-ray photons enables controlled excitations of specific electronic
subshells in atomic and site- or element specific excitation in molecular targets. One of the main goals
of the SQS instrument is the complete characterization of the ionization and fragmentation process, at
least for smaller systems, by analyzing all products created in the interaction of the target with the
FEL pulses.

Experiments at SQS typically use X-ray pulses of highest intensity to drive the probed system
to highly excited states or initiate non-linear X-ray processes. The additional use of synchronized
optical laser pulses will be applied to controlled manipulations of the electronic states and nuclear
movement. Probing of the X-ray FEL interaction with the sample system will be performed either
by direct coherent X-ray scattering to obtain structural information or by spectroscopic techniques.
A focus is put on a variety of particle spectroscopy techniques, such as energy- and angle-resolved
electron and ion spectroscopy allowing the determination of kinetic energies and momenta of the
charged particles, and additional options for XUV and soft X-ray spectroscopy. In particular, the very
open and flexible arrangement of the spectrometers will enable the application of various coincidence
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techniques, such as electron—electron, electron-ion and photon-electron/ion coincidences, which all
require and therefore take full advantage of the high repetition rate available at the European XFEL.

7.2. Requirements

Located at the SASE3 FEL the photon energy of the radiation will range from about 250 eV up
to 3000 eV, i.e., covering the energy range of ionization thresholds for numerous relevant atoms such
as the K-edges of carbon, nitrogen, oxygen as well as of phosphor and sulfur, the L-edges of the 3d
transition and rare earth metals and K- and L-edges of various ions. Pulse durations as short as 2 fs,
available in the 0.02 nC low-charge mode, enable in combination with the synchronized optical laser
time-resolved studies in the few-femtosecond time domain. Furthermore, pulse energies of up to 10 mJ
are produced at 1 nC high-charge mode. This high pulse energy corresponds to 2 x 10'* photons per
pulse and is the main requirement for the study of non-linear processes, since intensities of more than
10'® W/cm? can be reached by focusing, e.g., the 10 mJ /100 fs FEL beam to a diameter of about 1 pm.

Ultra-high vacuum conditions in the experimental area are required for coincidence techniques in
order to minimize signals caused by ionization of residual gas. For this reason most of the experiments
will operate at background pressures of about 10710 mbar or less and supersonic molecular jets and
specially designed quantum-state-, size-, and isomer-selected beams of polar molecules and clusters
(COMO for “Controlled Molecules”) will be used for sample delivery. These vacuum conditions will
be reduced for experiments on larger targets requiring the use of the large DSSC imaging detector and
of dedicated cluster or nanoparticle beam devices.

7.3. SQS Instrumentation and Capabilities

The optical layout of the beam transport system enables experiments using the direct beam from
the variable gap SASE3 undulator or the reduced bandwidth radiation (AE/E < 10~%) from the soft
X-ray monochromator. A Kirkpatrick-Baez adaptive mirror system assures a tight focusing of the
beam down to spot sizes as small as about 1 micron (see Figure 6). The bendable high-polished mirrors
allow adjustments of the focal spot size and displacement of the focus to three different interaction
regions separated by 39 and 200 cm, respectively. The FEL radiation properties, such as pulse energy,
pulse duration, arrival time, spectral distribution and focal spot size, are monitored with the help of
several diagnostic devices installed downstream and upstream of the interaction regions inside the
dedicated and enclosed experiment area.
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Figure 6. Schematic outline of the SQS scientific instrument at the SASE3 FEL. Shown are major
instrumentation items installed in the photon beam transport tunnel and experiment hutch comprising
the beam transport, focusing and diagnostic devices as well as the three interchangeable experimental
vacuum chambers AQS, NQS and SQS-REML.
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The general concept of the instrument is based on a two-chamber system thus separating
applications on “Atomic-like Quantum Systems” (AQS), such as free atoms, atomic ions, and small
molecules, and on “Nano-size Quantum Systems” (NQS), such as clusters, nanoparticles and large
biomolecules, all typically larger objects [79]. The AQS chamber will be equipped with a set of
spectrometers enabling the analysis of electrons, ions and photons with high-energy resolution and the
determination of the angular distribution of the particles. Six electron time-of-flight (TOF) analyzers
can be used for angle-resolved high kinetic energy resolution experiments at distinct angles in the
dipole and in the non-dipole planes. A velocity-map-imaging (VMI) spectrometer provides the full
information about the angular distribution of the emitted electrons and ions, and is designed for
electrons up to about 1000 eV kinetic energy. The single pulse analysis of very dilute samples or of
processes characterized by extremely low cross sections is possible by means of a magnetic bottle
electron spectrometer, which collects electrons over the full solid angle. Finally, a specially designed
1D-imaging XUV spectrometer is dedicated to the analysis of fluorescence emission at high spectral
resolution. The use of Wolter optics and a 2D-imaging detector is enabling a spatial resolution of
about 10 pm along the beam propagation direction and thereby a temporal resolution of about 30 fs in
crossed beam experiments.

The NQS chamber will have as particular feature the option to use the DSSC detector [33] in
forward diffraction geometry. Due to the high scattering cross sections in the soft X-ray regime, single
pulse imaging of larger molecules and particles becomes possible and will be applied to structural
analysis at reduced spatial resolution. The DSSC detector is also used in combination with various
particle spectrometers (TOF, VMI) to characterize size and shape of clusters and nanoparticles in
parallel to the determination of kinetic energies, fragmentation patterns and emission angles of ions
and electrons produced in the interaction volume.

In addition, a third, specially designed ultra-high vacuum chamber will host a reaction microscope
(SQS-REMI) for the complete characterization of molecular fragmentation processes by the application
of electron—ion coincidence techniques [80], taking full advantage of the high repetition rate (until
27,000 pulses per second) available at the European XFEL. Using large area position sensitive delay-line
detectors and a well-defined arrangement of magnetic and electric fields to extract and guide the
electrons and ions, the kinetic energies of all fragments as well as their relative emission angles can be
determined in a single molecule ionization event.

Specially designed in- and out-coupling units for the optical laser are available to provide the
optical radiation to all three interaction points in collinear geometry. In general, great emphasis
is placed on a flexible design and arrangement of the experimental chambers and the various
spectrometers, which will enable users to make optimal use of all the specific characteristics of the
European XFEL, in particular of its uniquely high repetition rate. Furthermore, several extensions of
the FEL beam parameters (e.g., variable polarization or two-color operation), beam delivery capabilities
(beam splitter and delay device) and instrument layout are already decided or under investigation.

8. The SCS Instrument

8.1. Scientific Scope and X-ray Techniques

The Spectroscopy and Coherent Scattering (SCS) scientific instrument is located at the SASE3 FEL
source and aims at time-resolved experiments to unravel the electronic, spin and structural properties
of materials in their fundamental space-time dimensions. Scientific objectives include, but are not
limited to the understanding and control of complex materials [81-83], the investigation of ultrafast
magnetization processes on the nanoscale [84,85], the real-time observation of chemical reactions at
surfaces and in liquids [86,87], and the exploration of nonlinear X-ray spectroscopic techniques that
are cornerstones at optical wavelengths [17,88].

The SCS instrument operates in the soft to tender X-ray regime (250 eV-3000 eV) covering a wide
range of core level resonances: K-edges of most 2p and 3p elements (starting from carbon), L, 3-edges
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of 3d and 4d elements (transition metals) and My 5 edges of 4f elements (lanthanides). Time-resolved
resonant spectroscopy offers element-, site-, orbital-, and spin-selective probing of complex material
dynamics that is either directly related to or indirectly coupled to the valence electrons. Physical
properties such as oxidation state, magnetism, local symmetries and ordering as well as elementary
excitations can be investigated using X-ray Absorption Spectroscopy (XAS) [86,89], X-ray Resonant
Diffraction (XRD) [81-83] and Resonant Inelastic X-ray Scattering (RIXS) [87]. A particular aim of
the SCS instrument is to combine these powerful spectroscopic techniques with X-ray diffraction and
microscopy methods, which provide nanometer spatial- and femtosecond time resolutions. Such
experiments open up a route to follow the dynamics in complex systems on their relevant length and
time scales. The SCS instrument further implements Coherent Diffraction Imaging (CDI) techniques,
i.e., X-ray holography [90,91]. A time series of reconstructed CDI images can elucidate excited state
dynamics in real space.

8.2. Requirements

The monochromatic-beam operations described in Ref. [92] are key to the success of the SCS
instrument. The SASE3 soft X-ray monochromator is equipped with two gratings and a flat mirror
that allows for monochromatic beam operation at high (AE/E = 2.5 x 10~°) and medium energy
resolutions (AE/E = 1 x 10~%) as well as non-monochromatized beam operations without changing
the beam transport to the sample. A tunable grating illumination concept is therefore implemented to
provide a minimum spectral bandwidth-time duration product [92]. In this way, RIXS experiments
with high energy-resolution and lower time resolution as well as ultrafast dynamics studies at reduced
energy resolutions (e.g., femtosecond surface chemistry and magnetism) can be performed at the same
experiment station of SCS. New developments for the FEL source, such as full polarization control
and undulator gap scanning techniques, will be implemented at SCS. These are nowadays standard
capabilities at synchrotron facilities for X-ray spectroscopy investigations.

The majority of the experiments will require X-rays to impinge on fixed solid targets that cannot
easily be replenished between X-ray pulses, in contrast to liquid jet or particle injection schemes.
This sets particular constraints on the optical and X-ray pulse energies in pump-probe experiments
when sample damage or degradation by the radiation and heating have to be mitigated to a level
that sufficient data acquisition is possible between the sample exchanges. Heat dissipation schemes
have to be developed in order to reach the ultimate 4.5 MHz burst mode operation, where the sample
relaxation time and the heat dissipation in the probed area must be shorter than 220 ns.

While time-resolved spectroscopy experiments on fixed targets require high average photon
flux, CDI and nonlinear X-ray-matter—interaction experiments need the highest pulse energies. In
single shot imaging experiments the number of incoming photons determines the attainable resolution
and therefore, depending on the damage threshold, requires the experiment to be carried out in a
“diffraction before destruction” mode [93]. In this case, a new sample has to be repositioned in the
beam between the X-ray bursts at 10 Hz repetition rate and a pulse selection mode is necessary.

8.3. SCS Instrumentation and Capabilities

One of the major goals of the technical design was to implement a diverse platform for
spectroscopy and coherent scattering techniques that is realized in a modular instrumentation of
experiment stations and detectors. The mirror benders of the SCS Kirckpatrick-Baez refocusing optics
deliver the beam to two X-ray interaction regions separated by 2 m (see Figure 7). This allows not
only a small beam focus of 1-2 um for CDI experiments but also a variable beam diameter of up to
500 um. In this way, time-resolved spectroscopic studies can be carried out making the best use of the
high-average photon flux without further beam attenuation for avoiding sample damage.

88



Appl. Sci. 2017, 7,592

hRIXS spectrometer

S\
hRIXS chamber
(Liquid jets,
chemical sample env.)

XTD10 } SCS experiment
tunnel hutch

/

o e @
5 e_ 8 ? 2 o 2
BB S £ = w 173 =
= wS @ = = @ —_ 13
g 22 o~ &m 2 2 2 s8% 3 g
D E €% ES ox 3 P . Qg -

° ) Ew® 5> = @
£06 25 o5 s ° 55 ) © TS O @
oE Sasad 22 ? £= £= PSR S5 g
il S=vE £E £ S 3 S g 25T TE &
[OR-1 e2ce 8¢ = Q> [ & 25 §T &

s 22s 2% o ' w 3838 S ]
g 2% % o ] > w P o
£ £ w = S £
[ o

Figure 7. Schematic outline of the SCS scientific instrument at the SASE3 FEL. Shown are major
instrumentation items installed in the photon beam transport tunnel and experiment hutch comprising
the beam transport, focusing and diagnostic devices as well as the Heisenberg RIXS spectrometer

contributed by the hRIXS user consortium.

The SCS instrument comprises two distinct experimental setups, the Forward-scattering
Fixed-Target (FFT) chamber and the XRD chamber. Both chambers have the same mechanics on
their base that locks to three fixation points on the floor, one set per interaction region. This allows for
faster exchange of experiment stations and reproducible repositioning of the chambers.

The FFT chamber is optimized for forward-scattering geometries such as XAS in transmission,
small-angle X-ray scattering (SAXS) and CDI experiments. Besides optical and THz beam delivery the
sample environment encompasses static magnetic fields up to 0.5 T and a fast sample scanner that
fits 50 x 50 mm? sample arrays. The diffraction signal from the samples is collected downstream on
the primary area detector, DSSC. The detector is mounted on a girder with a 5 m long translation
stage. The closest sample-detector distance is 350 mm, corresponding to spatial frequencies near
the wavelength limit of a few nm at soft X-ray energies. Objects of up to 3-5 um in diameter can be
reconstructed using CDI at a sample-detector distance of 5 m and photon energies below 1.5 keV. The
missing low-q data passes through a hole in the center of the detector and is recorded downstream as
an integrated sample transmission signal. Since the monochromatic beam intensity jitter is large, data
collected from low intensity pulses can be vetoed using the DSSC detector [33]. In this way, the signal
to noise level of the data can be improved and data acquisition time is optimized.

The XRD chamber enables a range of time-resolved spectroscopy and scattering methods for which
a variable scattering angle is needed. The most relevant techniques are time-resolved XRD and RIXS as
well as nonlinear X-ray studies (stimulated emission and scattering). The XRD setup is equipped with
a diffractometer where a diode array can be rotated by nearly +-180° in the horizontal scattering plane.
The sample motion system provides six degrees of freedom and enables temperature-dependent studies
between room temperature and cryogenic temperatures (liquid He cryostat). A detector flange with
90° continuous rotation can interface with large detectors and spectrometers. The Heisenberg-RIXS
(hRIXS) User Consortium is contributing a high-resolution spectrometer (AE/E = 0.25 — 1 x 10~%) that
facilitates state-of-the-art RIXS experiments with unprecedented time-resolution at the SCS instrument.
The 5 m long hRIXS spectrometer can rotate around the sample position, hovering 50 um above a
high-planarity floor (250 um peak-to-valley over 37 m?) on air pads.

Both experiment chambers are designed for solid targets and operate in the 10~ mbar pressure
regime depending on the detector vacuum. The chambers are equipped with a sample transfer system
for exchanging samples under vacuum conditions. Optical laser delivery can be either collinear to
the X-ray beam or arranged in off-axis geometry. THz generation and focusing takes place close to
the interaction region and temporal diagnostics at the sample interaction point is realized. The hRIXS
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User Consortium will contribute an additional experiment station that provides a chemical sample
environment including liquid jet systems of different geometries and couples to the hRIXS spectrometer.

9. The MID Instrument

9.1. Scientific Scope and X-ray Techniques

The Materials Imaging and Dynamics (MID) instrument of the European XFEL facility, located
at the SASE2 beamline, will provide unique capabilities in ultrafast imaging and dynamics of
materials, with particular focus on the application of coherent X-ray scattering and diffraction
techniques. Coherent diffractive imaging (CDI) [94,95] and X-ray photon correlation spectroscopy
(XPCS) [18,96-98] experiments are at the heart of the activities planned. In addition, high resolution
time-resolved scattering [99,100], nano-beam scattering/imaging [101,102] and novel correlation
techniques [103] are foreseen at MID taking advantage of the unique time structure and high peak
intensity of the European XFEL beam. The instrument can operate in small-angle (SAXS) and
wide-angle (WAXS) X-ray scattering configurations with a movable large area detector. A large
field-of-view configuration where the detector covers a maximum of reciprocal space is also possible.
The instrument is optimized for windowless operation over a wide range of photon energies, 5-25 keV,
and possibly higher in the future depending on the development of novel lasing schemes using the
SASE2 FEL.

9.2. Requirements

The MID design has been guided by several goals. Firstly, the aim is to preserve the high average
and peak brilliance provided by the source and make use of as many photons as possible in the
experiments. At the same time, optimum conditions for beam tailoring must be ensured concerning
focusing, energy selection, and spectral purity in a setup providing high beam stability (position,
intensity) and fast and efficient data collection with the highest possible resolution. A versatile setup
was required to enable the breadth of experiments that will take place at MID. The experimental setup
is hence windowless (optional), multi-purpose and also contains beam diagnostics tools, both for the
X-ray beam and the optical pump laser. MID strives to provide the best possible conditions for materials
science experiments using hard X-ray FEL radiation, for instance in the studies of nanostructured
materials, phase transitions and metastable states, liquid dynamics, and low-temperature physics
and magnetism.

9.3. MID Instrumentation and Capabilities

The MID instrument is mainly installed in two safety hutches, an optics hutch (OH) and an
experiment hutch (EH), but several essential components are also placed inside the SASE2 photon
beam transport tunnel (see Figure 8). The OH contains a 5i(220) monochromator to reduce the
bandwidth of the SASE radiation to AE/E ~6.1 x 107° if required. An additional Si(111) mono
(AE/E ~1.4 x 10~%) installed in the SASE2 tunnel can be used to pre-monochromatize or separately.
Alternatively, the SASE beam can be applied directly (AE/E ~1 x 1073) or in self-seeded mode [104,105]
(AE/E ~1 x 107°) once self-seeding becomes available at SASE2. Together with undulator tapering this
will allow achieving more than 10'? ph/pulse and a record high spectral peak brightness of more than
1014 ph/s/meV at 9 keV [106]. The OH contains beam attenuators and slits for further beam tailoring
as well as an imager system to provide in-situ visualization of the beam size, shape, and intensity.
A split-and-delay line (SDL) [107,108] will also be installed in the OH and will give the possibility of
modifying the time-structure of the beam. Normally, the European XFEL delivers ultrashort (~1-100 fs)
pulses of photons every 220 ns (4.5 MHz), but with the SDL under construction for MID it is possible
to reduce this spacing to any value from ~10 fs to 800 ps [109]. This enables particular experiments
requiring such an X-ray pulse pattern, e.g., speckle visibility techniques [110,111] for ultrafast dynamics
or X-ray pump X-ray probe, possibly in combination with an optical fs laser pump [112]. The latter
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gives the additional option of performing X-ray probe-Optical pump—X-ray probe measurements
where the two pulses from the SDL are not only delayed in time but also are hitting the sample at
different angles of incidence. This provides a unique possibility to distinguish the two X-ray diffraction
patterns hitting the detector and a spatial encoding of ultrafast dynamics can hence be obtained to
yield a time-resolution much better than the 4.5 MHz detector speed [112].
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Figure 8. Schematic outline of the MID scientific instrument at the SASE2 FEL. Shown are major
instrumentation items installed in the photon beam transport tunnel, optics hutch and experiment
hutch comprising the beam transport, focusing and diagnostic devices.

In the EH, the beam first passes through a double mirror system (if inserted) that allows reflecting
the X-ray beam downwards for grazing incidence liquid surface scattering. Another mirror reflecting
upwards provides the aforementioned option of different incidence angles for the two split beams
from the SDL. Downstream of the mirror system the ultra-high vacuum (~10~° mbar) section of the
instrument terminates and it is necessary to operate at a lower vacuum level or even at ambient
conditions due to the presence of outgassing substances, sample environments, and electronics. This
transition is ensured either by insertion of a beam transparent diamond window, or by use of the
differential pumping section positioned immediately downstream of the mirror. A large multi-purpose
sample chamber (MPC) hosts local optics for nano-focusing, a hexapod sample manipulation stage,
as well as different sample environments, e.g., providing low-temperatures via He cryo-cooling,
pulsed high magnetic fields, fast sample scanning, sample injection by liquid jets, aerosol injection,
etc. To ensure a maximum of stability the stages carrying the nano-focusing setup and the sample
hexapod are decoupled from the vacuum pipes and chamber walls and connected directly, via vacuum
feedthroughs, to a several ton heavy granite block below the MPC. A focal spot down to 50 x 50 nm? or
smaller is enabled by the nano-focusing system [112]. Assuming full transmission of the FEL pulses this
could enable peak intensities of beyond 102! W /cm? [39,113,114] allowing to explore non-linear X-ray
interactions with matter, e.g., two- or multi-photon processes in scattering and absorption [115-117].
The PP laser beam is delivered to EH via a transfer pipe to a laser table next to the MPC allowing
additional tailoring of the beam before it is directed towards the sample position. Temporal and
spatial overlaps of the optical laser beam and the X-rays can be controlled through imaging and timing
diagnostics [49] and tuned by adjusting optical components in the laser beam path located in the ILH.

The radiation scattered from the sample is measured using the AGIPD detector. In SAXS
configuration the distance from sample to detector can be varied from ~200 to 8000 mm. This provides
an angular detection resolution between 1 mrad and 25 prad and a field-of-view between 1 rad and
25 mrad. With the direct beam in the center of the detector at 10 keV, it translates into a q-resolution
and g-range of 5.0 x 1073 and 2.3 A~ for 200 mm, and 1.3 x 10~ and 6.3 x 1072 A~ for 8000 mm,
respectively. Special configurations with even shorter sample-detector distance and exploitation of
the full energy range of the instrument (5-25 keV) allow tuning these values. In the SAXS case, a hole
in the center of the detector (adjustable by movable quadrants) permits unhindered passage of the
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direct beam, i.e., without destroying the sensor. The exit port of AGIPD is connected to a diagnostics
end-station where intensity, size and spectrum of the transmitted beam can be quantified with high
resolution. In particular, a semi-transparent bent diamond spectral analyzer has been developed
allowing to quantify the SASE spectrum down to a resolution of ~0.1 eV [118]. This spectrometer will
operate in parallel with AGIPD and the spectral information together with scattering data enable a
better data analysis as well as easy tuning of the self-seeded mode. A similar transparent diamond
spectrometer can be inserted upstream of the MPC to measure the spectrum before interaction with the
sample [118]. In this manner absorption spectroscopy [119] can be combined with, e.g., pump-probe
and coherent scattering techniques providing unique new possibilities of investigating interactions of
ultra-bright fs X-ray pulses with matter.

The MID instrument also features the option of measuring in a horizontal WAXS geometry
(scattering angle up to ~55° with the sample-detector distance varying between 2000 and 8000 mm.
This will enable high resolution detection at large q (beyond 10 A~1) investigating (coherent) diffraction
originating from, e.g., structural, charge, or magnetic ordering in combination with the pulsed magnetic
field or the fs pump laser to access ultrafast dynamics processes.

10. The HED Instrument

10.1. Scientific Scope and X-ray Techniques

The High-Energy Density (HED) instrument aims at the investigation of matter at extreme states of
temperature, pressure, density, and/or electromagnetic fields using hard X-ray FEL radiation. For this
goal the HED instrument will provide a unique combination of the drivers to create extreme states
in the laboratory and hard X-ray laser pulses [120]. HED offers a wide range of time-resolved X-ray
techniques reaching from diffraction, by imaging to different spectroscopy techniques for measuring
various geometric and electronic structural properties. Research areas at HED include the investigation
of properties of matter in solar and extra-solar planets, where high pressures of several 100 GPa at
moderate temperatures (<10,000 K) are expected, and of properties of matter in the presence of both
strong electric and magnetic fields. High-temperature superconductivity will be studied using pulsed
magnetic fields generated in coils with field strengths up to 60 T. Extreme electromagnetic fields also
occur during and after the interaction of short-pulse high-intensity lasers with solids and liquids,
forming a dense plasma and accelerating electrons to up to several MeV kinetic energy. These induce
very intense, transient magnetic fields, which could shed light on properties of matter at temperatures
of several kT (~11,000 K).

10.2. Requirements

The use of a large variety of X-ray techniques creates a broad band of requirements to FEL
operation and properties. Most important are the need for a small bandwidth, typically smaller than
10~* in order to perform inelastic scattering experiments with sufficient resolution and throughput.
Furthermore, as many experiments study or use low cross-section processes, high pulse energies are
very important. This becomes particularly relevant for experiments at the highest photon energies
above 20 keV. For experiments using high energy drivers to create extreme states and operating at
reduced repetition rates of 1 Hz, or even far below, it is conceivable to switch beam to other stations at
this FEL. Such an operation mode, however, requires that the experiments use the same, or at least
very similar, X-ray properties.

10.3. HED Instrumentation and Capabilities

The HED instrument is installed at the SASE2 beamline and features an optics hutch (OH) and
an experiment hutch (EH). In addition, an X-ray monochromator, focusing devices, a split and delay
line optics and a pulse picker are placed inside the preceding tunnel section (see Figure 9). The
four-bounce Si-(111) monochromator can reduce the SASE bandwidth to AE/E ~107% at 5-25 keV,
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while a high-resolution Si-(533) monochromator will allow for a 5 x 10~¢ bandwidth at 7.5 keV.
Focusing of 5-25 keV X-rays to foci of 1-200 um at the sample position is established by several sets of
Be compound refractive lenses (CRLs), located in the tunnel section (2x) and in OH. A fourth lens set
close to the sample position will allow for sub-micron foci. A multilayer-based split-and-delay line has
been designed, was constructed by the University of Miinster (Germany) and is currently installed at
HED [121]. This device allows splitting the X-ray pulse into two with a tunable intensity ratio and
to separate them with a maximum delay of 2 ps (at 20 keV) and 23 ps (at 5 keV). A pulse picker will
allow selecting X-ray pulses for 10 Hz, 1 Hz or pulse-on-demand operation, thereby synchronizing
X-ray and optical laser delivery to the sample.
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Figure 9. Schematic outline of the HED scientific instrument at the SASE2 FEL beamline. Shown
are major instrumentation items installed in the photon beam transport tunnel, optics hutch and
experiment hutch comprising the beam transport, focusing and diagnostic devices as well as the
large optical lasers, second interaction area instrumentation and detectors contributed by the HiBEF
User Consortium.

