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Abstract: X-ray techniques have long been applied to chemical research, ranging from powder diffraction tools
to analyse material structure to X-ray fluorescence measurements for sample composition.[1] The development
of high-brightness, accelerator-based X-ray sources has allowed chemists to use similar techniques but on more
demanding samples and using more photon-hungry methods. X-ray Free Electron Lasers (XFELs)[2] are the latest
in the development of these large-scale user facilities, opening up new avenues of research and the possibility of
more advanced applications for a range of research. The SwissFEL XFEL project at the Paul Scherrer Institute will
begin user operation in the hard X-ray (2.1–12.4 keV) photon energy range in 2018 with soft X-ray (240–1930 eV)
user operation to follow and here we will present the details of this project, it’s operating capabilities, and some
aspects of the experimental stations that will be particularly attractive for chemistry research. SwissFEL is a
revolutionary new machine that will complement and extend the time-resolved chemistry efforts in the Swiss
research community.
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Introduction

Chemistry has long been a forward-
looking field, with its researchers con-
stantly developing new tools and pushing
the limits of current techniques to an-
swer a broad range of research questions.
Chemistry has rapidly adopted X-ray
Free Electron Lasers (XFELs) as yet an-
other research tool in their panoply of
techniques, taking full advantage of these
highly-specialized sources of high energy
photons. XFEL techniques are often simi-
lar to those developed at third-generation
synchrotron light sources, which include
X-ray spectroscopy, X-ray scattering, and
X-ray imaging methods.[3] The fundamen-
tal difference between the properties of
the two facilities is that whereas a storage
ring produces a quasi-continuous beam of
X-rays for experiments, XFELs produce
short bursts of very intense X-rays at peri-
odic intervals.A facility such as SwissFEL
operates at a repetition rate of 100 Hz, pro-

ducing 50 fs duration X-ray pulses with
over 1 mJ of energy per pulse (1012 pho-
tons/pulse). These properties make XFELs
ideal for certain types of experiments, and
in some cases have driven the development
of entirely new techniques, such as non-
linear X-ray techniques.[4] In the following
sections, we will introduce the details of
the SwissFEL machine, beamlines and ex-
perimental stations, concluding with some
examples of how the facility will be used
for chemistry research.

Facility

The SwissFEL is located at the Paul
Scherrer Institute (Villigen, Switzerland),
which is the home to other large-scale user
facilities including the Swiss Light Source,
a third-generation synchrotron light source,
SµS, the Swiss Muon Source, SINQ, the
Swiss Spallation Neutron Source, and
HIPA, the high-intensity proton accelera-
tor. SwissFEL is located in the forest on
the East side of the Aare river, with the
building located partially underground.
The building itself is just under 1 km long,
starting from the injector and ending at the
experimental hall. The facility includes
large areas for the experiments, includ-
ing 692 m2 for the three soft X-ray Athos
beamlines and instruments, and three large
hard X-ray hutches for three experimental
stations, which are located on the three
Aramis beamlines (see Fig. 1 for a sche-
matic layout of the experimental areas). In
addition to the experimental hutches there
will be laboratory space for chemical and
biological sample preparation, and techni-

cal work areas for instrument assembly and
testing. Optical lasers will be available for
both Athos and Aramis experiments, with
the laser infrastructure installed directly in
the soft X-ray experimental hall and on the
first floor above the hard X-ray experimen-
tal hutches (see Fig. 1).