Power slits in OH can tailor the wings of the beam monitored by a beam-imaging unit. Using
diamond gratings in first order a fraction of the incident beam can be steered to a single-pulse
spectrometer using a bent Si crystal to monitor the incident X-ray spectrum. X-ray beam position
and intensity are monitored by two intensity-position monitors, using backscattering from thin foils.
Alternatively, real-time intensity monitoring is possible with a scintillator-coupled fast-frame CCD
which picks up the other 1st order diffraction from the diamond grating. The quality of the photon
beam can be further improved by cleanup slits for both high and low photon energies, located close to
the interaction chamber in EH.

The 9 x 11 m? experiment hutch is enclosed by a heavy concrete wall of thicknesses between
0.5 and 1.0 m to establish radiation shielding for high energetic electrons generated by the relativistic
laser-matter interaction processes when focusing the multi-100 TW laser on the sample. In EH two
interaction areas IA1 and IA2 have been defined. In IA1, a large vacuum interaction chamber (IC1)
with inner dimensions 2.6 x 1.7 x 1.5 m® (LWH) accommodates several configurations for diffraction,
imaging or low /high resolution spectroscopy and inelastic X-ray scattering. The IC1 vacuum of ~10~*
mbar is separated from the X-ray optics by differential pumping stage or, above 10 keV, by a diamond
window. At IA2 various setups can be interchanged. A second interaction chamber (IC2) with 1 m
diameter is dedicated to dynamic diamond anvil cell (DAC) experiments and high-precision dynamic
laser compression experiments in a standardized configuration. Alternatively, a goniometer with a
pulsed magnetic coil and a cryogenic sample environment shall be placed here. While in IA1 all X-ray
and laser beams are available, IA2 has access to the X-ray FEL and the nanosecond laser beams only.

X-ray detectors inside IC1 need to be vacuum-compatible with compact dimensions, low weight,
modular assembly, and >10 Hz repetition rate. HED plans to have several detectors installed. Two
EPIX100 modules [122] offer a 35 x 38 mm? chip with 50 um pixel pitch and 10? dynamic range at
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8 keV. These detectors will be coupled, e.g., to crystal spectrometers. Three EPIX10k modules [123]
have identical chip size, 100 um pixel pitch, but offer 10* dynamic range by gain switching. With the
same dynamic range, four Jungfrau modules offer 40 x 80 mm? chips each with 75 um pixel pitch
and 10* dynamic range at 12 keV [124]. The latter two gain-switching detectors are ideally suited
to record dedicated parts of an X-ray diffraction pattern. For both, IA1 and IA2, a detector bench
at the end of EH will offer a possibility to place large area detectors, e.g., for imaging or SAXS type
experiments. This bench allows adjusting the distance from IA1l and IA2 to the detector. On this
bench, the HIBEF consortium plans to integrate an AGIPD 1M detector [31], a Perkin-Elmer 4343CT
flat-panel large-area detector, and high-resolution CCD cameras for X-ray phase contrast imaging and
ptychography applications.

Several drivers to generate extreme states of matter will be available at HED, e.g., two high
energy optical lasers, diamond anvil cells, and pulsed magnetic fields, contributed and operated
by the international HIBEF user consortium. The all-diode pumped high energy (HE) nanosecond
DiPOLE-100X laser is developed by STFC CLF (UK) [125]. It delivers up to 80 ] at 515 nm wavelength
with pulse durations of 2-15 ns with a maximum repetition rate of 10 Hz. This laser will be primarily
used for shock compression experiments and its pulses can be temporally shaped to enable isentropic
ramp compression techniques. The multi-100 TW Ti:Sapphire (HI) laser system, currently under
construction by Amplitude (France), will deliver 4-10 J of 800 nm light in ultrashort pulses of less
than 25 fs at a repetition rate of 10 Hz. The pulses of this laser can be focused to a few um? spot by
means of an off-axis parabola, reaching on-target intensities of the order of 102° W/cm?. This laser will
primarily be used for relativistic laser—matter interaction experiments. In addition, the standard PP
laser of the European XFEL will be available. All three lasers have to be precisely timed with respect
to the X-ray pulses and are synchronized to the master oscillator. The timing jitter between the PP
laser and the incident X-rays is monitored by photon-arrival diagnostics with a precision on the order
of a few femtoseconds. Timing between the HI laser and the X-rays is realized indirectly using the
characterized PP laser in an optical-optical balanced cross-correlator. Timing between the HE laser and
the X-rays is less demanding and achieved via fast photo diodes that detect both X-rays and optical
light with a resolution of few 10 ps. Matter in magnetic fields of up to 60 T can be studied in a solenoid
coil. The timescale of the field build-up of 0.6 ms is perfectly adapted to the length of a 4.5 MHz pulse
train of the facility.

11. Future Developments

Being a brand new facility and observing much progress in the field of FEL sources, FEL
instrumentation, and novel types of scientific experiments, a rich variety of further developments
is expected to be implemented during the coming years. Developments going beyond the baseline
scope of European XFEL have already started using external funding. Most notable is the construction
and implementation of self-seeding for the hard X-ray FEL sources [104,105]. This is on-going for the
SASE2 FEL and under preparation for SASEL. The FEL radiation performances of SASE3 would benefit
enormously by the provision of variable polarization that can be switched between linear and circular
with full flexibility [56]. The installation of an SASE3 afterburner is therefore under preparation.
This afterburner consists of several 2 m long APPLE-type undulators, which will be added to the
main SASE3 undulator. Furthermore, the installation of a chicane in the SASE3 undulator will
enable operation at two widely separated photon energies for time-resolved X-ray—X-ray pump-probe
investigations. Another development concerns the construction of additional scientific instruments.
Using funds from user consortia, the additional end-station at SPB/SFX for serial femtosecond
crystallography and a third beam transport system, vacuum port and experiment hutch at SASE3 are
pursued. A completely different area is that of further developing the PP laser towards providing
much longer wavelengths. Pumping solids in the THz regime has many scientific applications and is
vigorously requested by part of the user community. The feasibility and possible implementation of
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laser- and accelerator-based techniques to produce intense, ultrashort duration, and monochromatic
THz pulses is currently studied.

Naturally, the completion of the remaining two yet unoccupied FEL sources and the construction
of further scientific instruments are expected to become major activities of European XFEL once the
regular operation of the facility is achieved successfully. In a more distant future, a modification of
the superconducting accelerator to include a cw mode of operation is very interesting for scientific
applications, as is also indicated by the LCLS-II project [13]. Such an upgrade first requires developing
an additional low emittance injector operating in cw mode. Since the electron energy will be
significantly smaller than with the present pulsed RF system, this upgrade also requires a modified
concept for the FEL sources. One possibility would be to direct the electrons to a second switchyard
with novel FEL undulators specifically designed for the smaller electron energies and providing at the
same time space for a second experiment hall hosting additional scientific instruments.
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Abstract: The SwissFEL X-ray Free Electron Laser (XFEL) facility started construction at the
Paul Scherrer Institute (Villigen, Switzerland) in 2013 and will be ready to accept its first users
in 2018 on the Aramis hard X-ray branch. In the following sections we will summarize the various
aspects of the project, including the design of the soft and hard X-ray branches of the accelerator,
the results of SwissFEL performance simulations, details of the photon beamlines and experimental
stations, and our first commissioning results.

Keywords: X-ray free electron laser; linac; X-rays; undulator; SwissFEL; X-ray optics; X-ray photon
diagnostics; ultrafast X-ray science; X-ray detector; JUNGFRAU; serial femtosecond crystallography

1. Introduction

X-ray free electron lasers (XFELs) represent a new generation of electron accelerators [1].
They produce bright bursts of X-rays at periodic intervals, where these pulses are both spatially
coherent [2—4] and ultrashort in duration [5-9]. This combination of high brightness and ultrashort
pulses produces extraordinary peak intensities, which has proven extremely attractive for certain fields
of research in addition to creating entirely new fields which were not previously feasible, such as
nonlinear X-ray signals [10-15]. Due to the extensive experience amongst researchers with storage ring
X-ray techniques [16], many of the first experiments [17] applied well-established methods, such as
X-ray spectroscopy and scattering, but in a time-resolved manner, taking advantage of the ultrashort
pulse durations to measure dynamics in matter [18-21]. As experience with the facilities has increased
in recent years, new techniques have been developed, including diffract-before-destruction methods,
where the short X-ray pulse scatters from the sample before the atoms can move [22], providing the
ability to measure room-temperature, radiation-damage-free structures. This ability has been applied
to develop a technique called serial femtosecond crystallography (SFX), where a stream of tiny protein
crystals is delivered into the focus of the XFEL, and, though the intense X-ray pulse destroys the crystal,
its diffraction pattern is measured before the crystal is destroyed [23,24]. These facilities are still in
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their infancy, with the first hard X-ray FEL only in operation since 2009 [25], but even in the few short
years since their arrival they have attracted significant interest from researchers around the world,
with the result that several new XFEL projects are underway worldwide. Here we present an overview
of an XFEL project located in Switzerland, which is expected to welcome its first users in 2018.

The SwissFEL XFEL facility is located at the Paul Scherrer Institute [26] (PSI) which is
the Swiss national laboratory home for large-scale accelerator-based user facilities. It includes a
3rd-generation synchrotron light source (SLS), the Swiss Muon Source (SuS), the Swiss Spallation
Neutron Source (SINQ), and a high-intensity proton accelerator (HIPA). The SwissFEL construction
was preceded by an intense R&D period, with the goal to allow for a very compact and economical
design, and to have several features which are unique amongst the XFEL facilities presently in
operation or under commissioning worldwide. In this review we highlight SwissFEL's expected
capabilities and how it fits into the worldwide XFEL community. This article is organized into
several sections: Section 2 covers the beam dynamics, injector, linear accelerator, undulator, and beam
diagnostics components of the accelerator; Section 3 describes the X-ray optics, photon diagnostics,
and experimental laser systems of the photon beamlines; Section 4 provides details on the experimental
stations and their instruments, with a subsection on the 2D X-ray detectors available at the facility;
finally Section 5 summarizes the infrastructure common to all aspects of the project, including timing
and synchronization, motion control and data acquisition.

2. Accelerator

The fundamental design concept behind SwissFEL is to construct an X-ray Free Electron Laser,
capable of lasing at 1 A, but with investment and operation costs substantially reduced in comparison
with other facilities of similar scientific potential. In the following sections we will describe the
accelerator components of SwissFEL, illustrating how the project has been able to achieve its goals
without sacrificing performance. The accelerator layout is shown in Figure 1.

24 phase  Athos 0.6-4.9nm

Linear accelerators
C-band technology user

stations

e

Photocathode 2.65-3.40 GeV.

RF gun BC1 BC2
e} H] eS| fnac tnacz | trees—{)(ms) '
0.32 GeV 2.1GeV 2.9-3.15 GeV 2.2-5.8 GeV Aramis 0.1-0.7 nm

Figure 1. SwissFEL accelerator layout. It consists of an S-band injector, a C-band linear accelerator,
and two undulator lines. The details of these components are described in the following sections.

2.1. Beam Dynamics and FEL Concept

The overall design goal of SwissFEL was to build a compact facility to produce FEL pulses down
tolA wavelength, with the lowest electron beam energy suitable to drive the FEL. This is constrained
by the design of the undulator where a short undulator period (A,) reduces the required electron beam
energy () to fulfill the resonance condition of the FEL [27] with

Ay K2
A= g (1 + 7) &)

and undulator strength K = 0.93 - B[T] - A,[cm] in order to lase at a wavelength of A = 1A.
For a compact, in-vacuum undulator [28] we assumed that a period of 15mm and an undulator
K value of 1.2 are feasible. The FEL resonance condition then dictates that the maximally required
beam energy to be provided by the linear accelerator is 5.8 GeV. With the nominal beam energy defined,
the design value of the beam emittance (€,;) can be estimated from the condition [29]

€ A
;M%E 2
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to be met for all electrons to radiate into the fundamental mode of the FEL. This is, however, a rather
soft limit, as larger values simply lead to a reduced coherence of the FEL output beam [3] and lower
pulse energies. For the design we assumed a target emittance of 430 nm for the longitudinally central
parts of the beam.

The second consideration concerns the wakefields within the undulator [30,31], which alter the
electrons’ local mean energy, thereby shifting them away from the resonance condition of the FEL.
With an undulator gap of 4.4 mm for the nominal K of 1.2 the dominant wakefields are caused by the
finite conductivity of the vacuum chamber. For the chosen material, copper, the characteristic length of
the resistive wall wake potential is about 7.6 pum, resulting in a parabolic shape of the wakefields with a
length of 20 um. The mean energy loss can be compensated with a linear taper of the undulator, which
recovers 90% of the FEL performance as calculated without wakefields or taper [32]. The SwissFEL
machine parameters are listed in Table 1.

The basic operation mode requires a bunch with charge 200 pC, which is compressed in two
stages to realize a peak current of 3 kA. The overall compression scheme is based on the stipulation
that the wakefields of the C-band structures remove the induced energy chirp needed for the final
compression [33]. This approach avoids wasting additional radio frequency (RF) power to remove
the chirp actively by off-crest acceleration. To provide shorter but more efficient FEL pulses (in the
sense that the number of emitted photons per electron is increased) SwissFEL can operate down
to 10 pC bunch charge, starting with a shorter and smaller but brighter beam from the source [34].
Besides this flexibility of tuning to any bunch charge between 10 and 200 pC, SwissFEL offers two
special modes. In the first a pulse similar to the one for the nominal 200 pC mode is generated,
but with a large correlated energy chirp [35]. This is achieved by overcompressing the bunch in the
last compression stage. In this case the wakefields in the main linac now add up to the reversed chirp,
resulting in a peak-to-peak energy chirp of 1 to 1.5% at 5.8 GeV. The quadratic dependence of the
photon energy on the electron energy Equation (1) yields a chirp in the photon pulse twice as large.
The other special mode consists in the full compression of a 10 pC pulse to achieve sub-femtosecond
FEL pulses. To avoid the transport of a high peak current through the main linac, which could degrade
the beam quality due to the space-charge field [36], the full compression is achieved in the energy
collimator right before the undulator, where a certain control over the energy-dependent path length
of the electrons is given.

Table 1. SwissFEL hard X-ray Free Electron Laser (FEL) design parameters.

Electron Accelerator

Beam energy 2.1-5.8GeV
Energy spread (rms) 350keV
Normalized emittance 430nm
Current 3kA
Undulator Parameters
Period 15mm
K value 1.2
Active length 48m
Total length 60m
Photon Parameters
Wavelength 1-7A
Energy 1.77-12.4 keV
Pulse energy 0.01-1m]J
Pulse length (rms) 0.2-20fs
Bandwidth 0.04-3%
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The SwissFEL accelerator is designed to drive a second beam line called Athos, providing FEL
pulses in the soft X-ray regime between 5 and 0.65 nm wavelength. In the two-bunch operation mode,
the machine simultaneously accelerates two electron bunches at 100 Hz, with 28 ns spacing between the
two bunches. The Athos beam is extracted at around 3 GeV to allow for the independent tuning of both
lines (see Figure 1). With an undulator periodicity of 38 mm it is not required to place the magnet array
in vacuum. This in turn opens up the possibility of a more advanced design of the undulator, with better
control and tunability of polarization, on-axis field and transverse gradient [37] as compared to the
Aramis hard X-ray undulator, which is strictly planar. Another important distinction with respect
to Aramis is the shorter length of the undulator modules and the inclusion of delaying chicanes
between modules. The inter-undulator chicanes and the special undulator configurations give access
to novel operation modes with improved control over power, pulse length, bandwidth and temporal
coherence [38—42].

2.2. Injector

The generation and preservation of very high brightness electron beams able to drive an FEL
requires particular care at the source and in the low-energy section of the machine. The electron source
determines the best obtainable emittance at the FEL undulator line and hence the FEL performance.
The SwissFEL injector consists of a 2.5-cells S-band (3 GHz) RF photoinjector gun followed by an
S-band booster linac providing the necessary energy gain before the first compression stage (BC1).
The PSI RF photoinjector gun [43] generates high brightness electron bunches with an energy of
7.1MeV, an intrinsic emittance of 0.55 um/mm and a peak current of 20 A. An IR Yb:CaF, laser
system operating at 1040 nm with frequency multiplication to 260 nm drives the Cs,Te coated copper
photocathode installed in the backplane of the RF gun. A detailed description of the gun laser system
is given in Section 2.2.1.

The ensuing booster linac consists of two sections. In booster 1 two S-band traveling-wave
cavities [44] accelerate the electron beam on crest up to an energy of 150 MeV. After this first
acceleration stage a set of five quadrupole magnets allows matching the optical functions through a
laser heater chicane, whose purpose is the controlled enhancement of the uncorrelated energy spread
of the beam to mitigate micro-bunching instabilities in the bunch compressors [45]. Another set of
five quadrupoles follows the laser heater modulator undulator to control the matching into booster 2.
The second booster section consists of two S-Band RF modules, each including one klystron amplifier
and two accelerating cavities. In booster 2 the electrons are accelerated off crest, up to an energy of
345 MeV, to provide the necessary energy-time correlation needed for the longitudinal compression
of the bunches. Enough space has been reserved to allow future energy upgrades with a third RF
accelerating module. The focusing along booster 2 consists of three FODO cells with 11 m period.
To suppress the second-order energy-time correlation two X-band RF cavities (4th harmonic of
S-band) [46-48] running in decelerating mode precede the 13.5m long compression chicane, which is
typically set to yield compression factors between 10 and 15. The final nominal energy of the injector is
320MeV.

The compact SwissFEL design hinges on the small beam emittance provided by the injector.
Therefore a great deal of experimental effort, carried out mainly at the SwissFEL Injector Test
Facility [49], has gone into the characterization and optimization of the emittance at the source [50-52],
as well as its preservation under acceleration, transport and compression. The starting point of our
injector optimization is the effective working point found by Ferrario et al. [53] during the redesign
of the Linac Coherent Light Source (LCLS), further refined for the SwissFEL case by numerical
optimization [54]. The main empirical tuning steps toward minimal emittance consist in achieving the
optimal laser spot size on the cathode with homogeneous transverse and longitudinal pulse profiles,
the adjustment of the relative phase between laser injection and gun RF, the optimal setting of the
gun solenoid excitation current, the correction of coupling terms by means of small (regular and
skew) quadrupole magnets integrated into the gun solenoid as well as further solenoid magnets [55],
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the centering of the orbit in the S-band booster structures and the correction of spurious dispersion
downstream of the booster [56]. For compressed beams special care must be taken to keep adverse
effects from coherent synchrotron radiation in the compression chicane under control, e.g., by ensuring
a small transverse beam size in the last chicane dipole or by adopting a shallow bending angle for
the compression. Our studies also revealed a strong sensitivity of the final slice emittance on the beam
optics upstream of the bunch compressor. Therefore a small optics mismatch along the longitudinal
position of the bunch turns out to be of great importance for the preservation of the emittance under
compression [57].

The normalized slice emittance at the end of the injector with uncompressed beam is expected to
be around 0.2 um for a bunch charge of 200 pC, and nearly preserved under moderate compression
(see Reference [49] for details).

2.2.1. Gun Laser

Compact and industrial-grade laser systems with high power stability and ultra-low timing jitter
have become a key component in free electron lasers. At SwissFEL the drive laser for the electron
gun consists of solid state Yb:CaF, chirped pulse amplifier. For electron production the stability
of the drive laser plays a crucial role. While Ti:sapphire lasers are standard technology used in
many FELs around the world, we considered an Ytterbium-doped gain medium. This laser system
offers exceptional long-term amplitude stability, low intrinsic timing jitter, a compact design and
very high up-time. The Yb-doped laser is pumped with a telecom-standard semiconductor diode
emitting at 976 nm. Such pump diodes are favourable in view of long-term performance and low
maintenance costs. The oscillator delivers sub-200fs, transform-limited soliton pulses centered at
1041.3 nm with an amplitude stability of 0.19% rms over 18 hours. The measured free running jitter of
6.3 fs rms (integrated over 1kHz to 1 MHz) is ultralow. The system can be actively synchronized with
an RF reference signal with a locked timing jitter of 18 fs rms (10 Hz-1 MHz).

The oscillator seeds a commercial Yb:CaF, regenerative chirped pulse amplifier system.
The amplifier is pumped with a single CW diode module delivering high power at 980nm.
This provides high reliability and a long lifetime of up to 20,000 h. After amplification to 2.4 m] the
stretched pulse is compressed to 700 fs FWHM by means of a transmission grating pulse compressor.
Temporal drifts of the chirped-pulse amplification (CPA) system are compensated by employing a
feedback loop which stabilizes the drift to <32 fs rms over 250 min. For UV generation two home-made
nonlinear frequency conversion stages based on BBO crystals are employed which provide pulses of
up to 600 uJ at 260nm. To lower the electron beam emittance the Gaussian-like temporal pulse shape
is transformed into a flattop-like pulse by a set of four birefringent a-BBO crystals. Three different
sets of crystals provide the three pulse durations of 3.6, 6.7 and 10 ps for electron bunch production.
For transverse beam shaping a variable circular aperture is used to produce a truncated Gaussian
beam profile which is imaged over a 20 m distance onto the Cs,Te cathode. At the cathode a pulse
energy of approximately 100 n]J is used to produce the 200 pC charge.

A small part of the chirped amplified infrared laser beam (150 pJ) is split, compressed (40-50 ps)
and directed to the laser heater. Overlapped with the electron bunch in time and space the scheme
allows the energy spread of the electrons to be increased to avoid unwanted coherent radiation
downstream of the linear accelerator.

2.3. Linac

The main acceleration of the electron beam is achieved in a C-band linac that increases the beam
energy up to 5.8 GeV. The linac is divided into three segments: linac 1, linac 2 and linac 3. After linac 1,
the electron bunches from the injector are further compressed in a second bunch compressor (BC2)
at an energy of 2.1 GeV. At the end of linac 2, at an energy of 3.15GeV, a switch-yard [58] is installed
with which electron bunches can be sent either straight into linac 3 and subsequently the Aramis hard
X-ray beam line, or into the Athos soft X-ray beam line, currently under construction. The accelerator
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scheme is shown in Figure 1. The switch-yard allows the parallel operation of both undulator lines at
the full design repetition rate of 100 Hz. This is accomplished by generation of two electron pulses
from the injector separated by 28 ns, both accelerated up to 3.15 GeV before separation. At the end of
linac 3, two C-band transverse deflecting structures (TDS), provided by Mitsubishi Heavy Industries
Mechatronics Systems, allow for measurements of the longitudinal charge profile with a resolution of
a few femtoseconds.

The linac consists of a total of 26 C-band modules, where each module comprises four C-band
structures that are mounted onto two granite girders (see [59] for a schematic and [60] for further
information). The C-band structures [61] were stacked and brazed at PSI [62] from copper cells
manufactured at VDL ETG (J-couplers) and VDL ETG Switzerland (regular cells) with micrometer
precision using ultra-precision diamond milling and turning. This process renders further tuning
steps of the structures unnecessary while still achieving excellent field flatness and phase advance
errors (see [59] for an example). The achieved structure straightness is excellent: the maximum
measured deviations from a straight line are typically below 20 um, at the resolution limit of the
applied laser tracker. In addition to the four structures, each linac module also comprises a barrel open
cavity (BOC) RF pulse compressor [63], machined and brazed at PSI [64]. See Figure 2 for a photo of
linac 2 installed at SwissFEL. Most parts of the waveguide distribution and the BOC pulse compression
cavities are mounted on the granite support girder. This allowed for preassembly of most of the linac
vacuum system in a cleanroom, while only the interconnects between girders and the waveguide run
to the klystrons have to be done in the tunnel.

The produced structures have been sorted according to their resonance frequencies, as determined
by RF measurements, with the goal of assigning four similar structures to the same module.
This grouping is necessary since all structures of one module are cooled and temperature stabilized to
the millikelvin level by a single cooling station. Another advantage of the structure sorting is that the
RF power overhead required to compensate for the loss in energy gain by deviating slightly from their
beam synchronous frequencies is less than 1%.

Figure 2. The C-band accelerating modules of linac 1.
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Supplying four structures with a single RF power source represents a challenge for the waveguide
network, furnished by Mitsubishi Heavy Industries Mechatronics Systems: the mechanical fit demands
a mechanical tolerance of 200 pm between the structures, and the phases at the structure entrances
must match within a few degrees. The first requirement was ensured by the manufacturer during
the production process by measuring the dimensions of the individual waveguide components and
providing accordingly machined correction pieces. To achieve the correct phase relations at the
four structures, the complete horizontal waveguide network was assembled and moved away from the
structures to measure the phase relations, which were then corrected through suitable deformations of
the waveguides.

Linacs 1 and 2 are powered by Type-p modulators manufactured by Ampegon, whereas linac 3
uses PSI C-band series modulators M1071 provided by ScandiNova. Both modulator types use IGBT
for high voltage switching and very precise charging circuits. This allows the pulse-to-pulse voltage
variation to be kept well below 20 ppm. All modulators drive Toshiba klystrons of type E37212.
The E37212 klystron was specifically developed by Toshiba for an increased pulse length and average
power rating in comparison with former C-band tubes. It delivers up to 50 MW with 3 us pulselength
at 100 Hz. The nominal operation point in SwissFEL is 40 MW, thus a 25% power margin is maintained.
Furthermore the E37212 is operated with the collector water cooling circuit at 80 °C output temperature.
This allows to recuperate the power lost in the collector for use in the PSI building heating network.
The installation and commissioning of the main linac RF power stations [65] started in 2016 and
will continue through 2017. During this process the beam energy is successively increased as more
modulators become available.