The SwissFEL accelerator scheme is
shown in Fig. 2. The initial installation of
the Aramis hard X-ray branch was com-
pleted in 2017, and is scheduled to begin
user operation in 2018. It consists of the
electron gun and injector, followed by
three linear accelerator (linac) stages to
accelerate the electrons to their highest en-
ergy of 5.8 GeV. In order to achieve the up-
per target X-ray photon energy of 12.4 keV
(1 Å) this requires a low-emittance elec-
tron beam. After the electron acceleration
stages the photons are generated by 12
in-vacuum undulator modules with vari-
able gap.[5,6] This variable gap allows the
photon energy to be easily changed, which
is important for X-ray spectroscopy exper-
iments.[7] The soft X-ray Athos branch of
the accelerator uses the first two Aramis
linac stages to achieve an electron ener-
gy of 3 GeV, and a fast electron kicker to
direct the beam into the Athos undulators.
Linac 3 can be used to accelerate or decel-
erate the electrons, allowing it to cover the
full electron energy range (2.1–5.8 GeV)
while maintaining a stable electron energy
for the Athos branch. The Athos undula-
tor section allows full polarization control
over the X-rays while still allowing for
easy scanning of the photon energy, while
the Aramis undulators produce horizontal-
ly polarized photons, also tunable over a
wide energy range.
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cover the full X-ray photon energy range
with varying energy resolution. Aramis 1
hasvertically deflectingharmonic rejection
mirrors following the monochromator to
remove the higher-order X-ray harmonics
when operating in the lower range of X-ray
photon energies (2–5 keV) where signifi-
cant harmonic contamination can be espe-
cially problematic for spectroscopic meas-
urements.[12] The beamlines are equipped
with flexible Kirkpatrick-Baez focussing
mirrors, allowing the X-ray focus to be
changed depending on the experimental re-
quirements (1.5–100 µm). Because of the
achromatic nature of these optics they will
not need to be adjusted when changing the
X-ray photon energy. Future possible up-
grades to the beamlines include compound
refractive lenses for simpler focussing re-
quirements and phase-retarders to be able
to control the hard X-ray polarization on
the sample.[13]

In addition to the X-ray optics the
beamlines also include several different
diagnostics elements to report on the prop-
erties of the X-ray beam. Depending on
their application they can be destructive,
precluding any other measurement from
taking place with the XFEL beam, and on-
line, providing information concurrent to
an experiment for every X-ray pulse. The
information recorded for every pulse in-

Through the use of vertical mirrors both
of these modes share the same beam path,
allowing all the downstream optics, diag-
nostics and experimental positions to re-
main unchanged when switching between
modes. When using monochromatic mode
the X-ray beam direction will remain un-
changed when scanning the X-ray energy
through the use of fixed-exit monochroma-
tor designs. Eachmonochromator has three
crystal pairs mounted, which will include
Si(111), Si(311) and InSb(111), which will

SwissFEL will operateAramis initially
using twoelectronchargemodeswhichwill
allow users to choose between high per-
pulse X-ray flux (200 pC, 50 fs FWHM) or
short pulse duration (10 pC, 1 fs FWHM).
In the future several more advanced opera-
tion modes are anticipated including broad
X-ray bandwidths (5–7%),[8] attosecond
pulse durations (100 as), and two-pulse
operation with tuneable pulse energies and
time delays.[9] The Athos branch has sim-
ilar advanced capabilities, but with some
additional possibilities introduced by the
installation of magnetic chicanes between
the undulator modules, the so-called CHIC
mode of operation.[10,11] In final operation
capacity SwissFEL will be able to operate
both Athos and Aramis simultaneously by
producing and accelerating two electron
bunches separated by 28 ns, then using
a fast electron kicker to direct one of the
bunches into the Athos accelerator branch.
The SwissFEL design parameters are giv-
en in Table 1.

Beamlines

The hard X-ray branch of SwissFEL
consists of three planned beamlines, each
delivering the FEL radiation into three ex-
perimental hutches.[12] The initial phase of
operation will cover the first two experi-
mental hutches, with the third planned for
installation in the coming years. The op-
tics scheme for the beamlines is shown in
Fig. 3.

The beamlines are physically separated
by the use of horizontal offset mirrors that
direct the XFEL beam either to the left or
the right, allowing for three different beam
trajectories. Each beamline will be capable
of operating in either so-called pink beam
mode, with the full XFEL X-ray spectrum
delivered to the experiment (0.05–7%), or
monochromaticmode where only a narrow
X-ray bandwidth is used (e.g. 0.015%).

Table 1. SwissFEL design parameters covering both the soft and hard X-ray
branches. Values in red are advanced operation modes.

Description Range

Wavelength 1 Å to 70 Å

Photon energy 0.24 to 12.4 keV

Photons/pulse @ 1Å 1011

Pulse duration (FWHM) 1 to 50 fs (100 as)

Spectral bandwidth 0.05–0.16% (5–7%)

Maximum electron energy 5.8 GeV

Electron bunch charge 10–200 pC

Repetition rate 100 Hz

Pump laser infrastructure
above ESA X-ray hutch

ESA ESB
ESC

(Phase II)

Pump laser
infrastructure

Aramis Experimental Area:
• 3 hutches (522.6 m2)
• Hard X-rays 2.1Û12.4 keV (0.1Û 0.7nm)
• 1st Pilot Experiment Q4 2017
• Full operation (5.8 GeV) Q2 2018

Athos Experimental Area:
• 1 single hutch 692 m2

• Soft X-rays 0.24Û 1.93 keV (0.65Û 5nm)
• Phase II: 2017-2020

Fig. 1. SwissFEL experimental hutch layout. The hard X-ray experimental stations ESA and ESB
will be ready for user operation in 2018, with ESC and Athos coming online in the following
period. The X-rays come from the accelerator tunnel, which is to the left on the above layout,
and move through the above building layout from left to right.