2.4. Undulator Line

The Aramis undulator line of SwissFEL, shown in Figure 3, consists of 13 in-vacuum undulator
modules with 4 m length and 265 periods of 15 mm each. High-performing NdFeB permanent magnets
with diffused dysprosium (Hitachi metals; remanence B, = 1.25T, coercivity H.j = 2400kA/m) and
poles with a trapezoidal geometry made out of Vacoflux 50, Vacuumschmelze to focus the field on
the beam axis, provide a peak field of B = 1.3 T (corresponding to a K value of 1.8) at a minimum
gap of 3mm. Thanks to a reduced pole tip width of 15mm the magnetic forces can be limited to
25kN (corresponding to the weight of 2.7 metric tons), under which a gap adjustment precision better
than 1 um is needed. The undulator module design was made by PSI in close collaboration with
industry to include specific manufacturing know-how right from the beginning. The production of the
modules was carried out by our industrial partners (Daetwyler Industries (Huntersville, NC, USA),
RI, VDL, Comvat (Sennwald, Switzerland), Schaeffler Schweiz GmbH (Romanshorn, Switzerland),
EPUCRET (Wangen, Germany), Agathon, Rollvis (Plan-les-Ouates, Switzerland)) but the optimization
and characterization of the magnet structures were performed in the undulator laboratory inside the
SwissFEL building at a rate of one undulator module per month.

An optimization of quality and cost in the early conceptual phase resulted in the following main
design principles: a closed O-shaped support structure with cast mineral material, a wedge-based
drive system, a common, modular design for in-vacuum, standard or APPLE II configurations, and a
magnet keeper design enabling fast field optimization. Further constraints were the requirement for
transport without crane and the target beam height of 1.2m.
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Figure 3. SwissFEL Aramis undulator line with a total length of 60m (4m each module and
0.75 m intersection).

The closed support structure was chosen because of the superior stiffness compared to a standard
C-structure when accessibility for magnetic measurements and pre-installations of vacuum chambers
are not an issue. The high stiffness is transferred to the I-beam by a small angle wedge system, a novel
concept in undulator design. With our industrial partners we produced a full-size prototype in 2013.
With a 70% support by bearings the height of the I-beam can be reduced, and the wedge works as a
gear reduction. The drive system only consists of a servomotor and a satellite roller screw with a small
pitch of 1 mm per turn. Two wedges move against each other, synchronized by the Beckhoff motion
control system. The I-Beam is fixed in the longitudinal direction by a central guiding rod (Agathon).
The backlash-free system allows gap changes with a reproducibility of 0.4 um. The gap position is
monitored by absolute linear encoders.

Twenty columns (Comvat) with integrated differential screws provide for the connection to
the magnet arrays through the vacuum vessel produced by VDL. The top columns are shifted with
respect to the lower ones, which reduces the critical variation of the gap (with an exponential field
dependence) but comes at the price of a (less harmful) non-straightness of the magnetic field axis
following a hyperbolic cosine dependence.

To meet the critical time schedule and to achieve optimum results in terms of magnetic field profile,
a block keeper was designed and realized from extruded aluminum, which allows all magnet-pole pairs
to be adjusted in height. An accuracy of better than 1 um can be achieved with the 3° wedge shown in
Figure 4. The pole height can be tuned within 30 um by means of a flexor system, enough for the
shimming of all 13 undulators. The magnet arrays on the in-vacuum I-beams have been assembled
aligned and pre-measured by RIL

Magnetic field measurements and local field corrections are carried out with an integrated
measurement bench based on the SAFALI system developed for measurements of cryogenic
undulators [66]: After defining two parallel axes by means of a pointing stabilized laser, the system uses
two pinholes around the Hall probes and two position sensitive photodiodes to detect and correct for
horizontal and vertical positon as well as pitch in a closed loop with 20 um accuracy. A custom-made,
low-noise Hall probe with a novel ceramic support was developed by SENIS to meet the stringent
demands given by the small gap and the required accuracy [67].
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Figure 4. Magnet block keeper made of extruded aluminum. The height of the magnets can be adjusted

by the wedge shown in the image to the right.

For the transport of the undulators inside the SwissFEL building an air-cushion vehicle
(AEROFILM Systems) allows for smooth and precise positioning of the undulators onto the camshaft
mover system. The 5-axis camshaft movers allow for adjustments of the module with respect to the
reference axis. The straightening of the magnetic axis and the correction of long-range errors are
accomplished with the adjustable columns. Local field corrections are automatically corrected by an
integrated screwdriver robot; the fine adjustment of all magnets in a single module takes slightly
more than one hour. All corrections, columns and local keeper are model based and result in a
straightforward field optimization. For the installation of the vacuum vessel, however, the magnet
array has to be disassembled. At the level of precision needed for the hard X-ray FEL the columns
have to be readjusted afterwards using a similar measurement setup, but adapted to the limited space
available inside the vessel. Field maps at various gaps provide the raw data needed for modelling the
operation of the undulators [68].

Finally, dedicated small alignment quadrupole magnets, realized with permanent magnets,
are located at the entrance and exit of each undulator module and adjusted to the magnetic axis.
They can be moved in and out with pneumatic drives and are used in conjunction with the
module’s camshaft mover system for the beam-based alignment of the undulator modules during
beam commissioning. This approach is inspired by commissioning work at the LCLS, where the
quadrupole magnets in the intersections are used for the alignment of the undulator modules [69].
Since in our case no transfer via any mechanical fiducial system is involved, the achievable accuracy is
expected to be better than 20 um.

2.5. Accelerator Instrumentation

SwissFEL has a wide range of instruments that perform measurements on the electron
beam properties, help set up different operation modes, and monitor the stable operation of
the accelerator. Many of these diagnostics have been specifically developed to meet the stringent
requirements of SwissFEL for beam quality and stability. A common design goal for the diagnostics is
the relatively low bunch charge at SwissFEL, which ranges between 10 and 200 pC. In several cases,
these requirements have led to the design of novel diagnostics or to iterative improvements on
existing designs.
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2.5.1. Bunch Charge

The total charge of the electron bunches influences several parameters of the accelerator, and
its measurement is required to adjust the electron beam optics in the space-charge dominated region
in the injector, the proper compensation of wake fields in the accelerating cavities, and finally the
FEL process in the undulators. It is also a legal requirement to monitor and record the total charge
accelerated by SwissFEL for radiation protection reasons.

The primary measurement of the electron bunch charge is provided by integrating current
transformers (ICTs). There are two types of ICTs used at SwissFEL. The first is a conventional ICT,
with BCM-IHR readout electronics for reading the total charge from the gun. The second is the
Turbo-ICT, developed for the SwissFEL two-bunch operation, with BCM-RF-E readout electronics for
signal processing of the bunch charges. The conventional ICT is calibrated for a charge range up to
800 pC [70], whereas the Turbo-ICT is calibrated on the Turbo-ICT/BCM-REF calibration test bench [71]
for charges up to 300 pC.

The bunch charge is also monitored with beam position monitors, as described in the
following section.

2.5.2. Orbit

The stabilization of the electron beam trajectory throughout SwissFEL is crucial for an optimal
beam quality: In the accelerator the proper alignment with respect to the accelerating cavities and
quadrupoles minimizes transverse wakefield effects and residual dispersion. In the undulator line the
BPMs are essential to steer the electron beam on a straight line to keep the overlap between electron
and photon beams.

Beam position monitors [72] (BPMs), based on dual-resonator cavity pickups, measure the beam
position in a dipole cavity, while using the signal from a monopole cavity for charge normalization.
Injector, linac and transfer line pickups operate at 3.3 GHz with a relatively low loaded quality
factor (Qp) of 40 to resolve the two bunches of the SwissFEL, which are separated by 28 ns when
operating both Athos and Aramis simultaneously. The pickups in the undulator line, where only
a single bunch is present, work at 4.9 GHz with a higher Q; of about 1000 to achieve better
position resolution. The low-Q pickup signals are converted directly to baseband, the high-Q
signals to an intermediate frequency of 135 MHz. After sampling with fast 16-bit analog-to-digital
converters (ADCs), the digitized signals are extensively post-processed in field-programmable
gate arrays (FPGAs) to correct systematic measurement errors, yielding position readings with
submicrometer resolution.

The signal arising from the monopole cavity is also used to monitor the bunch charge. It is
processed and digitized with low noise, resulting in a charge-independent relative resolution well
below 0.1% [72]. At very low charges an absolute resolution of a few fC is achieved.

BPMs at locations with suitable (moderately low) dispersion, e.g., in bunch compressor chicanes
near the first and last bending magnets, are also used to measure the electron beam energy.

2.5.3. Emittance

Together with the short undulator period, the small normalized emittance of SwissFEL enables
the generation of high-energy photons at a lower electron energy than at the first XFELs [25,73],
thereby significantly reducing building size and overall facility cost. The generation of a low-emittance
beam at the electron source, as well as the measurement of the emittance along the accelerator to
ensure its preservation, are thus important elements for the successful operation of SwissFEL.

Scintillating transverse profile imagers are used to measure the beam profile at several locations
along the beam line. SwissFEL uses a novel geometry to image the beam on scintillating crystals,
which aims for the suppression of unwanted coherent optical transition radiation (COTR), but allows
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for a good resolution over a large field of view [74]. The emittance measurement is performed by
scanning the electron beam optics while observing the beam profile (see, e.g., [56]).

As a complement to these viewscreens, wire scanners will be used in SwissFEL to measure the
transverse electron beam properties. The wire scanners will perform a monitoring of the beam profile
along the horizontal and vertical direction either with high spatial resolution—when the 5 pm tungsten
wires are used for the scan—or with minimal perturbation of FEL operations—when the 12.5 um
aluminum wires are used instead [75].

2.5.4. Energy Spread

The operation of an FEL demands tight control over the electrons’ energy spread: an excessive
energy spread in the undulator impedes the FEL process, but a value that is too small may give rise to
the coherent emission of synchrotron radiation in the bunch compression chicanes, potentially resulting
in beam breakup.

In the bunch compressors the energy spread can be measured by inserting scintillating screens
into the dispersed electron beam or by imaging the synchrotron radiation emitted in one of the
dipole magnets. At SwissFEL SCMOS cameras (PCO Edge 5.5), equipped with a f = 300 mm lens of
107 mm diameter to avoid vignetting, are installed in both magnetic chicanes to image the synchrotron
radiation light emanating from the third dipole of the chicane. As these synchrotron radiation detectors
are completely non-destructive they will be used for the routine monitoring of the beam energy and
energy spread as well as for the optimization of the bunch compression setup [76,77].

Furthermore, a precise measurement of the energy spread in the injector can be performed
by observing the degradation of the coherent modulation of the beam following the laser heater.
This measurement will be performed by monitoring coherent transition radiation at a photon energy
which is an integer multiple of the laser heater photon energy [78] (see Section 2.2.1).

2.5.5. Time-Resolved Measurements

The electron bunch length and current profile are measured by directly streaking the electron
beam with transverse deflecting RF cavities [79], installed at suitable locations in the accelerator
beamline, and observing the streaked beam with regular transverse profile monitors [80,81]. The same
method also allows the time-resolved measurement of emittance and energy spread along the bunch
(so-called “slice” parameters).

Complementary to the transverse RF deflector, an effective streaking in both transverse directions
all along the accelerator can be achieved by introducing dispersion to an energy-chirped beam [82].

2.5.6. Bunch Arrival Monitoring

The monitoring of the bunch arrival time is important for maintaining the longitudinal
stability of the linac. The bunch arrival-time monitors (BAMs) [83] developed for SwissFEL provide
non-destructive, shot-to-shot arrival time information relative to a highly stable pulsed optical reference
(see Section 5.1) with resolution better than 5 fs and less than 10 fs drift per day [84,85]. The electron
beam generates an S-shaped bipolar transient with a steep slope (15 ps peak-to-peak) in a pick-up with
40 GHz bandwidth [86]. This pickup-signal is probed by a single reference laser pulse and the arrival
time is encoded in its amplitude. The bunch arrival-time monitors are used for feedback on machine
parameters with impact on the arrival time, such as the accelerating cavity amplitudes and phases.
By measuring the electron arrival time after the last undulator, the BAM allows event correlation for
the experiments at the fs level.

2.5.7. Bunch Compression Monitoring

In addition to the destructive bunch length measurement with transverse deflecting cavities
and screens, a non-destructive online monitoring of the compression process will be performed by
a spectral analysis of the coherent radiation emitted at the edge of the bunch compressor dipoles.
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At the first bunch compressor this radiation occurs in the THz spectral range and is monitored by two
Schottky diodes, each equipped with a different high-pass filter to select specific wavelength regions.
These detectors have been demonstrated to provide excellent sensitivity with good signal-to-noise ratio,
therefore enabling very accurate measurements of accelerator changes [87].

Radiation emitted by the sub-picosecond bunches after the second bunch compressor is in the far
infrared spectral region. At this location the bunch compression will be monitored by a spectrometer
equipped with 32 mercury cadmium telluride (MCT) detectors.

In the sub-femtosecond pulse mode of SwissFEL (see Section 2.1) the final compression of the
electron bunches takes place in the energy collimator chicane before the undulator line. Again a
spectrometer will be used to analyze the coherent edge radiation, in this case reaching the near-infrared
and visible regions of the spectrum.

2.5.8. Loss Monitoring

Electron beam losses along the accelerator give rise to radiation damage of accelerator components
and may disturb accelerator performance by inducing measurement backgrounds. To protect the
machine from excessive radiation we monitor such losses by measuring Cherenkov light emitted in
fused silica fibers installed along the accelerator beamline. The loss location can be determined from
the time of arrival of the light at the photodetectors.

2.6. First Commissioning Experience and Outlook

A detailed summary of the commissioning of elements of SwissFEL in the former SwissFEL test
facility can be found in [49], here we will focus on our recent commissioning activities after installation
in the facility, including the generation of our first FEL photons. The commissioning of the electron
gun started in August 2016. Once the electron source was operating, electrons were further accelerated
with two S-band RF stations to an energy of 145 MeV and transported to the injector beam dump for
the first time in early September 2016. At that time only the first two S-band RF stations were available.
Soon after the first injector transmission, however, the first of the linac C-band modules could be
integrated into the acceleration process, thereby increasing the available beam energy to about 380 MeV.
The first transmission through the entire accelerator including the undulator line was achieved at this
energy in mid-November. The initial commissioning of essential accelerator instrumentation systems
(charge and beam position monitors, screens) was also performed at this energy.

For the occasion of our official inauguration event in December 2016 an attempt was made to lase
with the 380 MeV beam. To reach a sufficient charge density the beam was somewhat compressed in
the first bunch compressor, while the accrued energy chirp was compensated for in the one available
C-band module. After some further tuning, characteristic FEL radiation from the SASE process could
be observed with a photodiode located after the undulator line. The photon wavelength derived from
the beam energy and the undulator parameters was in the UV range (24 nm or 50eV).

By mid-2017, all injector RF stations as well as two more linac RF stations had become operational,
pushing the beam energy close to 1 GeV. This resulted in successful SASE soft X-ray operation at
4.1nm (300 eV) in May of 2017 (see Figure 5). In the following months the beam energy will be further
increased step-by-step in accordance with the availability of the remaining RF stations. First pilot
experiments are foreseen at a beam energy of 3 GeV towards the end of 2017, with hard X-ray user
operation in 2018.
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Figure 5. Measured SwissFEL pulse energy gain curve as a function of inserted undulator modules at
an electron energy of 900 MeV (left). Saturation is reached after insertion of 9 modules. Pulse energy
measured with the gas-based photon beam intensity and position monitor (see Section 3.3.1). An image
of the photon beam at saturation, as recorded with a Ce:YAG scintillating screen, is shown on the right.

3. Photon Beamlines

The Aramis branch of SwissFEL is designed to produce photons from 1.77-12.4keV (1-7 A),
at 100 Hz repetition rate, <50 fs pulse duration (FWHM), and around 10'2 photons/pulse (see Section 2.1
for more details). In order to allow users to take full advantage of the unique properties of these
photons, including the ultrashort pulse durations and the spatial coherence of the beam, careful design
of X-ray optics and diagnostics is necessary. This is especially challenging at SwissFEL since the
photon beamlines need to cover the “tender” X-ray photon energy range from 2-5keV, which is unique
amongst XFELs and requires careful beamline design. In addition to X-ray optics (Section 3.1) and
diagnostics (Section 3.3), this section includes descriptions of the pulse picker (Section 3.2), to allow
users to select the X-ray pulse frequency, and the experimental laser systems (Section 3.4), to allow users
to perform pump-probe experiments. We will focus on describing the components in the Aramis-1 and
Aramis-2 beamlines which will be the first two operational beamlines ready for user operation in 2018.

3.1. X-ray Optics

Free Electron Lasers are by design single user machines in the sense that every electron bunch
serves only once as a source of light. This is in contrast to storage rings, where a finite number of
bunches circulate for many hours, or even days, and repetitively deliver photons to many beamlines
in parallel. From this it is evident that FELs can supply only one beamline at a time, meaning that
beamtime is quite expensive and in high demand.

To make full use of the valuable beamtime it is mandatory to have several experimental setups
in parallel with the ability to switch between them in a fast and reproducible way. The beamline
design [88] has to provide the ability to alternate between several experimental stations, while giving
full access to the unused experimental hutches. This is achieved with the help of pairs of offset
mirrors (OM) in front of the beamline as shown in Figure 6. They are located as far upstream as
possible to achieve a reasonable lateral separation at the end. The beam is subsequently directed
towards two independent double crystal monochromators (DCM) and finally focused by sets of
bendable Kirkpatrick-Baez mirrors [89] (KB) to the experiments. Two instruments are installed in
line at experimental station Alvra on Aramis-1 (see Section 4.1) and will be operated by changing the
focal distance of the KB system. A similar pair of KB mirrors are installed at experimental station
Bernina on Aramis-2, but as instrument exchange is accomplished using a rail system perpendicular
to the photon beam, all three planned instruments can take advantage of the minimum focus of the
mirrors (see Section 4.2). A pair of harmonic rejection mirrors (HRM) after the DCM is foreseen in
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the Aramis-1 beamline from the beginning and as an optional extension for the Aramis-2 beamline.
The Aramis-3 beamline is not yet specified and is under design concept phase in combination with
the third experimental station, Cristallina. As one option, a simple pink beam beamline without
monochromator and nanometer focusing at the end is considered and is shown in Figure 6.

i o
(A ) (B ) KB-1 ARAMIS-1
. pink B - monrocrhrorrne ESA
oM s KB-2 ARAMIS-2
- mrac

e 4 st2mad

W b s ESB

¥ DCM-2 F

My Mo My M w T
e -

(’ C., ) ) ===—"_1"EsC

S~ pink 7 “~__monochrome "~
T I Distance from end of undulator (m)
44 1 104 20 136

T — T T T T T T T T
64 66 76 84 92 96 98 105 108 109 123 124 138 140 152 153
126

Figure 6. Optical layout of the hard X-ray beamlines of the Aramis undulator. The insets
show the setup for pink and monochromatic operation of the beamlines Aramis-1 (A,B) and
Aramis-2 (C,D), respectively.

A set of two horizontally deflecting offset mirrors direct the beam into the Aramis-1 beamline
with a total deflection angle of 12 mrad. The central Aramis-2 beamline stays in the direction of the FEL
beam and uses two vertically deflecting offset mirrors in a zigzag geometry. For Aramis-3 a second
pair of horizontal offset mirrors with a total deflection angle of 8 mrad is considered as worst case
scenario with respect to spatial restrictions along the beamlines and the end stations.

All offset mirrors are coated with low- and mid-Z materials to prevent single shot damage by
the intense FEL beam [90-92]. However, this limits the deflection angle and two mirrors with small
deflection angles instead of a single one with large deflection angle became necessary. The mirrors are
coated with two bilayers leaving a blank area of uncoated silicon between them. The low-Z bilayer,
10nm By4C on top of 36 nm SiC, should withstand the FEL beam at all photon energies and reflect over
the full energy range of the FEL. Its B4C-layer is effective at lower photon energies and prevents the
drop in reflectance at 1.8 keV due to the silicon K-edge absorption of the subjacent SiC-layer. At higher
photon energies the B4C layer becomes transparent and reflectance is supported by the SiC layer with
a critical energy of 12.4keV. The mid-Z bilayer, 15nm B4C on top of 20nm Mo, extends the operation
range up to the Mo K-edge at 20keV but has a higher damage risk and may be used only at reduced
fluence. In between both coatings a stripe of uncoated silicon serves as third reflecting area. It has the
lowest critical energy of all coatings and may be used at low energies when high harmonic rejection
becomes an issue. All mirrors are mounted in benders with two actuators, allowing bending radii
from flat to =10 km. By this, the offset mirrors can produce a line focus at the experiment stations.

Both beamlines include double crystal monochromators, each containing three pairs of crystals.
Two pairs of silicon crystals, Si(111) and Si(311), are foreseen for standard and high resolution
applications. An additional pair of InSb(111) crystals extends the wavelength range up to 7 A (1.77 keV).
The crystals are mounted on a common Bragg-rotation axis that sets the Bragg angle for both crystals
from 5° to 80°. The translation of the second crystal perpendicular to its surface allows for a constant
beam offset of 20 mm as well as for a variable beam offset in the harmonic rejection mode. The second
crystals are long enough to omit the translation parallel to their surface and therefore the beam
spot moves along the second crystal while the photon energy is scanned. As the average heat
load on the crystals is quite low, a side cooling or even intrinsic cooling scheme is not required.
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However, for temperature stabilization the first crystals are mounted on a common water-cooled
copper block. The second crystals are temperature stabilized via copper braids connected to this block.

To allow for experimental flexibility both beamlines must be able to operate in both
monochromatic and broad bandwidth (pink) beam modes with the same beam path downstream of
the monochromator. The switching from monochromatic mode to pink beam mode is accomplished in
two different ways as sketched in the insets of Figure 6. Aramis-1 has to retract the crystals as well
as the HRMs, passing the beam untouched through both vessels, whereas Aramis-2 has to retract
the crystals and instead insert the OMs into the beam path. Both methods differ in the number of
optical elements that are in the beam at a time. Aramis-2 has always two optical elements in the beam,
not counting the retractable refocusing KB mirrors. Aramis-1 utilizes two optical elements in pink
beam and six optical elements in monochromatic mode. This rather large number of optical elements
became necessary to improve the spectral purity in monochromatic mode. It is accomplished with the
help of the two HRMs directly downstream of the DCM-1. Both HRMs are mounted in a fixed distance
but the height of the first HRM as well as the beam offset in the DCM are variable. When setting a new
deflection angle both mirrors are rotated. Due to the fixed separation of both mirrors, the height of
the first HRM and the beam offset must be set to keep the beam with the new deflection angle in the
center of the second (fixed height) HRM.

A pair of retractable KB mirrors is foreseen for refocusing in both beamlines. They combine
achromaticity with a high throughput. The KB mirrors with 500 mm optical length and B,C/Mo-coating
are bendable and operate with two sets of deflecting angles. Above 4keV a deflection angle of
8 mrad improves reflectance and below 10keV a deflection angle of 12 mrad increases the acceptance.
By this an acceptance of more than 50 can be achieved down to 2.5keV decreasing to 3.5¢ at 1.8 keV.
The surface quality of the mirrors must be extremely good to reflect the FEL beam without deteriorating
the wavefront even at the shortest wavelengths. According to the Maréchal criterion, the maximum
allowed rms-profile error o in a beamline with N mirrors and grazing incidence angles 6 must not be
larger than A /(2 x 14y/N sin ). This condition must be met over the illuminated length of the mirror.
As the beam divergence is proportional to the photon wavelength, the central part of the mirrors
must have the highest quality while its outer parts are only illuminated at longer wavelengths where
the Maréchal criterion tolerates larger surface errors. Figure 7 shows the maximum allowed profile
error as a function of the beam footprint, i.e., the length of central mirror part, for a KB mirror in the
Aramis-2 beamline.

The beamline performance was evaluated with PHASE, a computer code for physical optics
simulations. The results for the Aramis-1 beamline are summarized in [93]. Spot sizes below 1 um and
peak power densities of up to 10*! W/m? can be expected. Due to the larger distance to the focal spot
from the KB mirrors, the Aramis-2 beamline has a slightly larger spot size with reduced power density.
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rms-profile error ¢ (nm)
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Figure 7. Required surface quality of the Kirkpatrick-Baez (KB) mirrors.
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3.2. Pulse Picker

SwissFEL operates at a repetition rate of 100 Hz. For some experiments it is desirable to have only
half or quarter of the base repetition rate or even any arbitrary pulse pattern. The SwissFEL accelerator
is capable of producing any pulse pattern by controlling the gun laser but this is undesirable for two
reasons: (1) The optimal stability and tuning of SwissFEL is achieved at 100 Hz repetition rate and
(2) a non-standard repetition rate would affect other beamlines like the future Athos soft X-ray branch.
Therefore an X-ray pulse picker has been designed and developed together with Dynamic Structures
and Materials [94]. The pulse picker can operate at a continuous rate of 50 Hz to allow the selection of
every other X-ray pulse. Furthermore it can generate any desired pulse pattern. The pulse picker blades,
made of tungsten, are individually mounted which allows them to be exchanged in case of damage
over time due to ablation by the mJ-level X-ray pulses.

The shutter mechanics are UHV compatible and are installed in a dedicated chamber, which is
mounted on a translation stage based on the same design as for the photon backscattering monitor
(PBPS, see Section 3.3). The mechanical mount also acts as a heat conductor to transfer the heat from the
shutter to the chamber. The shutter is equipped with a Type-K thermocouple and measurements have
shown that the temperature of the shutter does not exceed more than 40 °C over ambient temperature,
without active cooling and at 50 Hz continuous operation.

3.3. Photon Diagnostics

Photon diagnostics for FELs is a new research field that has arisen as a response to the development
and increased use of FELs. The SASE process used to generate the X-ray FEL pulses leads to changes
in the characteristics of the beam on a shot-to-shot basis. The complicated structure of the machine
and the many variables one has to oversee in the experiment are also prone to drifts that need to
be measured and controlled. Data collected by researchers needs to be correlated with the intensity,
position, spectral, and temporal properties of the FEL pulses to yield a clear picture of the effect that is
being observed.

To facilitate the better operation of the machine, and to help the SwissFEL users better be
able to use the full capabilities of the photon beam, PSI has implemented a full online photon
diagnostics suite meant to measure every property that a researcher might need on a shot-to-shot basis.
Wherever possible, the instruments were made for non-destructive measurements in the energy region
the experiments are to take place. The devices installed at SwissFEL are presented here, and their
capabilities are discussed.

3.3.1. Position and Intensity Diagnostics

The first photon diagnostics devices downstream of the undulators and the beam dump
is the gas-based photon beam intensity and photon beam position monitor (PBIG and PBPG).
This dual-purpose device, developed by the photon diagnostics group at DESY for hard X-ray
FEL pulse characterization [95,96], uses a gas-filled ionization chamber and sets of split electrodes
and multipliers to measure the position of the beam and its absolute and relative intensity on a
shot-to-shot basis. The gas-based nature of the device leads to non-destructive diagnostics for photon
energies between 25 and 12,000 eV, with the transverse position of every X-ray photon pulse position
being measured to an accuracy of 10 um, and the beam flux measured to a relative accuracy of about 1%,
and an absolute value accuracy of about 10%. The gas-based detector is always on, but is located
before any optics or mirrors in the beamline. The position and flux values measured before the optics
section are not the same as the values at the experimental stations, since the intensity and position
of the photon beam is affected by the beamline optics. However the position and flux values of the
photon pulses at the experimental stations can be easily calculated when the data from the detector is
combined with the X-ray transmission values of the beamline.
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The next device downstream of the gas detector is the photon backscattering monitor (PBPS).
The device, similar to those developed at LCLS [97] and SACLA [98], use thin CVD diamond disks
with thicknesses of 30, 50 and 100 um to scatter a portion of the incoming light onto four photodiodes
that are placed out of the path of the beam in a backscattering geometry (see Figure 8). In addition to
the device downstream of the gas detector, SwissFEL also has a PBPS placed at the entrance to the
KB mirrors before each of the experimental stations, and has the option of being placed behind the
experiment. This device measures the relative flux to about 1% accuracy and the absolute position
of the beam to about 10 um accuracy. The thickness of the disks means that the transmission of
the incoming X-ray beam is somewhat compromised, with about 15% of the intensity lost at 5 keV.
However, the transmission is higher than 90% at photon energies higher than 6 keV, and reaches 95%
at energies above 8 keV. Operating the device at energies lower than 4 keV raises the risk of damaging
the diamond crystals used for the backscattering due to the amount of energy that would be deposited
in them from the incoming X-ray pulses. To allow the PBPS to operate a lower photon energies the
disks can be switched out for thinner targets (down to 10 um) if required.

Diode shielding
downstream

x-ray beam
entrance

Photodiode (PSI)

Active area

Diamond film (PSI)

Figure 8. Schematic drawing of the photon backscattering monitor (PBPS) design.

The next device for profile and position measurement of the FEL beam is the photon profile
monitor (PPRM). This is a Ce:YAG screen that scintillates when a photon pulse impacts it, with the
image relayed to a 100 Hz camera via a mirror and a lens. This setup is destructive since no
beam is transmitted through the device, though it can be used as an online diagnostic after the
experimental stations where the experiment allows for this. Since this technique is common in both
synchrotron [99,100] and FEL [101] facilities worldwide it does not need further discussion. The only
unique features of the device are that it sports three different thicknesses of Ce:YAG crystals (30, 50,
and 100 pm), and has an optical geometry developed at PSI [74] that has the mirror always being in
the same spot relative to the camera, ensuring that any movement we see on the screen comes only
from the motion of the beam itself and limiting the damage the mirror may suffer from the FEL beam.

Additional diagnostics are available for pre-SASE beam, mainly used for the setup and
commissioning of SwissFEL. The photon diode intensity monitor (PDIM) is a simple Si PIN diode
that can be inserted into the photon beam to measure the intensity of the spontaneous radiation
before lasing is achieved to measure gain curves from different undulator configurations. The photon
spontaneous radiation detector (PSRD) uses an MCP-and-screen setup to acquire profile images of the
spontaneous radiation. It is meant to be used behind the Aramis-2 monochromator when the FEL is
still emitting only spontaneous radiation to adjust the radiation to the right wavelength. The PDIM
and PSRD are not meant for regular use with experiments, and are both destructive.
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3.3.2. Temporal Diagnostics

The measurement of the arrival time of the X-ray pulse relative to a laser pulse is crucial for
pump-probe experiments that are an important category of research performed at FELs. The monitoring
of temporal lengths of X-ray pulses is similarly important for both experiments and for the optimization
of the performance of the machine. PSI has installed several diagnostics to monitor and record both of
these properties over a wide range of X-ray intensities and photon energies.

The first device is based on techniques developed at LCLS [102,103] and SACLA [104] that
measure the arrival time of the FEL pulse relative to a pump laser using spectral encoding. The method
works by using a chirped laser pulse that passes through a dielectric substance and with the change
in transmission being measured. The wavelength corresponding to the change in transmission is
directly linked to the arrival time of the FEL on the dielectric material due to the spectrally chirped
nature of the laser beam. As the chirped laser pulse is derived from the same laser beam that is used
for the experiment, the time-arrival information can be used to directly sort the experimental data.
The photon spectral encoder (PSEN) is located a few meters before the experimental chamber and
is projected to have an accuracy of measurement of the arrival time of 20 fs or better. It has a large
number of thin membranes of different materials and thicknesses to allow for online measurement
of the arrival time over a range of 1-1.5 ps without a significant loss of X-rays for the experiment.
However, the device will require a minimum of 5-10% transmission losses to be able to measure the
arrival times accurately.

The second device SwissFEL will have for temporal diagnostics is the photon arrival and length
monitor (PALM), which uses THz streaking [7,105] to measure both the arrival time and pulse length of
the incoming XFEL pulses relative to a THz beam generated from the same source as the experimental
pump laser [106], as shown in Figure 9. The method has proven to work well with soft X-rays at
FLASH [7] and with hard X-rays at SACLA [107], where the PALM demonstrated measured arrival time
accuracies to a precision of about 5fs [108]. The device measured pulse lengths with an HHG source
down to 25 fs rms with accuracies typically between 4 and 10 fs [109]. The device is gas based, and is
virtually non-destructive, with X-ray absorption typically being less than 0.1% of the incoming flux.
However, unlike the PSEN with its large time window, the PALM has an acceptance window for
arrival time measurement that is typically between 400 and 600 fs. If the X-ray/laser timing jitter is
larger than this value the PALM requires additional timing information, for example from the PSEN,
to be used. Future upgrades are planned to both increase the range of the PALM and to improve the
time resolution of both the arrival time and pulse length measurements.

Future upgrade THz beam

eTOF Chamber

X-Rays

eTOF Xegasjet  eTOF

Figure 9. Schematic drawing of the photon arrival and length monitor (PALM) setup.
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3.3.3. Spectral Diagnostics

As with the beam position, intensity, and temporal properties, the spectral content of the SASE
beam changes on a shot-to-shot basis. Since both experimental data analysis and accelerator operation
often benefit from high-resolution spectral information about the FEL beam, the SwissFEL photonics
team designed a photon single-shot spectrometer (PSSS) [110]. The PSSS is meant to non-destructively
measure the hard X-ray photon spectrum on a shot-to-shot basis.

The basic operating principle of the PSSS is simple: the FEL beam passes through a thin diamond
transmission grating that splits off the first order light and illuminates a bent crystal spectrometer
downstream. The spectrometer is meant to function at photon energies above 4keV, covering
a 0.5% bandwidth with a AE/E resolving power of 1072 to 107%. The device has been successfully
tested in its prototype phase at LCLS [111], and it will be fully operational at SwissFEL. Further
concepts for spectral measurements at longer wavelengths are being developed with similar properties,
and will be implemented as they are commissioned and fully developed.

3.4. Experimental Laser

One of the unique advantages of an FEL is the ultrashort pulse duration in the X-ray range.
Therefore a large number of experiments are time resolved. The SwissFEL experimental laser
facility [112] provides lasers for both pump-probe experiments, as well as for certain specialized
diagnostic techniques which provide feedback on FEL operation (see Section 3.3.2). The critical
parameters are availability, performance, and stability. The laser systems are based on a commercial
100 Hz Ti:Sapphire amplifier system from Coherent. An enhanced diagnostics system ensures the
long-term stability of the laser. The laser output is combined with nonlinear conversion stages and
allows access to a broad spectral range, including UV, visible, near-IR, mid-IR, and THz, as well as the
generation of ultrashort (<10 fs) pulses. In addition to the femtosecond laser systems a tunable (UV to
IR), ns pulse-duration laser system which will be fibre-coupled to the experimental stations is also
planned to allow experiments to take advantage of the short XFEL probe pulses, for example using
“diffract-before-destroy” techniques [22,113,114], but with more efficient optical excitation resulting
from the longer duration excitation pulses. The accessible timescales from ns to ms with this laser
system are especially relevant for dynamics in proteins [115-119].

The laser infrastructure is distributed over two floors. The two identical laser amplifiers are
located in a dedicated pump laser room (LHx), on the floor above the experimental stations (Figure 10),
while the nonlinear conversion stages are installed on optical tables inside the experimental hutches,
close to the experiment. This layout allows the simultaneous and independent operation of both
end stations, and, in case of a failure of one system, the beam from the remaining laser can be
redirected to both experimental stations and assure uninterrupted operation.

Figure 10. Laser I and Laser II are located in the laser lab LHx, on the floor above the two experimental
stations Alvra (ESA) and Bernina (ESB).
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The uncompressed amplifier output is sent through an evacuated transfer line from LHx to ESA
and ESB (Figure 11). The pulse can be compressed to <30fs and has a total pulse energy of 20 m].
Arriving on the optical table inside the end station, the laser beam is split into two branches, one for
diagnostics and one for the pump-probe experiment. Each branch is equipped with its individual
optical compressor. Normally the available laser energy is split equally between the two branches.
The diagnostics branch is used to operate the pulse arrival time and length monitor (PALM) [107,108],
as well as the spectral encoding (PSEN) [102,120] for X-ray arrival time measurements (see Section 3.3.2).
The major part of the diagnostics branch laser energy is used for the THz source to operate the PALM.
It is based on the tilted pulse front scheme in LiNbO3 [121] with a typical field strength of 100 kV/cm,
centered at 0.5 THz [107]. The rest of the laser energy is used for chirped white light generation for the
operation of the PSEN [102,122].
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Figure 11. Available operation modes for X-ray diagnostics and FEL experiments. From [112].

For user operation the following modes are available: Mode 1 is the standard compressed output of
the laser (10 mJ, <30 fs, 800 nm), which, when used in combination with an optical parametric amplifier
(OPA), can generate wavelengths from 1100 to 2600 nm with up to 2m] pulse energy (Mode2a).
Mode 2b combines the OPA output with subsequent conversion modules and extends the spectral
range to the visible and UV (NirUVIS), to the IR (NDFG up to 15 pm) and to the THz range (1-10 THz,
depending on the crystal used [123-125]). Mode 3 is the short-pulse option, delivering <10 fs pulses
with >200 pJ. It is based on a hollow core fiber compressor [126]. For the first user experiments, Model,
Mode2a and the UV /VIS module will be available at ESA and Model, Mode2a, DFG, THz, and <10 fs
will be available for ESB. In the future all SwissFEL experimental stations will have access to all laser
operation modes, with additional modes currently under development. The operation modes available
for the user operation on the experimental branch are summarized in Table 2.

A laser diagnostics system will inform the user about the typical laser performance, such as energy,
pulse duration, beam pointing, spot size, and spectrum. For the visible and near infrared range up
to 1100 nm the corresponding data can be collected single shot and beam synchronous and allow a
complete reconstruction of the experiment from the laser side.
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Table 2. Wavelength-dependent laser performance using the optical parametric amplifier (OPA)
(mode 2a and 2b), typically pumped with 30 fs, 8 mJ pulses.

Operation Mode ~ Wavelength ~ Output Energy Output Pulse
(Module) Range Duration
2b (NirUVis) 240-295nm >26 uJ at peak <3 x pump pulse width
2b (NirUVis) 290-480 nm >40 pJ at peak 1.2-2 x pump pulse width
2b (NirUVis) 475-533 nm >466 uJ at peak 1-1.5 x pump pulse width
2b (NirUVis) 533-600nm >306 yJ at peak 1-1.5 x pump pulse width
2b (NirUVis) 600-1160nm  >320 yJ at peak 1-1.5 x pump pulse width
2a 1160-2600nm  >2000 pJ at peak  1.2-1.5 X pump pulse width <1550 nm
<2 x pump pulse width >1550 nm
2b (NDFG) 2.6-9 um >22 u] @ 4 um <3x pump pulse width
2b (NDFG) 9-15 pm >10 uJ n.a.

The two laser systems are locked to the optical reference timing distribution in several locations.
In the final setup the two oscillators will be optically synchronized to the reference timing. For this
stabilized optical links are installed between the timing hutch and the LHx, as well as the end stations
(see Section 5.1). This will allow a timing jitter <10fs rms between reference and oscillator and
drifts of <10fs over 24h to be achieved. Nevertheless the optical path between the oscillator and
the experiment is exposed to environmental changes, such as pressure, humidity and temperature.
This will lead to drifts between FEL pulse and optical laser on the order of 100 fs and more within a few
hours [127] at the experiment. The laser arrival time monitor (LAM) measures these drifts relative to
the reference timing system and can be used for drift compensation and data binning [127,128]. For the
same reasons drifts on the order of 100 fs over several hours are expected between the diagnostics
branch and the experimental branch, though both are located within the same hutch environment.
To compensate for this a reference pulse is guided through an evacuated beam pipe along the FEL
beam from the diagnostics branch and the timing drift with respect to the experimental branch is
measured by a balanced cross-correlator setup (PALM-C). This provides a correction value to the
arrival time measured by PALM and increases the accuracy for long-term measurements.

4. Experimental Stations

The layout of the SwissFEL experimental hutches is shown in Figure 12. The Athos soft X-ray
experimental area is contained within one large hutch with a floor space of 692 m?. Space within
this hutch is allocated for the optical laser. The Aramis hard X-ray experimental hutches have a
combined floor space of 523 m? in three separate experimental hutches. The three experimental
stations are called Alvra, Bernina, and Cristallina. Both Alvra and Bernina will be ready for users
in 2018, with Cristallina to be installed in Phase II concurrently with the Athos installation. The optical
laser room is located directly above the first experimental hutch and delivered to the experiment
using vacuum transfer-lines (see Figure 10). Further details on the experimental lasers can be found in
Section 3.4. In addition to the experimental areas there is lab space allocated in the SwissFEL building
for both biological and chemical sample preparation, and a large work area for experimental testing
and assembly. Users will also have access to the lab facilities at PSI, including the sample crystallization
and characterization facilities at the Swiss Light Source for protein crystallography experiments [129].
In the following sections we will provide details on the two hard X-ray experimental stations,
Alvra and Bernina, which will begin user operation in 2018.
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Figure 12. The experimental areas of SwissFEL. The accelerator is to the left of the above area, with the
X-rays travelling from left to right.

4.1. Experimental Station Alvra

The layout of the Experimental Station Alvra (ESA) hutch is shown in Figure 13. Alvra is focussed
primarily on two techniques: X-ray spectroscopy [18,130] and Serial Femtosecond Crystallography
(SFX) [131,132]. X-ray absorption spectroscopy (XAS) involves measuring the X-ray transmission
or X-ray fluorescence of a sample as a function of incident monochromatic X-ray energy [16].
These measurements can provide information on the local electronic and geometric structure around
the absorbing atom [130] and can be applied to ordered or disordered samples in almost any form,
including species in solution or solid state samples. SwissFEL will be particularly suited for these
experimental techniques due to its variable-gap undulators [133,134] (see Section 2.4) which can
easily scan the X-ray energy of the XFEL over a very wide range, allowing techniques such as X-ray
absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) to be
used [130]. SEX [19] is an XFEL technique that has been developed for protein crystallography
where a stream of micrometer-sized crystals is delivered into the focussed X-ray beam using a
range of different injector techniques [135-137], and the diffraction pattern from each crystal is
recorded on a large two-dimensional pixel detector. Though the intense XFEL pulse destroys
the crystal, because an ultrashort X-ray pulse (<50 fs) is used the diffraction occurs before the atoms
have time to move from their lattice positions [22,138]. SFX can resolve room-temperature protein
structures to better than 2 A resolution on very small crystals [19,131], which expands the technique
to include samples that are difficult to crystallize, such as membrane proteins [139] and 2D protein
crystals [140,141]. A complementary technique with similar technical requirements to SEX that will
also be possible at Alvra is wide-angle X-ray scattering (WAXS, also called X-ray diffuse scattering or
XDS), where the sample under investigation is a liquid solution [142]. The result of the X-ray scattering
measurement is powder-diffraction-like rings, containing information on the pair-distribution function
of the sample [143,144]. This technique has proven particularly useful in measuring large-scale,
light-activated functional protein motions [145-148]. ESA has the additional capability of performing
X-ray emission spectroscopy (XES) which uses X-ray diffraction from an analyzer crystal to measure
the scattered or fluorescence X-ray photons with high energy resolution [149]. ESA uses short
focal length crystals (25 cm) in a dispersive von Hamos geometry [150] to measure a range of XES
energies in a single measurement. This spectrometer can also be used for a variety of other scattering
measurements include off-resonant techniques [151-154] and inelastic X-ray scattering (IXS) [155].

125



Appl. Sci. 2017, 7,720

The ability to measure both X-ray scattering and spectroscopy simultaneously has proven to be
a powerful combination for resolving structural and electronic dynamics in both molecules and
proteins [115,156-158].

mirrors

" Timing
tool

Figure 13. The Experimental Station Alvra X-ray hutch. The X-rays come from the Optics hutch,
to the left of the schematic and move from left to right in the figure. The various components located
in the hutch are labelled. The ESB beam pipe chicane is a motorized beam pipe that can be moved
vertically to either allow the XFEL beam to be delivered to Bernina, or to allow easy access to the Alvra
instruments. The same motorized elements will be used in a similar fashion for an ESC beam pipe
chicane in the future.

4.1.1. X-ray Optics and Diagnostics

A detailed summary of the X-ray optics is given in Section 3.1 and of the X-ray diagnostics in
Section 3.3, here we will focus on the aspects specific to Alvra. The layout of the Aramis-1 beamline
is shown in Figure 14. The key components are two horizontal offset mirrors that work at incidence
angles of 6 mrad, for a total deflection angle of 12mrad, followed by a fixed-exit double-crystal
monochromator which deflects the beam vertically, and two harmonic rejection mirrors which return
the beam vertically to its original beam path. This allows both monochromatic and pink beam paths to
be identical downstream of the optical elements (see insets A and B in Figure 6). The monochromator
contains 3 crystal pairs, which include Si(111), Si(311), and InSb(111) to cover the full Aramis photon
energy range with varying bandwidth and energy resolution. The final optical components are two
KB mirrors, with a working distance of 1.5m from the center of the last mirror. These achromatic
focusing optics are capable of achieving a 1.5 um focal spot (FWHM). The optics have been designed
to be used over the full range of the Aramis X-ray energies: 1.77-12.4 keV.
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Figure 14. Schematic layout of the X-ray optics at the Aramis-1 beamline. Note the compound refractive
lenses (CRLs) are a possible future upgrade.

One crucial aspect of the Aramis-1 beamline is to allow for measurements in the 2-5keV
energy range. At these photon energies the optics will all function flawlessly at the higher harmonic
energies as well, providing no discrimination for these photons. The HRM optics allow the incidence
beam angle to be tuned, allowing the harmonics to be greatly suppressed when the monochromator
is used. Calculations for the HRMs indicate we can achieve a contrast of at least 1073 for these higher
photon energies, with up to 10~> achievable under certain optics configurations [88]. Note that the
expected harmonic contribution from the XFEL is ~1% for each subsequent odd harmonic, which could
result in up to 10° photons per pulse in the 3rd harmonic if no suppression is used.

The photon diagnostics described in Section 3.3 have all either been tested with or designed for
X-ray photon energies above 4 keV. This implies the development of these diagnostics components in
the 24 keV range will need to be evaluated once SwissFEL is operational. Several of the elements are
capable of lower energy measurements, including the gas-based photon beam intensity and position
monitor (PBIG and PBIM). The solid photon backscattering monitors (PBPS) can be used with thinner
scattering films, such as 200 nm of Si3N4, which will allow them to be used at lower photon energies.

4.1.2. ESA Prime and Flex

The techniques introduced in Section 4.1 will be applied at two instruments, which are located in
line with the X-ray beam: ESA Prime and ESA Flex (see Figure 15). Due to the bendable KB mirrors the
X-rays can be focussed at either instrument, with the minimum focus of 1.5 um achieved at ESA Prime.
Both instruments can be used with the optical laser for pump-probe experiments, with an anticipated
time resolution of better than 50 fs [108].

ESA Prime is chamber that can be operated under vacuum, He, or neutral atmosphere and
combines a large 2D 16 M JUNGFRAU scattering detector [159-161] and a dual-crystal von Hamos
X-ray emission spectrometer [150,162,163]. This allows experiments to be performed using both
scattering and emission techniques simultaneously, which has proven to be a powerful combination
for molecular [156,157] and protein [115,158] samples. The chamber has the possibility of using
different types of sample injectors, including several specifically for SFEX sample delivery [135,164].
The expected achievable resolution of the crystallography measurements at 12.4 keV is better than
1.5A (Qmax = 7A ") and the X-ray spectrometer will be capable of measuring the full photon energy
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range of SwissFEL resonantly, with non-resonant measurements from 1-2keV. This energy range is
shown in Figure 16 with the elements labelled and the available analyzer crystals shown (see Table 3).
The Bragg angle range covered by the spectrometer is from 40° to 80°. Thanks to the dual-crystal
design this spectrometer is capable of measuring multiple signals simultaneously, for example the
Ka and KB X-ray emission from a 3d transition metal. The detector used for these measurements is a
4.5M JUNGFRAU, which consists of 9 x 0.5 M modules in a linear geometry with an area of 4 X 72 cm.
This allows the detector to cover all possible Bragg angles without requiring motion of the detector.
The regions of interest containing the X-ray signals can be read out without reading out the entire
4.5M detector. Due to the excellent noise characteristics of the detector, this spectrometer will be
capable of single-photon sensitivity below 2keV when operated in a high gain mode [159,165].

X-ray emission
spectrometer 16M Jungfrau
e’ N 2D detector

Motorized
table
>

Figure 15. The instruments installed at Experimental Station Alvra (ESA). The ESA Flex instrument
(left) is a flexible X-ray spectrometer that can be positioned according to the experimental requirements.
The ESA Prime instrument (right) is a combined scattering and spectroscopy chamber designed to allow
experiments in neutral, vacuum, or He atmosphere. ESA Prime is focussed on allowing experiments to
be performed in the 2-5keV tender X-ray regime.

The scattering or serial femtosecond crystallography experiments benefit greatly from the
per-pixel dynamic gain switching of the JUNGFRAU detector, which has 3 levels of gain, resulting in a
dynamic range of 10* photons at 12 keV. This gain switching occurs automatically, allowing the detector
to handle transparentally the broad range of incident intensities expected at SwissFEL. Further details
on the JUNGFRAU detector can be found in Section 4.3. The detector is mounted on the back flange of
the ESA Prime chamber, and has two holes to allow the beam to pass through the detector. This will
allow the detector to be positioned in two scattering geometries: one where the beam is centered on
the detector, to allow for fully symmetric scattering measurements, and one where the beam is close to
one edge of the detector, which increases the scattering range of the detector, while simultaneously
increasing the maximum accessible Bragg angle of the von Hamos spectrometer. The minimum
sample-to-detector distance is fixed at 10 cm.