2nd construction phase
2017-20

Linac 3Linac 1Injector Linac 2

Athos 240-1930 eV

Aramis 2.1-12.4 keV0.35 GeV 2.1 GeV 3.0 GeV 2.1-5.8 GeV

user
stations2.7-3.3 GeVBC1 BC2

1st construction phase
2013-2016

Fig. 2. SwissFEL accelerator design. The hard X-ray Aramis branch will begin user operation in
2018 with the soft X-ray Athos branch installation to begin in 2017. Legend: Linac = linear
accelerator, BC = bunch compressor.
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imental stations have similar beamline
capabilities, as illustrated in the previous
section, but the instruments located at the
experimental stations are focussed on em-
phasizing different X-ray techniques. The
conceptual design reports for all instru-
ments presented in this section are availa-
ble on the SwissFEL website.[23]

Experimental Station Alvra[24]

The layout of the ESA experimental
hutch is shown in Fig. 4. ESA is focussed
primarily on two techniques: X-ray spec-
troscopy[7,25] and Serial Femtosecond
Crystallography (SFX).[26,27] X-ray spec-
troscopy involves measuring the X-ray
transmission or X-ray fluorescence of a
sample as a function of monochromatic
X-ray energy.[3] These measurements can
provide information on the local electronic
and geometric structure around the absorb-
ing species.[25] SwissFEL will be particu-
larly suited for these types of experiments
due to its variable-gap undulators[28,29]
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.[25] SFX is a technique that has
been developed for protein crystallography
where a stream of small crystals is deliv-
ered into the focussed X-ray beam using a
range of different injector techniques, and
the diffraction pattern from each crystal is
recorded on a large two-dimensional de-
tector.[30] Though the intense XFEL pulse
destroys the crystal, because an ultrashort
X-ray pulse is used the diffraction occurs
before the atoms have time to move from
their lattice positions.[31,32] SFX can re-
solve room-temperature protein structures
to better than 2 Å resolution on very small
crystals,[26,30] which expands the technique
to include samples that are difficult to crys-
tallize, such asmembrane proteins.[33]ESA
has the additional capability of performing
X-ray emission spectroscopy (XES) which
uses X-ray diffraction from an analyser
crystal to measure the scattered or fluo-
rescence X-ray photons with high energy
resolution.[34] ESA uses short focal length
crystals (25 cm) in a dispersive von Hamos
geometry[35] 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[36,37] and inelastic
X-ray scattering (IXS).

These techniques will be applied at two
instruments, which are located in line with
the X-ray beam: ESA Prime and ESA Flex
(see Fig. 4). Due to the flexible KBmirrors
the X-rays can be focussed at either instru-
ment, with the minimum focus of 1.5 µm
achieved at ESA Prime. Both instruments

delivered with uncompressed pulses down
to the experimental hutch where it is split
into two branches with separate pulse dura-
tion compressors: one for the X-ray timing
tool diagnostic[18,19] and the other for the
experiment. For photochemistry and pho-
tobiology the samples will often require
excitation in the UV to IR range, which is
covered by a high-power Topas optical par-
ametric amplifier (OPA). The anticipated
pulse energies delivered to the experiment
are shown in Table 2. In addition to the UV
to IR wavelengths the laser is capable of
generating a range of additional frequen-
cies for sample excitation, including THz
generation.[22]The laser can provide pulses
at frequencies ranging from the maximum
repetition rate of SwissFEL (100 Hz) down
to single pulses.

Experimental Stations

SwissFEL will operate initially with
two experimental stations. Experimental
station Alvra (ESA) is focussed on pho-
tochemistry and photobiology while
Experimental station Bernina (ESB) on
condensed matter physics. Both exper-

cludes the X-ray spectrum,[14,15] the X-ray
pulse energy and the X-ray beam posi-
tion.[16,17] When pump-probe experiments
are performed a specialized timing diag-
nostic is used to provide information on
the relative time-delay between the optical
laser excitation pulse and the probe X-ray
pulse.[18,19] This information allows the ex-
periment to achieve the best time resolu-
tion possible and corrects for the various
timing instabilities that can affect these
types of experiments.[20] The goal of the
timing diagnostic is to provide 10 fs time
resolution for the experiments.