ESA Flex is a flexible instrument that allows users to build up the experiment as required. It is
mounted on a motorized table, allowing user-supplied chambers to be installed for the measurement.
ESA Flex also includes a configurable X-ray spectrometer that can be mounted in a variety of positions
to measure a range of scattering angles, in both vertical and horizontal geometries. The 3-crystal
spectrometer can be used from 40° to 85° Bragg angles, and uses a 1.5 M JUNGFRAU pixel detector.
When used with large Bragg angles (>85°) and segmented X-ray crystals [150] this spectrometer is
capable of 100 meV energy resolution. ESA Flex is shown on the left of Figure 15.
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Figure 16. The tender X-ray energy range covered by the ESA Prime X-ray spectrometer. The dashed
lines are the various crystals available for use with the spectrometer (see Table 3), covering the full
range of energies at the various Bragg angles available in the spectrometer. The energies of various

X-ray emission transitions are also marked to provide a sense as to what elements can be measured in
this photon energy range.

The crystals available for both von Hamos spectrometers are listed in Table 3. As noted in the
caption of Table 3 the crystals are either curved or segmented. In general the curved crystals provide
excellent focusing capabilities (2 X X-ray spot size on the sample in the focusing direction), with some
loss of energy resolution due to the crystal curvature, while the segmented crystals provide focal spots
of 2mm (2 x 1 mm segment size) but much improved energy resolution (essentially the Darwin width
of the crystal reflection). The contributions of the various components in the spectrometer to the final

energy resolution, including X-ray focal spot, detector pixel size, and geometry Bragg angle, can be
found in reference [150].

Table 3. List of von Hamos geometry spectrometer crystals available for use at either ESA Prime or
ESA Flex. Note that higher-order reflections have been omitted for clarity. Curved means smooth
crystals, segmented mean diced along the focusing axis, but perfect flat crystals along the dispersive

axis [150].

Crystal ~ Miller Indices  2d Spacing  Radius of Curvature Type Crystal Area
TIAP 002 12.95A 25cm Curved 5x 10cm
ADP 101 10.64 A 25cm Curved 5x 10cm
PET 002 8.742 A 25cm Curved 5x 10cm
InSb 111 7.4806 A 25cm Curved 5x 6cm
SiO, 1010 6.687 A 25cm Curved 5x 10cm

Ge 111 6.532 A 25cm 1 mm segments 5x10cm
Si 111 6.271 A 7 and 25 cm 1mm segments 5x 10cm
SiO, 1120 4.912A 25cm Curved 5% 10cm
Si0, 1012 4.564 A 25cm Curved 5x 10cm
Ge 220 40A 25cm 1mm segments 5% 10cm
Si 220 3.840 A 25cm 1 mm segments 5x10cm
Si 311 3.274 A 25cm 1 mm segments 5x10cm
Ge 400 2.829 A 25cm 1 mm segments 5x10cm
Si 400 2714 A 25cm 1 mm segments 5x10cm
Si 331 24916 A 25cm 1 mm segments 5x10cm
Si 531 1.836 A 25cm 1 mm segments 5x10cm
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4.1.3. Optical Laser System

The femtosecond optical lasers available to the experimental stations have been described in detail
in Section 3.4. The primary short-pulse excitation source anticipated for ESA is the 240-2600 nm output
from the OPA (see Table 2), which covers the UV to IR range in which most molecular or biological
samples absorb light. In addition to the femtosecond laser, ESA will also have access to a long
pulse laser, which is tuneable from the UV to the IR. This laser will operate at 100 Hz, and can produce
>1m]J/pulse from 200 nm to 2 um with pulses from 3-6ns in duration. This laser can be used to more
efficiently excite samples and measure on timescales ranging from ns out to ms. These experiments
will take advantage of the fact that SwissFEL will have more photons available in a single pulse (>10')
than a 3rd-generation storage ring in 1 ms (~10°), making them better at time-resolved experiments
even on longer timescales, under certain conditions. The approach of using long-pulse excitation has
proven particularly attractive for measurements on biological samples, where the relevant timescales
can often be slow (us to ms), but when performed at XFELs the measurements can take advantage of
the room-temperature, damage-free conditions [115,117-119].

4.2. Experimental Station Bernina

The Experimental Station Bernina (ESB) is designed to pursue femtosecond (fs) time-resolved
(tr) hard X-ray pump-probe (XPP) diffraction and scattering experiments in condensed matter
systems [166]. Its main emphasis is on the electromagnetic response in correlated crystalline materials,
but it is sufficiently flexible to host a variety of hard X-ray experiments that benefit from short pulses.
Frequently in correlated systems many of the energy scales such as charge-transfer energy,
magnetic exchange, Jahn-Teller splitting, hopping integral or Hubbard interaction, are of similar
size (~0.15-4eV). The ground states obtained by minimizing the total energy include ferro- and
antiferromagnetism (FM, AFM), multiferroics, charge and spin density waves (CDW, SDW), high-T,
superconductors (SC) and topological insulators. Due to the fine balance of all the energy scales new
electronic and magnetic phases emerge with competing ground states. Small changes of external
conditions such as temperature, pressure, magnetic or electrical fields, and carrier doping, can cause
switching of ground states and large changes in functional properties. A new avenue is to dynamically
excite the system with photons employing pump-probe photon-in and photon-out techniques.
The spin, charge, orbital and lattice degrees of freedom can be coupled via electron-phonon and
spin-lattice interactions. One way to understand the competing interactions and to clarify cause and
effect in such coupled systems is to follow their different response in the time domain by selective
pumping and probing of specific modes using tailored pulses, properly matched in time structure,
wavelength, polarization and intensity. This allows new type of pump-probe experiments: selective
excitation and probing of low energy electronic, magnetic and structural dynamics; photo-induced
(non-thermal) phase transitions away from equilibrium (such as new metastable states and light
induced symmetry breaking); coupling, control and switching in multiferroic systems; correlations and
fluctuations in non-equilibrium systems. In a pump-probe experiment the time response—which for
coherent excitation is oscillatory followed by dephasing and relaxation—is measured by precisely
varying the time distance between pump and probe. The pump pulses are derived from an optical fs
laser system. The sample is probed by fs X-ray pulses in SASE mode employing time-resolved resonant
and non-resonant X-ray diffraction (tr(R)XRD), diffuse scattering (trDS), and resonant inelastic X-ray
scattering (trRIXS).

4.2.1. Aramis Beamline

Bernina is installed on the Aramis-2 beamline of SwissFEL [167]. The schematic of the optical
layout is shown in Figure 17 and the engineering layout of the ESB hutch is shown in Figure 18.
The beamline covers (2.7)4.5-12.4keV in the tender to hard X-ray range of the fundamental,
which covers the absorption energies of the 3d K-edges, 4f L-edges and 5d L-edges. To cover the
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4d L-edges, which occur at tender X-ray energies (2-5keV), virtually windowless operation is
foreseen where the X-ray been will be delivered entirely through vacuum up to the sample position.
The SwissFEL Aramis modes of operation are described in Section 2.1. At 7keV the flux and pulse
length for the two operation modes are expected to be around 1.3 x 10'2 ph/s/0.1%bw with 5fs
FWHM (10 pC, 100 Hz), and 2.1 x 1013 ph/s/0.1%bw with 50 fs FWHM (200 pC, 100 Hz). There is the
plan to operate Aramis in self-seeding mode [168] in the future.
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Figure 17. Schematic layout of the Aramis-2 X-ray optics for pink beam (top) and monochromatic
beam (bottom).
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Figure 18. The Experimental Station Bernina X-ray hutch. The various components located in the hutch
are labelled.

4.2.2. X-ray Optics

A detailed summary of the X-ray optics is given in Section 3.1, here we will focus on the aspects
specific to Bernina. The layout of the X-ray optics [88] is shown in Figure 17. For pink beam a pair of
bendable plane elliptical mirrors (offset mirrors, coating SiC/B,4C, Si, Mo/B4C) installed in the optics
hutch (OH) deflect the beam vertically by 6 mrad. For monochromatic beam the offset mirrors are
retracted. In this case the double crystal monochromator (DCM) is the first optical element in the beam.
A motorized horizontal translation allows switching between Si(111), Si(311) and InSb(111) crystal pairs.
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The DCM has a variable offset (20-32 mm) to allow for future operation in combination with harmonic
rejection mirrors (HRM, coating B4C/SiC) with variable deflection angles in a 4-bounce scheme.

Installed in the ESB hutch at working distance 2.6 m upstream of the sample position, a pair of
bendable KB mirrors provide achromatic focusing with horizontal and vertical spot size of (1)2-100 um
FWHM for (ideal) real performance of the focusing optics. Upstream of the KB mirror pair free space
is allocated to optionally install a movable in-vacuum Be compound refractive lens (CRL) transfocator
for in-line focusing or to install an in-line electron time-of-flight (€TOF) polarization monitor to allow
online monitoring of the incident polarization once a phase retarder is installed.

4.2.3. Phase Retarder

There is the option to install an in-vacuum double X-ray phase-retarder (XPR) setup in the OH hutch
downstream of DCM-2 (see Figure 6). Circular and arbitrary linear polarization can be generated for
X-rays with energy above 4 keV using diamond quarter-wave plates and half-wave plates, respectively.
When operated in Bragg/Laue transmission geometry such an XPR can provide flexible polarization
control with a high degree of polarization (>90%) [169,170].

4.2.4. Photon Diagnostics

Multiple X-ray diagnostics both upstream and downstream of the sample position are available
including profile-intensity monitors, intensity-position monitors, and X-ray timing diagnostics
(see Section 3.3 for further details on these diagnostics). The PALM and PSEN components (see Section 3.3.2)
are installed in the ESB hutch upstream of the diamond/Si solid state attenuators. The attenuator
stacks are available to tune the incident X-ray flux to the desired level. By taking advantage of all the
available timing diagnostics (in order of distance from the experiment: BAM, LAM, PALM, PSEN) will
allow pump-probe measurements with time resolution <50 fs FWHM. The BAM and LAM diagnostics
are independent of X-ray intensity, allowing them to be used with all modes of the accelerator.

4.2.5. Optical Laser System

The femtosecond laser system available for experiments at Bernina is described in detail in
Section 3.4. For pump-probe experiments several excitation options (UV/NIR/FIR) are available [112].
An optical parametric amplifier (OPA) with subsequent difference frequency generation covers the
spectral range 1100-15,000 nm. This output can also be used to generate intense THz pulses in organic
crystals with field strengths exceeding 1 MV /cm [123] and pulse energies up to 10 pJ in the frequency
range 1-10 THz. Very short pulses (<10 fs) are available at 800 nm by pulse compression in a gas filled
hollow core fibre [126]. To compensate for drifts in the amplifier system, a laser arrival time monitor
(LAM) will be installed directly after the compressor. A variety of laser diagnostics will provide all
relevant laser parameters for the user.

4.2.6. Laser In-Coupling

Downstream of the KB mirror pair the laser in-coupling (LIC) section is installed to facilitate
pump-probe experiments under ambient conditions, nitrogen or helium atmosphere or in vacuum
when HV/UHYV conditions are required. Two vacuum chambers are mounted on a heavy load
hexapod: the LIC diagnostic chamber, which is permanently installed, and the LIC mirror chamber
which can be moved to clear space for in-air laser optics when experiments are performed at
ambient conditions. The diagnostic chamber houses clean-up slits, an intensity-position monitor (PBPS)
and a spectral encoding timing tool (PSEN). A motorized laser mirror assembly is mounted in the
mirror chamber to allow for both collinear and non-collinear laser excitation geometries. The chambers
are separated by valves. A diamond window of thickness 50 um is mounted in the vacuum valve at
the exit of the diagnostic chamber to pass the X-ray beam when experiments are performed in-air at
atmospheric pressure.
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4.2.7. Experimental Instruments

The layout of the experimental X-ray hutch is shown in Figure 18. The endstation design
emphasizes rapid reconfiguration capability in terms of flexible sample environment, goniometers,
spectrometers and detector geometries to support a wide variety of experiments. There are two
instruments operated at a single focal position, the general purpose station (XPP-GPS) and the
six-circle X-ray diffractometer (XPP-XRD). These stations are mounted on rails, which enables them
to be easily moved in and out of the X-ray focus. Sample stages designed as single modules can
be swapped and mounted at both stations. Heavy load capability allows the stations to support
and precisely align a variety of custom built ‘modules’ such as spectrometers, analyzers and various
sample environmental setups provided by an experimental team or user group. Sample modules
would include in-air goniometer stages, HV/UHYV vacuum chambers for temperatures below 20K,
cryostats for super-conducting high field magnets or cryogenically cooled pulsed magnet systems
to study H-induced transient states [171], and a cold finger cryostat with a high pressure diamond
anvil cell.

4.2.8. General Purpose Station

The XPP-GPS station is a general purpose station for XPP experiments in non-scanning mode.
It consists of a non-magnetic heavy load sample goniometer with six degres of freedom, a rotary table
to mount spectrometers or detectors, and a large robot detector arm carrying a 16 M JUNGFRAU
pixel detector. The JUNGFRAU pixel detector, which has been developed by the SLS detector
group [172], is a charge integrating detector with pixel size 75 x 75 um?. It has variable gain switching
with dynamic range 10* (12keV) that allows measurement of intense reflections and low intensity
diffuse scattering simultaneously with a good signal-to-noise ratio (see Section 4.3). By swapping
stages a variety of sample environmental modules can be accommodated. The large robot detector
arm is mounted on a linear slide attached to the ceiling and can be retracted up to 3 m downstream
(~3.7m from the focal position) to enable coherent diffraction and small-angle X-ray scattering
(SAXS) experiments. For these experiments a He flight tube between the sample and detector will
be installed.

4.2.9. XRD and Six-Circle Diffractometer

The XPP-XRD station is dedicated to X-ray pump-probe resonant and non-resonant X-ray
diffraction experiments. Whereas the change of regular Bragg peaks provides information about
structural changes of the atomic lattice, incommensurate superlattice reflections are sensitive to
symmetry changes driven by charge, orbital or spin dynamics. By tuning the X-ray energy to
specific absorption edges, these dynamics can be directly probed by reflections which are allowed
by the symmetry of the underlying unit cell. In the past at the FEMTO endstation at the SLS
numerous trXRD experiments have been performed on the structural dynamics of semiconductors
and semimetals, colossal magneto resistance (CMR) manganites, CDW systems, magnetic shape
memory alloys, high-T. SCs and ferroelectrics [173]. Recent trRXRD experiments were performed at
the LCLS XFEL on a non-equilibrium phase transition in CMR manganites [174] and on THz-induced
excitation of an electromagnon in a multiferroic, probed by soft X-ray resonant diffraction [175]. A first
THz-pumped trXRD experiment in the hard X-ray range on a ferroelectric semiconductor has also been
performed at FEMTO [176], demonstrating the feasibility of such experiments. The XPP-XRD station
consists of a high precision 45 + 2D’ six-circle Kappa-diffractometer with dual-detector arm carrying
a 1.5M 2D pixel detector (JUNGFRAU) and a polarization analyzer stage with beam collimation
and point detector. Offset in scattering angle (~20°) allows rapid switching from measurements
with a point detector to measurements with a 2D pixel detector. The design of the diffractometer
allows the Kappa-goniometer to be replaced by a hexapod sample-stage or by an open )x-circle [170]
with cryostat carrier. Operated in scanning mode both in energy and momentum (reciprocal space),
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tr(R)XRD experiments can be performed on samples under a variety of environmental conditions by
replacing the in-air Kappa-goniometer by custom built sample environmental chambers.

4.2.10. trRXRD and Polarization Analyzer

To analyze the polarization properties of the diffracted beam the complete analyzer stage can be
rotated around the scattered beam axis while the cross-slit system stays fixed. The analyzer crystal is
mounted with angle 6, = 45° £ 5° towards the diffracted beam and the point detector is positioned
at 26,. Once phase retarders are installed to provide flexible linear and circular polarization of the
incident X-ray beam (see Section 4.2.3), polarization scans will allow measuring the dependence of
the diffracted intensity on the Stokes parameters to disentangle the different contributions to the
resonant cross section, determining the magnetic moment or orbital orientation, and analyzing chiral
spin structures.

4.2.11. trRIXS and Energy Analyzer

In 5d transition metal oxides such as iridates, the strong spin-orbit coupling—in addition to
the complex interactions of spin, charge, orbital and lattice—mixes spin and electronic degrees of
freedom. New classes of materials are predicted such as quantum spin liquids, topological insulators
and new superconductors. High resolution hard X-ray spectrometers (resolving power ~2 x 10°)
to perform momentum resolved RIXS (qRIXS) experiments exist at synchrotrons [177,178] and a
first fs time-resolved qRIXS experiment has recently been performed to directly determine the
dynamics of magnetic correlations for the Mott insulator SrpIrO4 [179]. At Bernina to study mixed
electro-magnetic modes and spin correlation dynamics in Ir-perovskites, a dedicated compact qRIXS
spectrometer is being designed that can be mounted both on the GPS goniometer and on the dual-arm
of the six-circle diffractometer. It is operated in horizontal scattering geometry with the incident
photon polarization in the scattering plane. Using the Si(444) reflection of the DCM Si(111) and a
spherically-bent, diced Si(844) crystal located one meter away from the sample, the overall energy
resolution at the Ir Lz-edge (11.216keV) is <100meV. The position-sensitive detector is a 0.5M
JUNGFRAU pixel detector or a position-sensitive silicon microstrip detector mounted in Rowland
geometry with the diced spherical analyzer. Momentum-resolved trRIXS will greatly benefit from the
enhanced spectral flux by self-seeding operation [168,180] of Aramis in the future.

4.2.12. ESB-MX Station

Until Experimental Station Cristallina (ESC) becomes operational, fixed target protein
crystallography [140,141,181-185] will be implemented at Bernina [186]. A dedicated station (ESB-MX)
is currently under construction. It will allow for serial femtosecond crystallography experiments at
up to 100 Hz from 3D micro-crystals of size below 1 um, as well as synchrotron-like data collection
schemes from large crystals [187]. The crystals will be placed on a solid support, for example a chip
with a silicon nitride window. The measurements can be performed in air or in helium atmosphere
for photon energies from 5-12.4 keV. The samples will be either at room temperature or maintained
under cryogenic conditions by a cold nitrogen or helium gas jet. The movable ESB-MX station can be
installed and aligned within one day in the Bernina hutch.

The installation requires the GPS and XRD stations to be moved to the side along the rails.
The main element of the station will be a sample diffractometer suitable for various data collection
schemes which require a precise and fast tracking of the crystal positions. The station also includes an
experimental chamber for the diffractometer and the cryo-jet, the room temperature and liquid nitrogen
sample storage, as well as a robot for automated sample exchange. The diffraction images from the
protein crystals will be collected with the 16 M pixel array JUNGFRAU detector positioned immediately
downstream of the chamber with the large robot arm fixed to the ceiling. In this configuration,
a resolution of better than 1A and 2.5 A can be achieved with 12 keV and 5keV radiation, respectively.
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4.3. 2D X-ray Detectors

4.3.1. Overview of Current Detector Developments for XFELs

Several dedicated detection systems are under development for photon science at XFELs.
Importantly, single photon counting detectors (like PILATUS [188], EIGER [189] or Medipix [190]) are
not suitable for the high photon fluxes at XFELs, and the use of charge-integrating detection systems
becomes crucial. Each of the following new detection systems for XFELs is tailored to meet the specific
requirements of their respective light source. These detector systems comprise the Cornell-SLAC Pixel
Array Detector (CSPAD) [191] and the new ePix family [192] for the SLAC Linac Coherent Light Source,
the Adaptive Gain Integrating Pixel Detector (AGIPD) [193], the Large Pixel Detector (LPD) [194] and
the DEPFET Sensor with Signal Compression (DSSC) [195] for the European X-ray Free Electron Laser
and the Silicon-On-Insulator PHoton Imaging Array Sensor (SOPHIAS) [196] for the SACLA FEL.

None of these detection systems is capable (Table 4) of meeting the specific needs of the Aramis
beam line and its user stations Alvra and Bernina. In particular, no detector system can provide at
the same time single photon resolution at 2keV photon energy and a dynamic range suitable for
crystallography experiments. Therefore, a dedicated, state-of-the-art application-specific integrated
circuit (ASIC) and detector system named JUNGFRAU (adJUstiNg Gain detector FoR the Aramis User
station) has been developed in house [161].

Table 4. Comparison of the main characteristics of the current state-of-the-art pixel detection systems
for XFEL hard X-ray light sources. The design characteristics which would limit the applicability of the
detection system to SwissFEL are highlighted in yellow.

Detector Pixel Size  Electronic ~ Single Photon  Single Photon Dynamic Range Repetition Rate
System pm X pm Noise e Sensitivity Sensitivity Photons Per Pulse kHz
@ 6keV @ 2keV Per Pixel
CSPAD 110 x 110 ~330 Yes t No >2.5 x 10° (@ 8keV) 0.12
ePix100 50 x 50 <60 Yes Yes 100 (@ 8keV) ~1
ePix100k 100 x 100 ~120 Yes No 10,000 (@ 8 keV) ~1
AGIPD 200 x 200 ~265 Yes No >10* (@ 12keV) 4500 burst
LPD 500 x 500 ~1000 No No 10° (@ 12keV) 4500 burst
DSSC Pitch 200 * <50 Yes Yes >6 x 10° (@ 1keV) 1000 burst
SOPHIAS 30 x 30 ~150 Yes No ~2000 (@ 12keV) 0.06
JUNGFRAU 75 x 75 ~65 G0 or Yes Yes >10* (@ 12keV) ~24
~50 HGO

tat >5keV, for CSPAD in high gain; tin low gain; * hexagonal pixels.

4.3.2. Detector Geometry

The development of the JUNGFRAU detector reuses, whenever possible, design blocks which
have already been developed and successfully used for other PSI detectors in order to minimize the
development time and to keep the project cost at an affordable level. In particular the geometrical
dimension of the EIGER project [189] has been inherited by JUNGFRAU, so that a common silicon
sensor can be used for the two projects.

Geometrically, the final JUNGFRAU chip comprises 256 x 256 pixels of 75 x 75 um? each. Arrays of
2 x 4 chips (512 x 1024 pixels) are tiled to form modules of 38.4 x 76.8 mm? sensitive area, i.e.,
about 500 kPixel per module. The chips are coupled to 320 um or 450 um thick p+ on # silicon
sensors (Hamamatsu Photonics, Hamamatsu, Japan). Multi-module systems of 1 MPixel (2 modules),
4 MPixel (8 modules, Figure 19), 8 MPixel (16 modules), 16 MPixel (32 modules) are envisioned and
can be tiled in application specific geometries. The gap between two adjacent JUNGFRAU modules is
about 500 um (short) and 2.7 mm (long side) which corresponds to an insensitive area of about 7 pixels
and 36 pixels respectively. The total dead area is 7% on a unit cell, or 5% on a typical 4 M detector.
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Figure 19. Mechanical drawing of a 4 M JUNGFRAU detector, showing a possible module arrangement
around a small central hole.

4.3.3. Readout Chip Design

The JUNGFRAU readout chip (ROC) is designed in United Microelectronics Corporation (UMC)
110nm CMOS technology with aluminum-only interconnects. JUNGFRAU is a charge-integrating
detector rather than a single photon counter. Most hybrid pixel detectors for synchrotron radiation are
based on the photon counting principle, which cannot meet the requirements of XFEL applications.
In photon counting detectors, an event in the sensor causes a response in one or more ASIC pixels.
Whenever such a response pulse reaches a user-set threshold level in a photon counting ASIC, the event
is “counted”. Photon counting is inaccurate when multiple photons arrive at the detector the same time,
since two or more photons are counted as one. Charge integrating ASICs record a signal proportional
to the number of photons interacting with the sensor, at least in the case of monochromatic light,
independently of the time structure of the incoming beam.

4.3.4. Pixel Design

The design of the front-end block of the JUNGFRAU pixel is based on the automatic gain switching
principle previously used in GOTTHARD [197] and AGIPD. A schematic view of the pixel circuit is
shown in Figure 20. The pixel front end consists of several blocks:

a preamplifier with three selectable gains: high (G0), medium (G1) and low (G2),
an automatic gain switching block consisting of a comparator with tuneable threshold and
switching control logic,

e acorrelated double sampling (CDS) stage to remove the preamplifier low frequency and reset
noise in high gain,
a storage array for 16 images,
a buffer needed to drive the column bus during the readout phase.

The preamplifier gain is variable: a fixed small size feedback capacitor is used for the high gain,
while the insertion of two capacitors, ~10 and ~100 times bigger respectively, lowers the gain to
a medium or low value. While the gain setting can be fixed with an external signal, in the normal
mode of operation the control of the gain is automatically handled by the front-end circuit itself,
pixel by pixel. For this purpose, the output of the preamplifier is monitored, during the integration,
by a comparator. When the signal level crosses the threshold the gain switching logic is triggered.
The threshold voltage is common for all the channels and is placed at the upper limit of the output
range of the preamplifier. The digital logic, based on delay stages and latches, controls the insertion
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of the feedback capacitors and lowers the gain first to medium, then to low until the output of the
preamplifier is brought back into the preamplifier output range.

F’ A-column
N bus

Storage
Cells (x16)

CDS stage

Digital
memory
(x16)

Pixel

Figure 20. Block view of the pixel architecture. The bypass of the correlated double sampling (CDS)
stage after switching is not shown.

In the idle state the preamplifier is kept in reset at the low gain mode, so that all the feedback
capacitor are emptied. A few nanoseconds before the beginning of the measurement these capacitors
are disconnected so that the gain is set to high. Then the reset switch is opened and the input charge
starts to be integrated. The amplifier switches depending on the amount of input charge flowing into
the readout channel. The output voltage and the gain (encoded in two digital bits) are sampled at the
end of the integration time. Together, these allow the determination of the incoming charge with the
help of a gain calibration curve.

A precharge scheme for the feedback capacitors has been introduced to achieve the requested
dynamic range of 10* photons per pixel per pulse even if the maximum available feedback capacitance
in a 75 um pixel is rather small (<8 pF); during the preamplifier reset, the output side of the capacitor is
not charged to the preamplifier reset level but is set to a tuneable voltage level which is chosen such that
the preamplifier output is at the lower end of its range for signals just higher than the switching point.
For low photon energy operation, the starting gain of the preamplifier can be increased, by a factor
of ~2, to HGO, decreasing the noise but also the dynamic range before the first switching. In this
case the gain switching sequence is HG0, G1 and G2. As in the GOTTHARD ROC, the CDS stage is
bypassed in case of gain switching so that the (higher) noise of the high gain is not added to the (lower)
noise of G1 and G2. 16 analogue storage cells are present in-pixel, each one with the corresponding
2 bit digital latches to store the gain information. In burst operation, up to 16 images can be stored on
the ROC before readout.

4.3.5. Periphery and System Architecture

The 256 x 256 pixel matrix of the ROC is organized in four super-columns of 256 x 64 pixels,
each of which is served by its own off-chip driver. This results in a readout time for the full ASIC
of 256 x 64/(40MHz) = 410 pus where 40 MHz is the design ADC clock speed. This readout time
corresponds to a frame rate greater than 2 kHz. The fully differential off-chip driver is designed to
directly drive the external ADCs, minimizing the number of components and the cost of the readout
printed circuit board (PCB). The readout system is composed of a single PCB organized around an
Altera Cyclone V Field Programmable Gate Array (FPGA). The FPGA generates the control signals
for the readout ASICs and receives the data stream from the 14bit 40 MHz ADCs digitizing the
multiplexed analogue output from the chips. The data stream is reorganized such that contiguous
images are formed and routed to a 10 Gigabit Ethernet (10 GbE) link for the data download to a
receiving/storage server. This 10 GbE data link can sustain frame rates in the 1kHz range, well in
excess of the 100 Hz SwissFEL repetition rate. A CM-BF537 system-on-a-board (SOB) (BlueTechnix,
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Vienna, Austria) is present on the module. The SOB features a 100 Mbit Ethernet connection and runs
a server that implements the configuration interface for the detector (slow control).

4.3.6. First Characterization Results

The first full size JUNGFRAU modules have been extensively characterized with continuous
X-ray sources and electrical or optical stimulation. The following performance has been measured:

Noise in HGO of 52 e.n.c. This allows single photon detection at energies <2keV

Noise in GO lower than 70 e.n.c.

Noise in G1 and G2 of 0.5 and 4 12 keV photons rms, well below Poisson statistical fluctuations
Saturation level higher than 10,500 12keV photons

Linearity better than 1% rms.

Radiation hard up to 10 MGy

A noise distribution for all the pixels of one module, measured using copper X-ray fluorescence
radiation, is presented in Figure 21. A 1M JUNGFRAU system has been tested at the LCLS X-ray
Correlation Spectroscopy (XCS) instrument. Data was collected using Cu fluorescence, providing
uniform illumination of the sensor, and with powder and single crystal diffraction samples. The data
from LCLS confirmed the previous characterization, in terms of noise, dynamic range and spatial
resolution. As an example, Figure 22 shows the measured number of photons hitting the sensor,
averaged over a number of LCLS pulses, for a silver behenate powder sample and 9.3 keV illumination.
The pixels in the inner rings recorded intensities covering most of the medium gain range (G1).
The width and double structure of the rings is due to the geometry of the capillary.
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Figure 21. Distribution of the rms noise (in electrons) for all the pixels of a sample module. An average
value of 50.5e.n.c. is measured.
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Figure 22. Image recorded with a 1 M JUNGFRAU system for a silver behenate powder sample at the
LCLS XCS instrument. The image is averaged over 10,000 LCLS pulses.

5. Common Systems

The following sections describe hardware and software systems that are common to both the
accelerator and photonics sections of the SwissFEL facility.

5.1. Timing and Synchronization

5.1.1. SwissFEL Timing Reference Generation and Distribution

The stringent stability requirements of SwissFEL sub-systems demand an ultra-stable timing
reference distribution system with the highest flexibility, reliability and availability. In order to achieve
all these goals and to optimize costs, a mixture of adapted technologies is applied to build the reference
timing system. These are presented in the following sections.

The most critical clients require <10 fs jitter (rms) and down to 10 fs peak-to-peak temporal drift per
day [49]. Therefore the key technology is the generation of both ultra-stable and low-noise reference
signals in the RF as well as in the optical domain and the distribution of those signals as timing
reference and precise clocks to the clients. Full remote control and monitoring of the components is
necessary for smooth operation and debugging of the system and the facility as a whole.

The origin of the timing reference generation and distribution system resides in an
environmentally controlled room at the electron gun end of the SwissFEL facility. The specified nominal
temperature is 24 °C 4 0.1 °C and the relative humidity is controlled to within 42.5 %rH 4 2.5 %rH.

5.1.2. Optical Master Oscillator and Signal Generation

The optical master oscillator (OMO) Origami-15 from OneFive GmbH has two fiber-coupled
outputs. One port with 2mW optical power at 1550 nm wavelength is used to produce the 142.8 MHz
sinusoidal signal for the clock distribution. The other port, with 87 mW average output power,
is used to generate 2.9988 GHz for S-band stations in the accelerator and laser synchronization
as well as 2.856 GHz for C-band stations (see Figure 23). Both optical ports are connected to an
ultra-low phase noise harmonic extraction unit (ULNHEU), where these signals originate from
temperature-stabilized photo-detection, harmonic extraction and amplification. The output signals are
linked to the corresponding distribution systems via temperature stable RF cables (Andrew Heliax
tempered 1/4”, drifts —6fs/m/K at 42.5 %rH around 24 °C for the relevant frequencies and about
0.2fs/m/%rH at 24 °C). The absolute jitter of the microwave signal extracted from the free running
Origami-15 and measured at the C-band frequency of 5.712 GHz including the noise of the optimized
photo-receiver and the post amplifier is as low as 1.6 fs rms (1 kHz-10 MHz).
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Figure 23. Schematic overview of the reference timing generation and distribution system in its current
state. Only active elements are shown. OMO: Optical Master Oscillator, MO: Master Oscillator,
PLL: Phase-locked loop, POL Tx/Rx: Pulsed Optical Link Transmitter/Receiver, BAM: Bunch Arrival
Monitor, LAM: Laser Arrival Monitor, VOA: Variable Optical Attenuator (with power stabilization
feedback), ULNHEU: Ultra-Low Noise Harmonic Extraction Unit, A: Amplifier, SA: Stabilized
Amplifier, ETM: Event Timing Master, subdist: coaxial sub-distribution, BPM: Beam Position Monitor,
DiagMonitors: various Diagnostic Monitors, Doub: Stabilized Frequency Doubler, LLRF: Low-Level
RF, Quad: Stabilized Frequency Quadrupler, GL1: Gun Laser 1, GL2: Gun Laser 2, EPL1,2: Experiment
Laser 1,2. Details are described in the text.

5.1.3. Pure Optical Pulse Distribution

The second port of the OMO is first split into four fiber-optic ports. One of these ports is fed
through a variable optical attenuator (VOA) with a feedback loop for power stabilization down
to 0.01dB (Keysight N7764A). This helps reduce AM/PM conversion for subsequent components.
That output is used as input to the harmonic extraction unit for RF signal generation. The three other
fiber-optic connections can be used for clients who directly need the optical pulses (see Figure 23).
Once ready, this optical splitter will be replaced by a stabilized optical amplifier including symmetric
splitting for transmission in pulsed optical links.

5.1.4. Optical Master Oscillator Synchronization

For optimized overall phase noise performance, including the lower acoustic frequency regime,
the OMO is synchronized to a master oscillator (MO, SMA 100A from Rohde & Schwarz GmbH)
at 2.9988 GHz, which itself is locked to a 10MHz Rubidium frequency standard (SRS FS725).
The synchronization is implemented with a phase-locked loop (PLL), for which the master oscillator
serves as reference input and the photo-detected filtered OMO signal coupled out from the harmonic
extraction unit output is used as the comparator signal. Both are fed into a phase detector and the
resulting error signal is sent to an amplifying piezo driver unit via a PID controller. The amplifier
output drives a mirror mounted on a piezoelectric stage in order to keep the frequency output of the
laser cavity extremely stable. Thus the integrated absolute jitter from 10 Hz to 1 MHz is as low as
14 fs rms. In the near term it is foreseen to develop an all-digital PLL with similar performance.
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In addition to the piezo-electrical fine tuning, the OMO has a coarse tuning range of 6.4 kHz.
Depending on the environmental conditions it can be necessary to bring the laser frequency into the
fine tuning range by changing the frequency via the coarse tuning. This is done by regulating the
temperature of the laser’s base plate. This synchronization procedure is automated as well as the
survey of all relevant signals such that the OMO can be kept synchronized for months. If necessary,
the synchronization program corrects the laser temperature in order to keep the piezo-driving voltage
in its range between 0 V and 150 V. Since the automated search for synchronization between the OMO
and the MO via the laser temperature could be very time-consuming, an additional phase-frequency
detector unit was implemented. This allows determining the sign of the phase difference between both
signals and therefore simplifies the search.

5.1.5. Client Requirements

The clients of the ultra-stable timing reference generation and distribution system are to date:
High power RF via LLRE Bunch Arrival Monitor (BAM), Laser Arrival Monitor (LAM), Gun and
Experimental Lasers to be synchronized to the reference, diagnostic monitors all along the machine,
Event timing system, and switch-yard kicker.

The stability requirements concerning reference signal drift and integrated jitter depend very
much on the various clients. Therefore distribution sub-systems based on adapted technologies
and adequate performance were either developed or purchased with an emphasis on an optimized
ratio of performance to investment in equipment. The types of links and the final performance
goals are listed in Table 5. In the following sections the technologies of the different links and their
realization/installation status is described in more detail.

Table 5. The clients of the Timing Reference Distribution, the types of links and their stability goals.

Stability Goal

Client (#) Reference Signal at Client Distribution (Link Type) jitter /drift 2 () 3

Gun and Experiment Lasers (4) 142.8 MHz optical fs pulses  stabilized pulsed optical few fsps/ <10 sy g)

(<1 fsyms /few fspfp

few fs,,5 /<10 fsp,

BAM (4, later 6) 142.8 MHz optical fs pulses  stabilized pulsed optical (<L Esrma/few fsp. )
. . . few fs;s /<10 fsp,,J
LAM (2) 142.8 MHz optical fs pulses stabilized pulsed optical (<L fsyms/few sy 5
stabilized CW optical <10 fsyys / ~30fsp—p
S-band RF (6) 2998.8 MHz RF (21 X fre) (3 o/ <205, )
C-band RF (27) 5712MHz RF (40 x f“,,,) stabilized CW optical <101s, 5 / ~40 fs,, » 4
stabilized CW optical <10 fsyms/~30fsy—p
X-band RF (S-band front end) (1) ~ 11,995.2MHz RF (84 X fyp) + quadrupler (<3 Ems /<305, p)
BPM (46) 142.8 MHz RF VHF CW optical, coaxial not critical
Event System (1) 142.8 MHz RF © coaxial not critical

1 10 Hz-10 MHz offset frequency range; 2 per 1/2 day - day; ® potential of the technology; 4 up to 500 fs,_,
(depends on station); > with polarization maintaining fibre as transmission medium; ® eventually 1428 MHz.

5.1.6. Continuous Wave Fiber-Optic Links for RF Reference Distribution

The RF transmission to the LLRF stations is done with so-called “CW optical links” [198]. These are
radio-over-fiber type links based on standard telecom single mode fibers as the transmission medium,
which have been developed in collaboration between PSI and Instrumentation Technologies Ltd.
(Solkan, Slovenia) The operating principle of the “Libera Sync 3” fiber-optic links is based on intensity
modulation of CW laser diode light with additional group delay stabilization between the transmitter
input signal and the photo-detected light reflected from the link end receiver.

The performance goal of these links was set to less than 40 fs drift peak-peak over 24 h (the typically
measured drift is approximately 20 fs peak-peak for a 500 m link) and less than 10 fs rms integrated
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jitter in the frequency range from 10 Hz to 10 MHz (typically measured jitter is around 2.4 fs rms for a
500 m link and is limited by the measurement setup). Nearly 90% of the links which are needed for
SwissFEL operation are currently at PSI (no spares in case of failure), all of which have been tested
for drift and jitter performance and have gone through a burn-in phase of about 1000h. To date,
about 70% of the links are installed in SwissFEL and are in operation. For the operation of the links,
communication between transmitter and receiver over ethernet is necessary. Because of initial problems
with high network traffic and ethernet module failures of the link devices, the CW links have their
own virtual LAN along the entire machine. Furthermore, for a full maneuverability during setup
and operation, an EPICS based remote control interface was built, which can be used in parallel for
all links.

For the injector, 6 slightly de-tuned European standard S-band frequencies and one European
X-band frequency link are needed. The three linac sections need 9, 4 and 14 American standard C-band
frequency links, correspondingly. Based on the de-tuned S-band (2.9988 GHz), the de-tuned X-band
(11.9952 GHz) and the C-band (5.712 GHz) frequency, a reasonably high base frequency could still be
found (142.8 MHz), which needs to be a common subharmonic of those frequencies and was chosen as
the repetition rate of the OMO. All frequencies throughout the SwissFEL accelerator, which need to be
synchronous in some way, are derived from this source of the timing reference distribution.

Concerning the transmission of the C-band frequency, it was decided to use the Libera Sync 3
links to transmit half of the actual C-band frequency (2.856 GHz), for which the S-band links could
be used with only minor modifications. At the output of those links, an ultra-stable RF frequency
doubler with amplitude/phase stabilized power amplifier will be used to provide the necessary
frequency and amplitude level. The frequency doubler was developed at PSI and a prototype has been
successfully tested.

For the X-band transmission, a similar philosophy is adapted: an S-band link together with an
ultra-stable quadrupler unit built in-house is installed and in operation.

5.1.7. CW Fiber-Optic Links for Clock Distribution

For most diagnostic monitors along the machine, the kicker systems as well as the controls event
timing distribution system, the drift and jitter requirements are less stringent. Therefore a distribution
system was developed in collaboration with and purchased from SINTEC Microwave Systems GmbH,
which is adapted for the needs of SwissFEL with respect to the number of clients, their location along
the machine, the requested power levels and the jitter performance. Our clock signal at 142.8 MHz
serves as input signal to a transmitter module, where the signal is amplified and split into 8 outputs.
Each of these outputs is fed into an optical transmitter module where it modulates an optical carrier at
1310 nm wavelength. After transmission through the fiber connection, the optical carrier input signal
is demodulated in a Receiver module, converted back to a 142.8 MHz electrical signal and amplified.
Emanating from the 8 Receiver stations along the machine, a local coaxial T-shaped sub-distribution
supplies several diagnostic monitors. The added jitter of the clock distribution in the offset range from
10Hz to 10 MHz is 73 fs rms and lies well below the most demanding specified value among the clients
of 200 fs (rms). This system is installed in SwissFEL, operational and remotely monitored with respect
to RF power levels at the receiver stations, module temperatures, amplifier and laser diode currents.

5.1.8. Pulsed Optical Links for Reference Signal Distribution to Critical Clients

Clients like the BAM, the LAM, gun and experiment lasers, and X-band RF station require
ultimate long-term stability below 10 fs peak-to-peak drift per day. In addition, they may need direct
optical input signals. Therefore these clients will be fed with reference signals from stabilized pulsed
optical links. This technology is commercially available and it is planned to purchase this system
together with an optical power amplifier and splitter system. The evaluation process is ongoing.
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5.1.9. Laser Arrival Monitor

The LAM is one example of a client that directly uses the pulses from the OMO. The Gun-LAM
(next to the photocathode, including beam propagation through laser chain and transfer line) employs
a novel scheme, where the current generated by the UV pulses impinging on a photodiode directly
drives an electro-optic intensity modulator acting on the optical reference. Thus, arrival time is directly
encoded onto the amplitude of the reference pulse train. A balanced photoreceiver in combination
with a fast analog-to-digital converter (ADC) decodes this information shot-by-shot, limited by the
ADC sampling rate. Expected temporal resolution is low tens of fs. A laser arrival time jitter of around
40fs (rms) at the gun would lie within the tolerance budget to ensure that FEL beam fluctuations stay
within intrinsic fluctuations at 200 pC as well as for 10 pC electron beam charge mode [199].

The experiment LAM is based on a spectrally resolved cross correlator [127]. The incoming IR
pulses from the experiment laser and the reference pulses (stretched and chirped) mix in a nonlinear
crystal and their relative timing results in wavelength change that is read out with a spectrometer.
A resolution of 5fs (rms) should be achievable for this application. The tolerable laser jitter at the
Experimental Stations is 25 fs (rms).

For the LAM at the electron gun, which is still close to the source of the reference generation and
distribution, the link will initially be realized with a few tens of meters of temperature stable fiber
with low drift (3fs/m/Kand 0.4 fs/m/%rH). The LAM at the experimental stations will initially get a
pulsed link prototype.

5.1.10. Bunch Arrival Monitor and Other Clients

The first BAM will initially get a pulsed link prototype. In addition, the second BAM will use a
second redundant OMO, synchronized to the MO, as a pulsed source. With an additional RF phase
shifter it will be possible to time delay the optical pulses as needed. It is likely that BAM 1 will then
also be added to this system. The BAM is described in more detail in Section 2.5.6.

5.2. Motion Control

Motion control is an integral part of any large research facility. This motion ranges from moving
several tons with micrometer accuracy (e.g., undulators) to moving samples with nanometer accuracy
and almost everything in between. There are several hundred motion axes with diverse applications.
In order to minimize the variety of hardware used and thus also the requirements from the Controls
group to support all the different platforms, standards were set at an early stage. Although PSI
has a motion control system for the SLS, which is controlling over 1000 axes and has proven to be
very reliable, special requirements for SwissFEL made it necessary to evaluate a new system to cover
all these requirements.

A wide range of requirements and specifications need to be met. These are among others:

Complex coordinated motions,

Large distances between motion controller and motor,
Interface to the timing system and

Low cost per axis.

In order to cover the widest possible range without having too many different systems, the motions
were categorized into 3 different groups:

1. High performance motion axis
2. Simple motion axis
3.  Piezo positioners for sub-um motions

After an evaluation phase of one year, the DeltaTau PowerBrick IMS motion control system
was chosen for the high performance motion axis. Based on the PowerPMAC motion controller,
the PowerBrick IMS motion control system is custom built by DeltaTau UK. The PowerBrick is used at
several research facilities around the world. The following sections describe the various requirements.
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5.2.1. Complex Coordinated Motions

Complex motions become more important for motion control systems in research. For example,
an X-ray mirror mounted on a tri-pod (mover with three vertical translation stages) can move vertically
as well as being tilted in the horizontal plane. In order to define a motion around a fixed point in space,
in this case the center of the mirror surface, coordinated motion of all three axes is required. This can be
easily implemented with the PowerBrick. Another example is the energy change of a monochromator
where several motions need to be coordinated for a smooth change of the energy. Furthermore, a linear
scan of the energy requires non-linear motion of the motors. This can be achieved through coordinate
transformation inside the PowerBrick.

5.2.2. Timing Interface

As SwissFEL is a pulsed source, the timing plays an important role in motion control. This can
range from reading out a motor position, i.e., encoder, when an X-ray pulse arrives and “tagging” the
value with the pulse ID, to controlling the exact positioning of a motor based on the arrival of the X-ray
pulses. PSI uses a “Timing and Event System” from Micro Research Finland. This sends “event codes
over an optical fiber link to the “event receivers”, which can then generate low jitter hardware trigger
outputs and/or generate interrupts to a controlling CPU. It can also send real-time data to the event
receivers which can be interpreted by the controlling CPU. The system must be able to synchronize
and trigger motions on different remote motion controllers as well as to implement synchronous
encoder readout during a measurement and tag the readings with real-time data from the timing
system at a trigger rate of at least 100 Hz. An event receiver card is integrated into the PowerBrick and
communicates through the PCle bus directly with the motion control CPU. User programs and event
receiver driver software run on the internal CPU of the PowerBrick.

”

5.2.3. Large Distances

SwissFEL spans well over 700 m from the electron gun to the last experimental station, Cristallina.
Furthermore, for the accelerator, electronics need to be placed outside the tunnel due to high
radiation levels. This results in the need for a distributed system as well as the need to drive motors
over long cables. In contrast to the SLS, where motor cables are around 20 m, at SwissFEL they can
be up to 50m. As the motion controllers are decentralized and spread out over the entire length of
the machine, remote control of all settings and parameters as well as status readback need to be possible.
The PowerBrick allows for complete parametrization over the network. In fact, the system is built
in such a way that if a driver unit would need to be replaced, a completely unconfirmed unit can be
used simply by setting the host name, the PowerBrick motion controller becomes fully parameterized
when booted.

5.2.4. Simple Motion Axis

The PowerBrick is a very powerful motion controller but beyond what is required for simple
motion applications, such as moving a screen into the X-ray beam. For such simple motion axes the
Schneider Electric MDrive Stepper Motor was selected. The MDrive come in a variety of sizes ranging
from 36 mm to 85 mm flange size with holding torques from 13 Nem to 770 Nem. Another advantage
is that the motion controller and driver are integrated into the motor. The controller can also read
incremental encoders to form a positioning feedback. The Schneider Electric MDrive motors can be
used wherever the radiation levels are limited, where no interface to the timing system is required and
where no coordinated motion is required.

5.2.5. Piezo Positioners for Sub-um Motions

There are several applications where small masses need to be moved but to very high
precision, e.g., alignment of optical laser mirrors or positioning small samples in the micro-focused
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X-ray beam. This is where piezoelectric positioners have an advantage. Making use of the piezoelectric
effect, piezo positioners can be built to be compact and move with nm resolution. For SwissFEL
we have chosen the piezo positioners from SmarAct in Germany. SmarAct offers a wide range of
positioners with a small form factor for many different applications. Furthermore, SmarAct positioners
have been used at the SLS for several years with very good results.

5.3. Data Acquisition

Within SwissFEL there are two categories of data: beam synchronous and asynchronous data.
All beam synchronous data from any part of the machine can be correlated and can be associated to
an individual FEL pulse/bunch. Asynchronous data neither can be correlated directly nor be related
to an individual pulse/bunch. Regardless of the class of data, each reading from sensors, detectors,
motors, etc. is available via so called channels. Each channel is identified by a channel name that is
unique within the whole facility.

As there are two categories of data, the SwissFEL data acquisition system is split into two systems:
a system dealing with beam synchronous data and a system dealing with asynchronous data. As the
asynchronous system does not differ from the systems used at other facilities at PSI, it is therefore
described only briefly in Section 5.3.1. The remaining sections will focus on the aspects related to the
beam synchronous system.

Although SwissFEL is comprised of various sections (e.g., accelerator, beamlines, experimental
stations, etc.) and include components that are operated and maintained by different groups, data from
all parts of the facility needs to be collected and retrieved via the same systems and tools.

5.3.1. Asynchronous DAQ

The asynchronous data acquisition system is based on EPICS [200] and data can be retrieved
and subscribed to via the Channel Access protocol. To retrieve data from applications and scripts,
standard EPICS tools and libraries can be used.

For continuous recording and long-term archiving, a dedicated instance of the EPICS Archiver
Appliance [201] is in place. Any asynchronous channel can be recorded and archived via this system.
Data from the EPICS Archiver Appliance can be retrieved and viewed via the same APIs and tools as
for the beam synchronous data which are described in the following sections.

5.3.2. Beam Synchronous DAQ

The beam synchronous data acquisition system is a new development centered around the
idea of data streaming. Load and code complexity on data sources are reduced by immediately
streaming raw data out as soon as it becomes available. For a given pulse, data from all configured
channels of a source is collected, serialized and sent out in an atomic message. Along with the data of
all channels, this message also contains the unique pulse-id of the machine pulse the data belongs to
as well as other metadata. As the pulse-id is needed by all systems providing beam synchronous data
simultaneously, all these systems need to be connected to the global SwissFEL real-time timing system.

Load balancing and fail-over is built into the system by design since it uses the ZeroMQ
protocol [202] for data transport. Channels to be streamed out by the data sources can be configured
dynamically without the need of restarting or interrupting the data collection.

To prevent data sources from being overwhelmed by client requests, the only client collecting
data directly from sources is the Dispatching Layer. Beside data source isolation, this subsystem,
as described in the next section, also provides transparent and synchronized access to all incoming data.
This layer can also reduce the incoming data streams, e.g., by reducing the frequency, to meet client
requirements and capabilities. As not all clients can cope with the incoming data rates and volumes
the system also provides a buffering layer in order to provide data for retrieval at a later point in time,
namely DataBuffer and ImageBuffer. Although these are two separate subsystems, data is accessible
via a common APL
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The subsystems of the beam synchronous data acquisition systems take care of all beam
synchronous data, except the primary experimental station pixel detectors (e.g., JUNGFRAU). This data
is collected and processed through a system derived from [203], but will be nevertheless synchronized
with all the rest of beam synchronous data.