Laser

In order to fully take advantage of the
femtosecond time resolution the XFEL is
capable of providing, each experimental
station has access to a highly reliable com-
mercial laser system. These laser systems
are based on Ti:Sa technology and provide
20 mJ, 35 fs pulses at 100 Hz.[21] These
lasers are located in a climate controlled
room on the first floor above the ESA
X-ray hutch (see Fig. 1). The laser is then

Table 2. Laser pulse energies delivered to the experiment assuming 8 mJ and 30 fs pump laser
values delivered to the OPA. Numbers are extracted from ref. [21].

Wavelength Pulse energy Pulse duration (FWHM)

240–295 nm >26 µJ at peak <90 fs

290–480 nm >40 µJ at peak 36–60 fs

475–533 nm >466 µJ at peak 30–45 fs

533–600 nm >306 µJ at peak 30–45 fs

600–1160 nm >320 µJ at peak 30–45 fs

1160–2600 nm >2000 µJ at peak 36–45 fs

ESC

ESA

ESB

CRL

154.7142.34125.69
123.29 152.364.5 84.5 9866.5 76.5 95.8 105.0 107.9 138.9

Distance from end of undulator (m)

124.19109.292.5 139.8
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Fig. 3. Layout of the Aramis hard X-ray beamlines. Aramis-1 (ESA) and Aramis-2 (ESB) will be
ready for users in 2018, while Aramis 3 (ESC) will be installed in the following period. Oval insets
indicate the two possible beam paths for Aramis-1 (A, B) and Aramis-2 (C, D). Legend: M = mirror,
DCM = double-crystal monochromator, KB = Kirkpatrick-Baez focussing mirrors, OM = offset
mirror, CRL = compound refractive lenses, pink = broad X-ray spectrum. The X axis coordinates
represent the distance of the optical elements from the end of the undulators.
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Bragg angles (>85°) and segmented X-ray
crystals[35] this spectrometer is capable of
100 meV energy resolution. Both instru-
ments are shown in Fig. 6.

Experimental Station Bernina
The Aramis 2 beamline is very similar

in scope to Aramis 1, making the X-ray
properties available at ESB very similar to
those available at ESA. The primary dif-
ference is longer focal length KB mirrors,
providing a larger minimum X-ray focus
of 2.5 µm.[12] ESB is focussed primarily on
solid state physics experiments,[47] build-
ing upon the expertise acquired[48] at the
FEMTO laser-electron slicing source in-
stalled at the Swiss Light Source.[49,50] The
primary tool for this will be a six-circle
hard X-ray Kappa-diffractometer (XRD)
with a 1.5M Jungfrau 2D detector mount-
ed on the detector arm, which is capable of
both resonant and non-resonant diffraction
experiments. In addition to this instrument
the experimental station will have a gener-
al-purpose instrument (GPS) upon which
users can mount or build their experimen-
tal setup. These instruments are mounted
on a rail system transverse to the beam to
allow them to be moved in and out of po-
sition, while maintaining the same X-ray
focus position. Both instruments will have
access to the optical laser for pump-probe
experiments and a large-area 2D Jungfrau
detector, which is mounted on a robot arm
on theX-ray hutch ceiling to allow for flex-
ible positioning. A specific focus for these
instruments is the ability to use strong THz
fields for sample excitation,[21,22] which al-
low for direct excitation of lattice dynam-
ics in the condensed phase.[51] The layout
of the ESB hutch is shown in Fig. 7.

In addition to the two instruments de-
scribed above a third instrument will be in
use at ESB. This instrument, named ESB-
MX, is designed to perform protein crys-
tallography measurements using samples
on a solid support.[52] This has the advan-
tage of increasing the hit rate of the pro-
tein crystals, which is a restriction of the
liquid jet delivery methods. ESB-MX will
consist of a chamber filled with He to re-
duce X-ray background scatter and high-
speed translation stages that are capable
of positioning the samples to within 1 µm
accuracy at 100 Hz. The X-ray crystallog-
raphy measurements will be performed
with the Jungfrau 16M detector on the
ceiling-mounted robot arm. The instrument
will include a robot for automated sample
exchange, allowing for very high through-
put measurements. This allows for two
methods of operation: 1) pre-location of
the protein crystals on the solid support,[53]
allowing pre-programming of the support
trajectory upon insertion at ESB-MX, or 2)
raster scanning of the support to efficiently

is below 1.5 Å and the X-ray spectrome-
ter will be capable of measuring the full
photon energy range of SwissFEL (2.1–
12.4 keV) resonantly, with non-resonant
measurements below 1.5 keV. This energy
range is shown in Fig. 5 with the elements
labelled and the specialized analyser crys-
tals shown.