5.3.3. Dispatching Layer

The Dispatching Layer is a cluster of machines that take care of retrieving and providing data
from all data sources except the primary experimental station 2D detectors. This layer shields all the
data sources from other clients and acts as the single point of access to live data. Via this layer clients
can subscribe to customized and synchronized data streams of channels from any part of the facility.
Clients can request channels in various frequencies and combinations. This architecture allows clients
to retrieve any combination of channels regardless of their origin as if they came from a single source,
i.e., the data of a given machine pulse of all requested channels is in the same message alongside the
pulse-id and other global metadata. The synchronization of data is close to real time and data emitted
can be used for immediate online monitoring, data analysis and processing. Requests and calls to this
layer are done via a central REST API Data streams provided by the layer are based on ZeroMQ.

5.3.4. DataBuffer/ImageBuffer

All beam synchronous data is buffered and stored for a configurable amount of time. By doing
so users are able to retrieve historical data if needed. The systems taking care of the buffering are
DataBuffer and ImageBuffer. Both systems take care of and are optimized for different classes of data.
DataBuffer takes care of small data, i.e., of all scalar and one dimensional arrays (waveform) data.
The ImageBuffer system takes care of all beam synchronous images from cameras and detectors
running at the facility except the JUNGFRAU detector data.

The DataBuffer system is currently a cluster of 12 machines and uses Cassandra [204] for
persistent data. The ImageBuffer system is based on Spectrum Scale [205] and an in-house data format.
Data from both systems is accessible to users via the DataAPI interface described in Section 5.3.5.

5.3.5. DataAPI

The DataAPI acts as the single point of access to all archived and buffered data from SwissFEL.
It currently provides beam synchronous data from the DataBuffer, ImageBuffer as well as asynchronous
data from the EPICS Archiver Appliance. It is a REST based API that is easily accessible from almost
any programming language. Data can be retrieved based on channel names and time or pulse-id
(for beam synchronous data) ranges. Besides the ability to retrieve raw data the API also provides the
means to retrieve reduced data for the requested range, e.g., for later studies and documentation.

5.3.6. Data Web Frontend

The Data Web Frontend provides an easy-to-use and visual frontend to the DataAPL It is
a web based interface based on the latest web technologies, namely Web Components [206] and
Plotly [207]. It is accessible from all computers within the Paul Scherrer Institute that have a modern
web browser installed. The web interface provides advanced means to browse large amounts of data
quickly and to extract the most important information, without retrieving and drawing the complete
raw data. This is achieved through data reduction strategies provided by the DataAPI backend.

5.3.7. Experimental Data Container

Experimental data will be saved in the Experimental Data Container. HDF5 [208] has been chosen
as file format due to its widespread adoption in the scientific community and the possibility to save
data and metadata in the same file. Data will be retrieved directly from the Dispatching Layer: users
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will select a list of data channels to be written into the final file. Further data can be added at a later
time from the Data/ImageBuffer.

6. Conclusions and Outlook

The SwissFEL project has made remarkable progress since it first broke ground in 2013,
culminating in first SASE lasing in the soft X-ray domain in May 2017. The Aramis hard X-ray branch of
SwissFEL will be operational for users in 2018, with its first call for proposals in the beginning of 2018.
Installation of the Athos soft X-ray branch has begun, with expected user operation after 2020 on three
photon beamlines. In addition to the components and systems we have described in this review the
project has several near-term future upgrades planned, including hard X-ray self-seeding [168,180]
and the addition of a third experimental station (Cristallina). Beyond the currently defined Aramis
and Athos accelerator infrastructure there are plans to add a third undulator beamline. The building
was designed to allow space for this installation in the accelerator tunnel and internal discussions have
begun on what the parameters of this project might be. We look forward to joining the thriving hard
X-ray free electron laser community [209-212] and welcoming researchers from around the world to
our exciting new facility in the coming years.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-to-digital converter

AGIPD  Adaptive Gain Integrating Pixel Detector
API Application programming interface
ASIC Application-specific integrated circuit
BAM Electron bunch arrival-time monitor
BBO beta barium borate

BC Bunch compressor

BOC Barrel open cavity

BPM Beam position monitor

CDSs Correlated double sampling

COTR Coherent optical transition radiation
CPA Chirped-pulse amplification

CRL compound refractive lenses

CSPAD  Cornell-SLAC Pixel Array Detector
CVD Chemical vapour deposition

DCM double-crystal monochromator

DAQ Data acquisition

en.c. equivalent noise charge in electrons

EPICS Experimental Physics and Industrial Control System
ESA Experimental Station Alvra

ESB Experimental Station Bernina
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ESC Experimental Station Crystallina

eTOF electron time-of-flight

FEL Free Electron Laser

FPGA Field-programmable gate arrays

FWHM Full-width at half maximum

GOTTHARD  Gain Optimizing microsTrip sysTem witH Analog ReaDout
HDF Hierarchical Data Format

HRM Harmonic rejection mirrors

HV High vacuum

IR Infrared

ICT Integrated current transformers
JUNGFRAU adJUstiNg Gain detector FoR the Aramis User station
KB mirrors Kirkpatrick-Baez mirrors

LAM Laser arrival monitor

LCLS Linac Coherent Light Source

Linac Linear accelerator

LIC Laser in-coupling

LPD Large Pixel Detector

MCP Microchannel plate

MCT Mercury cadmium telluride

MO Master oscillator

oM Offset mirrors

OMO Optical master oscillator

OPA Optical parametric amplifier

PALM Pulse arrival and length monitor

PCB Printed circuit board

PBIG Photon beam intensity monitor

PBPG Photon beam position monitor

PBPS Photon backscattering monitor

PDIM Photon diode intensity monitor

PID Proportional-integral-derivative controller
PLL Phase-locked loop

PPRM Photon profile monitor

PSEN Photon spectral encoder

PSI Paul Scherrer Institute

PSRD Photon spontaneous radiation detector
PSSs Photon single-shot spectrometer

REST Representational state transfer

RF Radio frequency

rms root—mean—square

ROC Readout chip

SACLA SPring-8 Angstrom Compact free electron LAser
SASE Self-amplified spontaneous emission

SOB System-on-a-board

SOPHIAS Silicon-On-Insulator PHoton Imaging Array Sensor
TDS Transverse deflecting structure

UHV Ultra-high vacuum

ULNHEU Ultra-low phase noise harmonic extraction unit
uMC United Microelectronics Corporation
VOA Variable optical attenuator

XCS X-ray Correlation Spectroscopy

XFEL X-ray free electron laser

XPR X-ray phase retarder

XRTD X-ray timing diagnostic
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Abstract: The Shanghai soft X-ray Free-Electron Laser facility (SXFEL) is being developed in two
steps; the SXFEL test facility (SXFEL-TF), and the SXFEL user facility (SXFEL-UF). The SXFEL-TF is a
critical development step towards the construction a soft X-ray FEL user facility in China, and is under
commissioning at the Shanghai Synchrotron Radiation Facility (SSRF) campus. The test facility is
going to generate 8.8 nm FEL radiation using an 840 MeV electron linac passing through the two-stage
cascaded HGHG-HGHG or EEHG-HGHG (high-gain harmonic generation, echo-enabled harmonic
generation) scheme. The construction of the SXFEL-TF started at the end of 2014. Its accelerator
tunnel and klystron gallery were ready for equipment installation in April 2016, and the installation
of the SXFEL-TF linac and radiator undulators were completed by the end of 2016. In the meantime,
the SXFEL-UEF, with a designated wavelength in the water window region, began construction in
November 2016. This was based on upgrading the linac energy to 1.5 GeV, and the building of a
second undulator line and five experimental end-stations. Construction status and the future plans
of the SXFEL are reported in this paper.

Keywords: X-ray FEL; SXFEL; cascaded HGHG; cascaded EEHG-HGHG; water window

1. Introduction

Free-electron lasers (FELs) hold the ability to generate extremely high intensity, ultra-short, and
coherent radiation pulses, which can open up new frontiers of ultra-fast and ultra-small sciences at
the atomic scale. In the X-ray region, most of the existing FEL facilities, such as FLASH [1], LCLS [2],
SACLA [3], PAL [4], SwissFEL [5], and European XFEL [6], are based on the self-amplified spontaneous
emission (SASE) principle [7,8]. While SASE FEL has the advantages of simple setup, technological
maturity, and excellent transverse coherence, it typically has rather limited temporal coherence.
In order to improve the temporal coherence of SASE, several seeding schemes, including external
seeding [9-14] or self-seeding [15-18], have been developed in recent years. Among these schemes,
high-gain harmonic generation (HGHG) [9] and echo-enabled harmonic generation (EEHG) [11,12]
have been proven as promising candidates for generating nearly Fourier-transform limited pulses with
better stabilities of central wavelength and intensity [19-23]. To further extend the output wavelength
of an external seeding FEL down to the X-ray regime, cascading stages of HGHG FEL with the
fresh bunch technique [10] have been demonstrated both with SDUV-FEL [21] and FERMI FEL [24].
The cascaded HGHG at FERMI has already been applied for FEL user experiments and has prominent
advantages in temporal coherence and controllable longitudinal phase.

The Shanghai soft X-ray Free-Electron Laser Facility (SXFEL), as a phased project, is composed
of the SXFEL test facility (SXFEL-TF), and the SXFEL user facility (SXFEL-UF). The main purpose of
the SXFEL-TF is to promote FEL research in China, including exploring the possibility of the seeded
X-ray FEL with two stages of cascaded HGHG-HGHG, or a new scheme based on an EEHG-HGHG
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cascade and performing research and development on X-ray FEL-related key technologies. After a
series of discussions and comparisons organized by the Chinese Academy of Sciences, it was decided
to establish this test facility in the campus of the Shanghai Synchrotron Radiation Facility (SSRF).
The civil construction started at the end of 2014. The tunnel and technical buildings were ready in
April 2016, and the installation was almost completed by the end of 2016. Currently, the test facility
is under commissioning and is expected to be finished by the end of 2017. The upgrading of the test
facility to the water window user facility, SXFEL-UF, has been undertaken by the collaboration between
the Shanghai Institute of Applied Physics (SINAP) and Shanghai-Tech University. Shanghai-Tech
University is in charge of developing science cases and experimental end-stations, and SINAP is
responsible for the remaining parts of facility development, including upgrading the linac energy
to 1.5 GeV, building a second undulator line, facility integration, and constructing the utility and
SXFEL-UF buildings. The civil construction was started in November 2016, and the user facility is
scheduled to be open to users in 2019.

2. The SXFEL Test Facility

2.1. Layout and Main Parameters

The SXFEL-TF consists of an 840 MeV electron linac and a two-stage cascaded seeding
scheme-based undulator system, as shown in Figure 1. The initial proposal of the SXFEL-TF project in
2016 was to test the cascaded HGHG scheme [25]. In the following years, it was gradually optimized
and more contents of the EEHG were added to the project when the construction started in 2014. A new
cascaded EEHG-HGHG operation scheme was incorporated into the SXFEL-TF to further improve the
ultra-high harmonic up-conversion efficiency.

Figure 1. Schematic layout of the Shanghai soft X-ray Free-Electron Laser Test Facility (SXFEL-TF),
including a photo-cathode injector, a main linac, and an undulator system (BC: bunch compressor, M:
modulator, DS: dispersion section, R: radiator, FB: fresh bunch).

The main parameters of the SXFEL-TF are shown in Table 1. The wavelength of the seeding laser
used in the first stage is 265 nm. The output radiation wavelength from the first stage is about 44 nm.
In the second stage, an 8.8 nm soft X-ray FEL radiation pulse will be eventually produced based on the
HGHG scheme. The total harmonic up-conversion number of the two stages is 30.

Table 1. Main parameters of the SXFEL-TF. (Reprint from reference [26]).

Linac Values
Electron energy 840 MeV
Energy spread (rms) <0.1%
Normalized emittance (rms) <1.5 mm-mrad
Bunch length (FWHM) <1.0ps
Bunch charge 0.5nC
Peak current at undulator >500 A
Pulse repetition rate 10Hz
Undulator
Stage 1
Seed laser wavelength 265 nm
FEL output wavelength 44 nm
Modulator undulator period 80 mm
Modulator undulator K value 5.81
Radiator undulator period 40 mm
Radiator undulator K value 222
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Table 1. Cont.

Stage 2
FEL output wavelength 8.8 nm
Modulator undulator period 40 mm
Modulator undulator K value 222
Radiator undulator period 23.5mm
Radiator undulator K value 143

2.2. Injector

The SXFEL photo-injector, as shown in Figure 2, consists of an S-band photo-cathode radio
frequency (RF) gun, emittance compensating solenoids, a drive laser, two S-band accelerating
structures, and a laser heater. To generate a flat-top driving laser pulse, the pulse stacking technique
is adopted in the temporal shaping system. Three diagnostic stations are employed in the injector.
The 6D phase space of the electron bunch can be reconstructed by the combination of a transverse
deflecting cavity and a 2-cell FODO lattice, each cell contains a focusing quadrupole (F), a space (O),
a defocusing quadrupole (D) and a space (O).

G Laser heater
L0-1 s
Diagl Diag2 L0-2 M T-cav

= == LR
Diag3
Drive laser

Figure 2. Layout of the SXFEL injector. (Reprint from reference [26]).

X

The beam parameters at the exit of the injector are shown in Table 2. The injector aims at achieving
sub-um level normalized emittance with the bunch charge of 0.5 nC, and the operation parameter
errors of photo-cathode gun, drive laser, solenoids, and accelerating structures are well controlled to
make sure the beam parameters lie within the specifications.

Table 2. Main electron beam parameters of the SXFEL injector. (Reprint from reference [26]).

Parameters Value
Electron energy 130 MeV
Bunch charge 0.5nC
Projected emittance (rms) 0.95 mm-mrad
Central slice emittance (rms) 0.65 mm-mrad
Bunch length (FWHM) ~10 ps
Projected energy spread (rms) 0.14%

2.3. Main Accelerator

The main accelerator of the SXFEL-TF is designed as a compact linac with high-gradient C-band
RF accelerating structures. Initially, the main linac consists of 3 linac sections (L1 to L3) and two bunch
compressors [25]. Later on, the two-stage bunch compression scheme was replaced by a single-stage
bunch compressor with BC1 at a beam energy of approximately 200 MeV, based on the experience
of FERMI. Currently, the main linac layout is shown in Figure 3, where L1 is the S-band accelerating
section and L2 and L3 are C-band accelerating sections. To further boost the electron beam energy up
to 1.5 GeV in the future, extra space between L2 and L3 has been reserved, in which a second bunch
compressor and more C-band structures can be installed.
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Figure 3. Layout of the main linac of the SXFEL-TF. (Reprint from reference [26]).

C-band accelerating structures have the advantage of compensating the energy spread at the
phase around the crest due to the stronger longitudinal wakefield, and this, as a result, can reduce the
beam energy jitter. In the meantime, simulation suggests that the transverse wakefield of the C-band
structure will not obviously degrade the beam performance. Designed parameters for the main linac
are shown in Table 3.

Table 3. Designed working parameters of the main linac. (Reprint from reference [26]).

Parameters L1 LX L2 L3

Effective accelerating gradient (MV /m) 15 25 32 32
Accelerating phase (deg) -526  —180 14 14
Energy at the section exit (MeV) 184 165 389 840

In order to monitor the beam positions and optics, beam position monitors (BPMs) and beam
profilers are used in the main linac. In the first bunch compressor (BC1), non-destructive bunch length
and beam energy detectors are installed to give feedback on the beam energy, peak current, and arrival
time with the Low-level RF system.

The triplets and FODO lattices are arranged for the main linac. Figure 4 shows the Twiss functions
calculated by the ELEGANT program [27]. To minimize the horizontal beta function at the last bending
magnet and hence mitigate the CSR effect, two doublets are used on each arm of the chicane. After L2,
there is some extra space reserved for accommodating C-band accelerating structures for upgrading
the linac energy in the future.

o3zl 35
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Figure 4. Twiss functions along the main linac.

2.4. Undulator Line

The main purpose of the SXFEL-TF is to test two-stage harmonic generation, such as the
HGHG-HGHG or EEHG-HGHG cascading schemes. As shown in Figure 5, the undulator system
consists of a seed laser system, three modulators, two radiator sections, and a couple of chicanes
serving for laser injection, dispersive section, and fresh bunch delay purposes.
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M1 M2 R1L M3 R2

Figure 5. Layout of the undulator line.

The electron bunch at the exit of the linac is about 1 ps (FWHM) long. A small part is modulated
in the modulators by a seed laser pulse with a pulse length of about 100 fs (FWHM), and the modulated
part of the electron bunch generates coherent radiation in the first stage radiator. This radiation is
shifted ahead to a fresh part of the electron bunch by the fresh bunch chicane and serves as the seed
for the following stage. A short undulator of the same type as the first stage radiator is employed as
the modulator and a small chicane is used as the dispersion section in the second stage. The harmonic
up-conversion numbers of the two stages are six and five, respectively, which makes the final output
wavelength ~8.8 nm.

2.5. Performance of the SXFEL-TF

The SXFEL-TF has been designed and constructed to be a flexible facility for testing various
advanced FEL seeding concepts. A number of different operating modes have been considered
for the SXFEL-TF. Here we only present some typical results for the two-stage HGHG cascade, the
EEHG-HGHG cascade and single stage EEHG. More details of the simulations can be found in
references [26,28].

Using the parameters listed in Table 1, Figure 6 shows the simulation results for the cascaded
HGHG. The simulations were carried out by the time-dependent mode of GENESIS [29]. The seed
power used for the first stage HGHG is about 200 MW. The whole electron beam was tracked though
the two stages to obtain realistic simulation results. One can find in Figure 6 that a coherent soft X-ray
radiation pulse at 8.8 nm with peak power exceeding 200 MW can be produced through the two-stage
HGHG scheme.
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Figure 6. Simulated FEL performances of cascaded high-gain harmonic generation (HGHG) at the
SXFEL-TF: final output pulse at 8.8 nm in time (left) and spectral (right) domain.

Besides the conventional cascaded HGHG, we also want to perform some proof-of-principle
experiments for novel schemes. As shown in Figure 1, the first stage of the SXFEL-TF is a typical
EEHG, which employs two modulator-chicane sections to introduce the echo effect into the electron
beam. Therefore, the SXFEL provides a perfect platform for testing the cascaded EEHG-HGHG scheme.
The simulation results for this scheme are shown in Figure 7.
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Figure 7. Simulated FEL performances of the cascaded echo-enabled harmonic generation
(EEHG)-HGHG scheme at the SXFEL-TF: final output pulse at 8.8 nm in time (left) and spectral
(right) domain.

Moreover, we also have the plan of operating a single-stage EEHG at ultra-high harmonics for
directly generating the 8.8 nm radiation pulse [29]. The main simulation results for this case are shown
in Figure 8. In the single stage EEHG, long seed laser pulses can be adopted to fully cover the electron
bunch, which results in a much higher output pulse energy and much narrower output bandwidth.
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Figure 8. Simulated FEL performances of a single stage EEHG at the SXFEL-TF: final output pulse at
8.8 nm in time (left) and spectral (right) domain.

2.6. Construction, Installation and Commissioning of the SXFEL-TF

Construction of the SXFEL-TF started in December 2014. One year later, 547 pile foundations, a
total area of about 7000 m? of civil construction, and a concrete tunnel were completed. The building
was ready for machine installation in April 2016 and then installation started. Figures 9 and 10 show
the status of the construction and installation at the SXFEL-TF site.

Installation of the linac, the undulator system, and the diagnostic beamline was almost completed
by the end of 2016. The linac RF conditioning and beam commissioning started in late December
2016. The beam was then successfully accelerated to 700 MeV at the exit of the C-band linac and sent
to the undulator line to check the installation and equipment’s function. The electron beam went
through the radiator undulators and the spontaneous undulator radiation at wavelength about 15 nm
was characterized with the photodiode and X-ray charge-coupled-device camera at the diagnostic
beamline on 31 December 2016. The RF conditioning of the C-band linac and the commissioning of
the S-band injector have been performed at the same time. The normalized emittance of the injector
electron beam at about 200 MeV and after the magnetic bunch compressor BC1 is 1.2 mm-mrad and
1.1 mm-mrad in the horizontal and vertical directions, respectively. Further optimization to achieve
FEL lasing is ongoing.
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Figure 9. Bird's eye view of the SXFEL-TF site.

Figure 10. The SXFEL linac (left) and undulator (right).

3. The SXFEL User Facility

3.1. Layout and Parameters

The SXFEL-TF will be upgraded to the soft X-ray user facility, SXFEL-UF, with the radiation
wavelength extended to cover the water window region by boosting the electron beam energy to
1.5 GeV with more C-band accelerating structures. Two undulator lines, their associated beamlines,
and five experimental end-stations are under construction for user experiments. The layout comparison
between the SXFEL-TF and the SXFEL-UF is shown in Figure 11. Table 4 lists the main basic parameters
of the SXFEL-UE.

Gl S-band BC DS1 Ds2 B DS3
y M1
Ba  ma Xband C-band = pic} Sl HL M R FEL@8.8nm
- — el unn
= | 840 MeV
Drive laser Linac

Gun S-band BC
B Em g

Drive laser Linac

Figure 11. Schematic layouts: SXFEL-TF (upper) and Shanghai soft X-ray Free-Electron Laser User
Facility (SXFEL-UF) (lower).
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Table 4. Main parameters of the SXFEL-UFE.

Linac Values
Electron energy 1500 MeV
Energy spread (rms) <0.1%
Normalized emittance (rms) <1.5 mm-mrad
Bunch charge 0.5nC
Peak current at undulator >700 A
Pulse repetition rate 50 Hz
Undulator
Line 1
FEL operation mode SASE
FEL output wavelength ~2nm
FEL output pulse peak power >100 MW
Line 2
FEL operation mode External seeding
FEL output wavelength ~3 nm
FEL output pulse peak power >100 MW

3.2. Energy Upgrade

The main linac of the SXFEL-UF will accelerate the electron beam from an energy of 130 MeV at
the exit of the injector to 1.5 GeV at the end of the linac. In this process, the electron bunch length will
be compressed from 10 ps to about 0.7 ps. As shown in Figure 12, an additional set of S-band 50 MW
RF power source in section L1, four C-band accelerating units with eight RF accelerating structures,
and a second bunch compressor section (BC2) are added to SXFEL-TF in its reserved space between
L2 and L3 to constitute the SXFEL-UF main linac. In this upgrade, an X-band transverse deflecting
cavity is placed at the end of this linac to obtain high resolution bunch length measurement at higher
energy. The designed working parameters are shown in Table 5 and the simulated beam distributions
are shown in Figure 13.

Table 5. Designed working parameters of the main linac for SXFEL-UF.

Linac 0z-Out $rf\@bend

Components Eout (MeV) (cm) 06-Out (%) E (MV/m) (Deg) R56 (mm)

L0 130 0.86 0.14 - -

L1 273 0.86 1.44 27 —29.2 -

X 256 0.86 151 19 180 -
BC1 - 0.13 - 3.968 —48
L2 640 0.13 0.42 38 4 -
BC2 - 0.07 - 2.217 -15

L3 1500 0.07 0.028 38 6 -

LIKI[LIK2  LxKl TDS2-K| L2-K1 L2K2 L2K3 L3K1 L3K2 13K3 L3K4 13K5 L3-K6 L3K7 TDS3-K
sband band  xband Cband || Cband Cband Cband Cband Cband Chand Chand Cband Cband Cband xband
SOMWPOMW  SMW S0MW || s0MW| S0MW S0MW 50MW SOMW S0MW S0MW 50MW S0MW S0MW
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Figure 12. Layout of the main linac of the SXFEL-UF. (Reprint from reference [26]).
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Figure 13. Simulation results of the electron beam distributions: energy distributions and current
profiles at (a) injector exit; (b) BC1 exit; (c) BC2 exit and (d) L3 exit.

3.3. Undulator Lines and the FEL Performance

There are two undulator lines for the user facility. One is upgraded from the test facility and
will be operated with either a cascaded HGHG or EEHG-HGHG mode, as shown in Figure 14a, and
hereafter referred to as the seeded line, while the other will be a brand-new line operated in the SASE
mode, as shown in Figure 14b.

With the beam energy boosted to 1.5 GeV and the peak current increased to 700 A, the output
wavelength of the SXFEL-UF can cover the water window region. Accordingly, to make the FEL
output of the seeded line saturate, the length of the original undulator line should be increased. Here,
one radiator is added in the first stage and four planar undulators are added in the second stage.
With such a configuration, a fully coherent saturated 3 nm FEL output could be obtained. To fulfill
users’ demands, two elliptical polarized undulators (EPU) will be added following the radiators of the
second stage to form the so-called “afterburner” scheme and realize the full control of the soft X-ray
FEL’s polarization.
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Figure 14. Schematic layout of the FEL undulator lines for the SXFEL-UF: (a) Seeded line of the
SXFEL-UF (upgraded from SXFEL-TF); (b) new undulator line for the SXFEL-UF.

(b)

In the baseline design, the second undulator line is based on the SASE mode, and the undulator is
the in-vacuum planar type. The undulator period is 16 mm and the working gap is around 3.7 mm,
resulting in a K value of 1.8. For this undulator line, the final FEL output is around 8 nm at a beam
energy of 840 MeV, and can be as low as 2 nm at a beam energy of 1.5 GeV, while the output peak
power will be greater than 100 MW for both cases.

With the parameters shown in Table 4, the SXFEL-UF’s performance with different undulator lines
was simulated with the time-dependent mode of GENESIS. A 265 nm laser pulse with a longitudinal
Gaussian profile, 200 MW peak power, and 100 fs (FWHM) pulse length is used as the seed laser for
the seeded line. To obtain realistic simulation results, the whole electron beam was tracked through
the undulator lines. The simulation results are illustrated in Figure 15 for the seeded line with the
cascaded HGHG-HGHG mode, and in Figure 16 for the SASE line.