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 hori-
zontal geometries. When used with large

can be usedwith the optical laser for pump-
probe experiments, with an anticipated
time resolution of better than 50 fs.[19] ESA
Prime has a chamber that can be operated
under vacuum, He, or neutral atmosphere
and combines a large 2D Jungfrau scatter-
ing detector[38–40] and a dual-crystal from a
Hamos X-ray emission spectrometer. This
allows experiments to be performed using
both scattering and emission techniques
simultaneously, which has proven to be a
powerful combination for molecular[41,42]
and protein[43,44] samples. The chamber
has the possibility of using different types
of sample injectors, including several spe-
cifically for SFX sample delivery.[45,46]
The expected achievable resolution of the
crystallography measurements at 12.4 keV

ESA
Prime

ESA
Flex

Photon
Diagnostics

KB
mirrors

Fig. 4. Hutch layout for Experimental station A showing the location of the various elements
within the hutch. The X-rays go through the hutch from left to right. Figure courtesy of Dominique
Hauenstein.
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measure randomly located crystals. In addi-
tion to techniques specific to solid support
methods, ESB-MX will also be capable of
more conventional protein crystallography
methods, including goniometer rotation
scans with large protein crystals.[54,55] Fig.
8 shows how the temporary installation of
ESB-MXwill look in the ESBX-ray hutch.

Chemistry at SwissFEL

Chemistry is by necessity a multi-tech-
nique field of research since the samples
themselves cover all forms of matter. In
this section we will highlight some ex-
amples of how XFELs have been used to
investigate chemical problems to illustrate
how the SwissFEL experimental stations
will be applied in the future.

Aramis
The field of photochemistry has long

been investigated using time-resolved
techniques. The ability to monitor energy
relaxation pathways after photoexcitation
using optical laser techniques has rep-
resented the core of femtochemistry re-
search.[56]This has recently been expanded
to X-ray based structural techniques, in-
cluding X-ray absorption spectroscopy[25]
and X-ray scattering,[57,58] and X-ray tech-
niques to probe electronic structural dy-
namics, such as X-ray emission spectros-
copy.[25] These techniques have often been
combined since they provide complemen-
tary information on disordered systems,
such as molecules or proteins in solution.

An example of how X-ray techniques
have contributed to a better understanding
of molecular photochemistry is in the field
of spin-crossover molecular systems.[59,60]

The metal centres of these molecules (e.g.
Fe2+, Fe3+, Co2+) can undergo a spin transi-
tion through changes of temperature, pres-
sure, or by absorption of light. Early optical
experiments had reported on the relaxation
pathways of a prototypical Fe2+-based spin
crossover complex (iron trisbipyridine,
FeII(bpy)

3
) with a large spin-state gap that

could only be excited with visible light,[61]
but though the timescales of the dynam-
ics were well established, the character
of the electronic states involved were un-
der debate. X-ray absorption experiments
were able to identify the structure of the
quintet high-spin state,[62] and to establish
that this structural change took place more
quickly than previously assumed possible
(<150 fs).[63] Developments in UV tran-
sient-absorption spectroscopy were able to
confirm this time-scale of population of the
high-spin state and identify a vibrational
mode coupled with this singlet-to-quintet
spin state transition.[64] The high spin state
character was also confirmed using X-ray
emission spectroscopy with 100 ps time
resolution,[65] demonstrating this tech-
nique’s sensitivity to the Fe spin state[66]
but without the ability to achieve better
time resolution to resolve the relaxation
cascade. The open question was how the
initial excitation into a singlet metal-to-li-
gand charge transfer state (1MLCT) could
then populate a metal-centred quintet high-
spin state (5T) so quickly. Several inter-
mediate states were suggested, including
triplet MLCT and metal-centred states,[67]
but no conclusive explanation was forth-
coming since no spin-sensitive experi-
mental techniques were available with the
required time resolution. In an attempt to
understand the solvent interaction with
these types of excited states,[68] time-re-
solved experiments were performed com-
bining both XES and wide-angle X-ray
scattering (WAXS, also called X-ray dif-
fuse scattering or XDS).[69] These results
illustrated the complementary nature of
XES, which provides information on the
electronic state of the spin-crossover mole-
cule, andWAXS, which provides informa-
tion on both the structural changes in the
molecule, but also on the solvent cage sur-
rounding the molecule and the bulk solvent
dynamics in response to the photoexcita-
tion. With the introduction of XFELs both
the XAS[70] and combined XES/WAXS[41]