10 ;
ol
10°} 08
| |
1| 7 |
107} o6
g b
* 10 =04 [
I K\ i
10°) 02
I
4 "
10 . 0— ettt oo
0 5 10 15 20 2945 295 2955 296 2.965
z (m) i[nm]

Figure 15. Simulated FEL performance of the seeded line at 3 nm output: gain curve and the

output spectrum.
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Figure 16. Simulated FEL performance of the SASE line at 2 nm output: gain curve and the output
pulse in the time domain.
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3.4. Beamlines and Experimental End-Stations

X-ray beamlines are important parts of the SXFEL user facility, precisely transmitting the FEL
output into various end-stations. Online diagnostics of the FEL outputs will also be provided at the
beamlines. In the initial phase of the user facility, there are two beamlines and five end-stations,
including cell imaging, atomic molecular and optical physics (AMO), ultrafast physics, surface
chemistry, etc. Figure 17 shows one of the SXFEL-UF beamlines together with two end-stations.
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Figure 17. A typical beamline with two end-stations.

With its high light source performance properties and these well-designed instruments, SXFEL
is dedicated to ultrafast X-ray science and fundamental research, especially on femtosecond
chemistry, materials under extreme conditions, high-throughput bio-imaging, light-induced transient
phenomenon and dynamic functions in real time, etc. Owing to its ultra-intense and ultrafast pulses,
the facility will attract much attention from the science community and this will be the main driving
force for the SXFEL.

To make use of the full coherence and femtosecond pulse duration of XFEL, technologies
such as ultrafast scattering and imaging will be employed. Ultrafast scattering and imaging with
unprecedented spatial resolution will permit the evolution of nano-materials, and will allow further
investigation of the relationship between material synthesis and operating conditions. This will
change our methods for the development of novel materials. Moreover, the capability of SXFEL will
enable the unique characterization of structure and dynamic changes therein. Electron transfer,
electronic fluctuation, transient phase transfer and hidden phase could be captured in a few
femtoseconds. The ability to capture ultrafast processes will give a better understanding of motions
at the sub-nanometer and femtosecond scales. Flash X-ray imaging, combined with intense lasers
and mass spectroscopy, could be applied to bio-imaging and the investigation of materials under
extreme conditions. To obtain the special properties of catalysis and photo-catalysis, methods such as
laser-pump X-ray probing and two-color X-ray pump X-ray probing may achieve surprising results.
Considering dynamic functions under natural states and in real time is the key to investigating any
ultrafast problems. To this end, multiple pump-probes (Vis-/infrared-laser, THz, X-ray) with mixed
particle injectors will be designed to capture high frame rates images. The understanding of any
emergent phenomena is essential for designing new materials and chemical reactions. To cover this
issue, SXFEL will reveal these critical events step by step, from scattering and diffraction to absorption.
The data from different end-stations either specially-designed or based on general X-ray technologies
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at SXFEL will be combined. Multiple big data analyses would provide new ways to approach new
materials and chemical reactions.

3.5. Construction and Project Schedule

The civil construction of the SXFEL-UF undulator tunnel and experimental hall started in
November 2016. Procurement of the main components for the energy upgrade and new undulators is
underway and on schedule. The civil construction will be finished in July 2018, and will be followed
by the installation and commissioning of the apparatus. User experiments are expected to commence
in early 2019.

4. Conclusions

The SXFEL (both the test facility and the user facility) projects are in good shape. The SXFEL-TF
is under commissioning, aiming to commence lasing in the first half of 2017. The test facility will be
quickly upgraded to a soft X-ray user facility by boosting the beam energy to 1.5 GeV, constructing two
undulator lines and five experimental stations, and adding a new undulator tunnel and experimental
hall. The SXFEL-UF started its civil construction in November 2016 and will provide high-brightness
and ultrafast soft X-ray FEL beams covering the full water window to the user community in 2019.
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Abstract: For the investigation of processes happening on the time scale of the motion of
bound electrons, well-controlled X-ray pulses with durations in the few-femtosecond and even
sub-femtosecond range are a necessary prerequisite. Novel free-electron lasers sources provide these
ultrashort, high-brightness X-ray pulses, but their unique aspects open up concomitant challenges
for their characterization on a suitable time scale. In this review paper we describe progress
and results of recent work on ultrafast pulse characterization at soft and hard X-ray free-electron
lasers. We report on different approaches to laser-assisted time-domain measurements, with specific
focus on single-shot characterization of ultrashort X-ray pulses from self-amplified spontaneous
emission-based and seeded free-electron lasers. The method relying on the sideband measurement of
X-ray electron ionization in the presence of a dressing optical laser field is described first. When the
X-ray pulse duration is shorter than half the oscillation period of the streaking field, few-femtosecond
characterization becomes feasible via linear streaking spectroscopy. Finally, using terahertz fields
alleviates the issue of arrival time jitter between streaking laser and X-ray pulse, but compromises
the achievable temporal resolution. Possible solutions to these remaining challenges for single-shot,
full time-energy characterization of X-ray free-electron laser pulses are proposed in the outlook at
the end of the review.

Keywords: free-electron laser; ultrashort pulse characterization; ultrafast X-ray physics; laser-dressed
electron spectroscopy
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1. Introduction—Laser-Assisted Time-Domain Characterization at Free-Electron Lasers

Availability of ultrashort, high-brightness X-ray pulses

Exploring fundamental quantum building blocks of nature and their interactions on time
scales of molecular, atomic and even electronic motion, has led to the development of scientific
instruments with steadily enhanced spatial and temporal resolution. For modern day optical
tools, that historical path reaches from the discovery of X-rays and their properties just before the
turn to the 20th century [1], via synchrotron radiation detected as parasitic electron energy-loss
effect in the middle of the last century [2], to the parasitic operation at electron synchrotrons [3].
Next came dedicated beamlines built as multiple synchrotron radiation stations around storage
rings [4], and finally high-brightness X-ray beams through periodically alternating magnetic insertion
devices [5] were achieved. Today, the most recent additions to the arsenal of X-ray physics stem from
high-order harmonic generation (HHG) by intense few-cycle optical laser pulses [6] and from the
realization of the concept of free-electron lasers (FELs) [7,8] at large-scale facilities around the world.
These FEL sources provide ultrashort high-brightness pulses from the soft X-ray regime, like the
free-electron laser in Hamburg (FLASH), operated by DESY in Germany [9] and the free-electron
laser radiation for multidisciplinary investigations (FERMI) seeded FEL in Trieste, Italy [10], to the
hard X-ray range, e.g., the Linac Coherent Light Source (LCLS) at the SLAC National Accelerator
Laboratory in California, USA [11] and the SPring-8 angstrom compact free-electron laser (SACLA)
in Japan [12], among others [13,14]. Future machines, using novel laser-based accelerator concepts
promising much more compact X-ray sources [15-18] or utilizing superconducting linear accelerators
for higher repetition rates in the MHz range (e.g., the European XFEL in Germany [19] or LCLS-II in
the USA [20]), are expected to generate X-ray pulses with few- to sub-femtosecond durations as well,
and are likewise crucially dependent on a precise X-ray pulse metrology.

Well-controlled X-ray pulses with durations shorter than few tens of femtoseconds that are
currently produced at X-ray free-electron lasers (XFELs) are a necessary prerequisite for the
investigation of ultrafast processes on the time scale of the motion of bound electrons, as have
been successfully studied in seminal high harmonic generation-based attosecond experiments [21-31].
A number of schemes have been proposed and implemented over the last decade to shorten the pulse
durations at XFELs to the few-femtosecond or even sub-femtosecond range, many of them based
on the principle that the X-ray pulse duration is related to the driver electron bunch length. One
approach, the so-called ‘slotted spoiler’, was invented at the LCLS and provides few-femtosecond
to sub-femtosecond pulses [32,33]. The working principle of this scheme is illustrated in Figure 1 on
the left. A thin foil with a narrow vertical slit is introduced into the electron beam path in one of the
magnetic bunch compressor chicanes and spoils the beam quality (emittance) of the largest part of
the spatially chirped electron bunch via Coulomb scattering. Only the small central slice of the bunch
passes unhindered through the slit and will subsequently experience efficient FEL amplification in the
undulator. Other proposed methods involve the modulation of the electron bunch with a high-power,
few-cycle optical laser in a single-period wiggler before the FEL undulator to induce a pronounced
energy modulation along the electron bunch and a sub-femtosecond spike in the electron peak current.
Thus, only a small region of the bunch contributes efficiently to the X-ray amplification process and
generates an attosecond spike of X-ray radiation, see for example [34-37].

Ultrafast temporal characterization for novel attosecond X-ray experiments

From the perspective of the scientific researcher, the special opportunities opened up by free-electron
laser sources lie in their extreme spatial and temporal coherence, combined with the achievable
ultrahigh intensity, broadly adjustable photon energy range and ultrashort pulse duration. Using
these sources will ultimately enable novel ultrafast experiments with attosecond temporal resolution,
like site-specific X-ray pump/X-ray probe measurements [39] and serial crystallography for studies
of structural dynamics [40], or atomic-scale diffractive imaging as proposed by Yakovlev et al. [41]
on energy-selected target states of molecules, surfaces and nanoparticles. Recent experiments with
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high-energy electrons [42,43] and X-rays [44] have already demonstrated the first steps towards this
so-called molecular movie on the femtosecond scale. For an extensive overview of the experimental
capabilities and scientific achievements during the last years at LCLS see Ref. [45].

1200 nm laser
| a) <)

& . Chicane
Linac N - WL W2 ‘L Undulator

‘ V b) 1600 nm laser "
N 8 af | "
f Coulomb |
i scattered o 44 25
[N s 4 |
< . 9 |
e*ﬁ A ) unspoiled e 3 () - [
. w -2 15
gt 3.4 o ‘
N _g ¢ . . I\ ‘\‘ ﬂ\
200K N0 Vx « ABIE « t -75-5-250 25 5 75 o JL__ | /
% 6 5 4 3 2 -1 0 1 2 3 4 5 6
X t (fs) )

Figure 1. Sketch of the working principles for few-femtosecond and sub-femtosecond X-ray
free-electron lasers (XFEL) pulse generation. (a) The upper part shows the spatially chirped electron
bunch at the center of the compressor chicane with a marked tilt with respect to the direction of
propagation. (b) The slotted foil is depicted, leaving only a narrow central region of the bunch pass
unspoiled ((a,b) are reproduced with permission from [32], Copyright American Physical Society, 2004).
(c) The upper panel shows a schematic of the components involved in attosecond X-ray pulse
production. W1 and W2 are two wiggler sections that generate the modulation of the electron bunch
by interaction with high-power, few-cycle optical lasers. (d) In panel, the calculated energy modulation
of the electrons along the electron bunch produced in the interaction with a few-cycle, 1200 nm
laser pulse in a wiggler magnet is shown. (e) The resulting attosecond X-ray power profile after
50 m of propagation in the undulator is plotted in panel ((c—e) are reprinted under the terms of the
Creative Commons Attribution 3.0 License from [38], 2005).

To realize the goal of time-resolved X-ray measurement with attosecond resolution, one first has
to consider the special complexities arising from the work with attosecond XFEL pulses, foremost the
characterization of their temporal structure. As with any signal based on the self-amplified spontaneous
emission (SASE) process [46], the temporal shape of each subsequent single XFEL pulse is implicitly
different from the previous one, demanding a single-shot measurement technique for its investigation.
However, until recently no direct experimental determination of the structure of these X-ray pulses in
the time domain was accomplished. Therefore, in this paper we want to concentrate on the unique
aspects and concomitant challenges that arise from the availability of X-ray free-electron laser pulses of
femtosecond and even sub-femtosecond durations and their characterization on a suitable time scale.

Indirect measurement methods

SASE XFEL pulse durations have been indirectly inferred (see also the review in Ref. [47]) from
measurements on the electron bunch length before the undulator [48] or from statistical analysis of
the spectral coherence properties of the ultrashort X-ray pulses [49]. However, these characterization
techniques cannot provide single-shot information on the temporal structure of the X-ray pulses
and only statistically averaged quantities for possible pulse length predictions can be derived from
these measurements. Furthermore, studies of fundamental ionization processes [50] and sideband
measurements, also reported on in this review [51], have revealed a clear deviation of the actual
X-ray pulse duration from the one inferred from electron bunch length measurements. A substantial
improvement of the temporal resolution and the reliability for X-ray pulse characterization has been
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achieved by X-band radiofrequency transverse deflector (XTCAV) measurements on the spent electron
bunch after propagation through the undulator [52]. Very recently, the concept of machine learning has
successfully been used for the prediction of XFEL pulse properties, based on the online measurement
of numerous accelerator specific parameters [53]. Nevertheless, these techniques all constitute indirect
characterization methods and need direct time domain measurements for their exact calibration.

Direct measurement methods

The usual characterization techniques for ultrashort optical pulses are not readily transferrable to
the X-ray regime. Autocorrelation setups have been developed for VUV wavelengths [54,55], but are
hard to establish in the X-ray range due to the corresponding relatively small nonlinear interaction
cross sections and phase-matching bandwidth for most materials, together with the lack of suitable
beam splitting and combining optics and the ensuing stability issues. Other standard cross-correlation
schemes like spectral phase interferometry for direct electric-field reconstruction (SPIDER) [56] are,
on the other hand, hindered by the requirement for reliable phase modulators for X-ray pulses or are
restricted to the implementation at seeded FELs [57].

Various methods with solid state targets have been used for FEL characterization, which are based
on an FEL-induced transient change of the refractive index of material, as demonstrated in Ref. [58].
The most common scheme remains that of probing the cross-correlation between FEL and IR pulses,
and single-shot streaking geometries have been implemented (see e.g., [59]). In general, their temporal
resolution is inherently limited by the electron relaxation dynamics in condensed matter, and these
measurements are usually destructive towards the X-ray beam. Thus, these concepts are not part of
this review dealing specifically with ultrashort XFEL pulse characterization on the femtosecond and
sub-femtosecond time scales.

For the sake of completeness, we should remind the reader of the particularly noteworthy
four-wave mixing scheme pioneered by Masciovecchio and co-workers [60,61], in which the interaction
of three photons with matter results in the generation of a fourth “signal” photon whose color
and direction fulfils the phase-matching conditions; this method probes the third-order nonlinear
susceptibility x®, and although technically more complicated has an enormous advantage in terms
of background suppression. Let us finally note that in the framework of high harmonic generation,
a four-wave mixing scheme has been successfully used with a gaseous target [62].

In light of the reckoning above, the method of choice to directly measure the ultrashort
XFEL pulse duration is the concept of time-resolved optical laser-dressed photoelectron (PE)
spectroscopy in gaseous media, which is a well-established technique for temporal characterization
of attosecond pulses in the XUV spectral region. This scheme has been theoretically described
in [63,64] and successfully demonstrated in numerous time-resolved measurements of laser-based
XUV sources [65-67]. This setup, shown exemplarily in Figure 2, provides a direct, non-invasive,
single-shot, low-photon intensity, photon energy-independent and high-repetition rate-compatible
pulse characterization method. The essential parts of the theory for the purpose of the temporal XFEL
pulse characterization shall be briefly discussed in the following section.

As will be shown, a number of variants of this technique exist, each with their own individual
merits for a specific range of X-ray pulse durations and required temporal resolution. While the
method relying on the sideband measurement (Section 2) is relatively easy to implement with standard
Ti:sapphire laser systems, its information about single X-ray shot characteristics is limited. On the
other hand, longer laser wavelengths, only indirectly accessible via optical parametric amplification
(OPA) [68], are preferable to avoid the breakdown of the streaking regime (cf. Section 3.1.1 of this
paper). This is typically the case, when the X-ray pulse duration is longer than half the oscillation
period of the streaking field, corresponding to only 1.3 fs for the gain peak wavelength of Ti:sapphire
at 795 nm. Finally, using terahertz (THz) fields with a very long optical period (Sections 3.1.2 and 3.2)
alleviates the problem of arrival time jitter between streaking laser and X-ray pulse, but compromises
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the achievable temporal resolution. Possible solutions to these remaining issues for single-shot, full
time—energy characterization of XFEL pulses are proposed in the outlook at the end of the paper.

vacuum chamber AMO

Figure 2. General setup for laser-dressed photoelectron spectroscopy. Typical experimental setup and
measurement principle for a two-color ultrafast temporal characterization measurement. The picture
shows the experimental setup in the atomic, molecular and optical science (AMO) hutch at the
Linac Coherent Light Source (LCLS). The X-ray laser and the near-infrared (NIR) dressing laser are
coupled into the vacuum chamber and are collinearly focused onto a neon gas target. The generated
photoelectrons are then energy resolved with a magnetic bottle electron spectrometer. The inset on the
left depicts two distinctive cases of temporal overlap of the XFEL with respect to the streaking field, one
at the zero crossing and one at a maximum of the NIR vector potential. The respective photoelectron
spectra are also shown. More details are given in the text in Section 3.1.1 and in Figure 7 (reproduced
with permission from [69], Copyright Nature Publishing Group, 2014).

2. Sideband Method for X-ray Pulse Characterization

Temporal pulse characterization with photoelectrons

Two-color photoionization experiments using the combination of intense free-electron laser
femtosecond pulses in the extreme ultraviolet (XUV) to X-ray wavelength range and optical or NIR
pulses offer great potential to determine the temporal characteristics, i.e., pulse durations and the
relative temporal arrival time, of the FEL pulses.

Although studies of two-color photoionization of atoms in weak resonant optical/NIR fields
are well established at synchrotron radiation facilities [70], it is only with the availability of short
wavelength FELs that experiments have been performed, in which electrons ejected by the XUV or
X-ray field can also be effectively “dressed” by the intense NIR laser field. Overlapping the two
intense ultrashort pulses temporally and spatially in a gaseous target leads to the appearance of
additional structures in the photoelectron spectrum, which are the clear indication of the two-color
process. Ionization by the XUV or soft X-ray pulse creates electrons with typically a few tens
and up to few hundreds of eV kinetic energy. The additional interaction with the intense NIR
fields induces absorption or emission of NIR photons resulting in extra lines in the photoelectron
spectrum (Figure 3a) spaced by the photon energy of the NIR photons (1.55 eV for 800 nm) (e.g., [71]).
These lines are called ‘sidebands” and are ideal candidates for a first characterization of the FEL pulses.
In addition, the quasi-monochromaticity of the FELs makes it possible to observe, for high dressing
fields, absorption and emission of more than one NIR photon [72,73], avoiding interference effects
present in similar experiments with broader-bandwidth XUV pulses of high-harmonic-generation
sources [74]. In the following we will always use the term ‘X-ray” for the FEL pulses, meant to cover the
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whole spectral range from XUV (>10 eV) over soft X-rays (>100 eV) to hard X-rays (>5 keV), to discern
them from other short-wavelength sources as e.g., high harmonic-generated XUV pulses.
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Figure 3. Single-shot sideband spectra. (a) Single-shot electron spectra in the region of the Ne 2p~!
photoemission line sorted with respect to different NIR intensities (reprinted with permission from [72],
Copyright IOP Publishing, 2010). (b) Single-shot electron spectra in the region of the Xe 5p~!
photoemission line and the high-energy sidebands, taken at the nominal temporal overlap. Due to the
relative arrival time jitter the actual timing varies by more than the pulse durations. The sidebands
are used to get information about the actual degree of temporal (and spatial) overlap. In addition,
a schematic of the temporal overlap between FEL and NIR pulses is shown (reprinted with permission
from [75], Copyright AIP Publishing, 2007).

Besides using the sideband structures in the photoelectron spectra for the study of photoionization
dynamics in strong external fields, the sideband intensity provides a clear indication of the temporal
and spatial overlap between the FEL and the NIR laser beams. Since sidebands appear only when the
two laser pulses overlap (see Figure 3b), their intensity exhibits a characteristic dependence on the
relative time delay between the ionizing and the dressing pulses. For free-electron lasers based on the
SASE process, such as FLASH, LCLS and SACLA, the X-ray and NIR pulses are generated separately
by the FEL and the optical laser system. These two independent sources are only linked by a common
externally working synchronization system [76]. Although the synchronization has been improved
tremendously during the last years <30 fs root mean square (rms) [77], the pulse-to-pulse arrival time
fluctuations exceed very often the pulse durations of the two pulses. The analysis of electron spectra
for many individual pulses provides direct information about the temporal stability and can be used
as inherent time marker for time-resolved pump/probe experiments.

The actual sideband amplitude depends on several parameters. First, good spatial overlap is
crucial for the sideband generation. In addition, a meaningful analysis of sideband spectra is only
possible when the X-ray focus is significantly smaller compared to the NIR focal spot size. Under such
conditions the electrons are created only in the maximal field of the NIR pulse and are all exposed to
(almost) the same NIR field strength. Nonetheless, pointing fluctuations of either of the two beams
present a severe limitation for the practical use of the method.

Second, temporal overlap has to be assured, since the sidebands correspond to free-free transitions
in the ionization continuum and both pulses have to interact with the electronic state at the same time.
When the intensity conditions are such that a single sideband is generated, the interaction is determined
by one X-ray and one NIR photon yielding a linear dependence on the relative overlap of the two pulses
for the resulting sideband amplitude [78]. However, at high NIR intensities more than one sideband
is present, implying the involvement of several NIR photons in the sideband formation process at
the same time. This leads to a nonlinear response of the observed electron spectra, with a strong
dependence on the intensity of the driving NIR laser. Thus, the sideband amplitudes are no longer
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linearly connected to the temporal overlap. Therefore, quantitative information about the X-ray pulse
duration Tx-ray can only be extracted by comparing the sideband features to a theoretical model.

The experimental line profiles can be fitted with a simplified analytical model based on the
so-called soft-photon approximation (SPA), allowing us to simulate the sideband spectrum [79].
In general, the SPA gives excellent agreement with experimental data and can match the more elaborate
non-perturbative methods such as the time-dependent Schrédinger equation (TDSE) when the electron
kinetic energy is large compared to the photon energy of the dressing field [51,79-81]. The simulated
sideband spectra are defined by four parameters: duration, Tnir, and intensity Inir, of the NIR laser
pulse as well as duration (and shape) Tx—ray Of the FEL pulse and, finally, the relative temporal
delay between the two pulses ¢. The NIR pulse width and intensity can be determined with good
accuracy before the experiment leaving Tx_ray and J as parameters to be determined during the
measurement [51].

The sideband spectra can be analyzed in two ways. One approach comprises a statistical analysis
of the single shot spectra while setting the relative delay to a fixed value, namely at nominal maximum
overlap of X-ray and NIR pulses. Due to the inherent arrival time fluctuations the sideband amplitudes
and the number of sidebands vary significantly from shot to shot. However, looking at the frequency
distribution of the sideband amplitudes (histogram), information about the average temporal jitter
and the X-ray pulse duration can be extracted [51,75]. Secondly, by changing the relative arrival time
between the two pulses successively, a cross-correlation curve is acquired as shown in Figure 4 [82].
Again, the width of the correlation is determined by the dominant parameters of the X-ray and the
NIR pulse durations as well as by the relative arrival time jitter.

In this scheme, photoelectrons generated via two-photon ionization in a single shot were measured
at FLASH [9,83] using a magnetic bottle electron spectrometer (MBES) [84]. This efficient type of
spectrometer allows the collection of all electrons emitted over the complete solid angle for small
kinetic energies <100 eV [85], and still over approximately 0.8 sr corresponding to a 30° half-angle
emission cone at higher electron kinetic energies around 0.8 keV [51]. Hence, the MBES setup can be
applied to low-density targets and enables, in the case of the intense FEL beam, an analysis of the
photoionization process on a shot-to-shot basis [75,84]. The best energy resolution, 1-2% of the electron
kinetic energy, is achieved by decelerating the electrons with the aid of electrostatic retardation fields
at the entrance of the flight tube.
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Figure 4. Sideband amplitudes. The amplitude of the first-order sideband measured in Xe is plotted
as function of the set delay between the NIR laser and the free-electron laser in Hamburg (FLASH)
free-electron laser (FEL) pulse. The uncorrected X-ray pump/NIR probe delay scan (x, fit as solid
black line) is entirely dominated by the relative arrival time jitter and shows a width of 410 fs rms.
A measurement technique based on electro-optical sampling [82] is able to provide an independent
measurement of this jitter and can thus be used to correct the arrival time. This leads to an about 4 times
narrower correlation width of 100 fs rms (o, fit as solid red line), which is already close to the simulated
jitter-free case (dashed blue line). Normalized signal amplitudes are used throughout these plots
(reproduced with permission from [82], Copyright AIP Publishing, 2009).
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First experiments were mainly able to reveal the effect and show the NIR pulse duration,
which was at least an order of magnitude larger than the other two parameters [78]. By reducing the
NIR pulse duration from several picoseconds to about 120 fs it was possible to determine the relative
arrival time jitter [84]. Eventually, by minimizing the timing jitter and NIR pulse duration even further,
the final goal was reached to directly determine the X-ray pulse duration of a SASE XFEL [51].

For seeded FELs like FERMI, the relative arrival time jitter is strongly reduced in contrast to
unseeded (SASE) FELs. Thus in this case the jitter is significantly less than the X-ray and NIR pulse
durations, allowing for an even more precise measurement of the X-ray pulse duration [86]. Generally,
the sideband method has been extensively used at FERMI to characterize the pulse length, and its