experiments were repeated with these new
sources of high-brightness femtosecond
X-rays, though for technical reasons the
time resolution was limited to around 500
fs, which restricted their ability to provide
new information on the spin state relaxa-
tion cascade. The primary new information
was thatWAXS reported on ultrafast solva-
tion changes around the excited molecule
which corresponded to an increase in bulk
solvent density on a timescale of 1 ps. The

Fig. 6. Models of the two instruments available at ESA. Left: ESA Prime, a chamber capable of
operating under vacuum, He, or neutral atmosphere, which combines an X-ray emission
spectrometer and a large 2D Jungfrau scattering detector for photochemistry or photobiology
experiments. Right: ESA Flex, a flexible station for user-mounted experiments with a configurable
high-energy resolution X-ray spectrometer.

Fig. 7. Hutch layout for Experimental station B showing the location of the various elements within
the hutch. The X-rays go through the hutch from left to right.
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advantage of the development of viscous
sample injectors,[45] which allow crystals
to be mixed into the delivery medium[84,85]

and then extruded from the injector into
the XFEL beam. In addition to room-tem-
perature structural measurements, this
technique has also been demonstrated for
time-resolved protein crystallography,[86,87]
which can undoubtedly be extended to mo-
lecular crystals as well. Preliminary exper-
iments have already been demonstrated on
a powder of a perovskite manganite in a
cryo-cooled liquid ethanol jet,[88] illustrat-
ing that SFX need not be restricted solely
to protein crystals.

Athos
While the focus has initially been on

the installation and commissioning of
the hard X-ray branch of SwissFEL, the
extension to the soft X-rays in the Athos
branch has also been in development.A so-
phisticated undulator approach (CHIC[11])
ensures a flexible photon source for exper-
iments,[9,10] and a novel undulator design
allows for easy control over polarization
and photon energy.[8] The definition of the
three beamlines and their experimental sta-
tions is currently in progress in consulta-
tion with the SwissFEL user community.
Experiments performed at other soft X-ray
FEL facilities around the world have estab-
lished certainmethods as being specifically
relevant to chemistry research, and will be
considered for development at SwissFEL.
Surface chemistry has proven a rich area
for soft X-ray FEL research, due to the
high absorption cross-section for low ener-
gy X-rays which allow them to be surface
sensitive. This has allowed experiments to
investigate monolayers of molecules, such
as CO and atomic oxygen, on a metal sur-
face and their response to photoexcitation
of the metal.[89,90] These measurements
represent the first structurally-sensitive
experiments able to probe transition states
in chemical reactions during catalytical-
ly-active processes.[91] A second class of
experiments has investigated photochem-
ical processes of species in solution using
resonant inelastic X-ray scattering (RIXS)
in the soft X-ray regime. This has allowed
researchers to follow themost fundamental
of chemical processes: bond-breaking and
bond-making. By photo-dissociating a CO
ligand off a parent complex (iron pentacar-
bonyl, Fe(CO)

5
) researchers were able to

follow the dissociation and immediate for-
mation of a solvent-molecule complex, and
by using simulations were able to suggest
an electronic relaxation pathway consist-
ent with their experimental results.[92,93] A
third class of experiments takes advantage
of a combination of different probe tech-
niques in a general-purpose experimental
chamber,[94] which is capable of electron/
ion coincidencemeasurements,[95,96]Auger

structural changes.[76–78] ESA is designed
expressly for these kinds of experimental
techniques: combining X-ray spectrosco-
py with X-ray scattering with excellent
time resolution.We anticipate that as these
techniques become more mature and their
analysis more routine, combined with the
introduction of additional facilities capa-
ble of these experiments,[79] photochemis-
try on species in solution will undergo an
explosion of interest in the chemistry com-
munity. The solution-phase experiments
will be complemented by the recent devel-
opment of gas-phase molecular scattering
techniques.[80,81]

Though a majority of hard X-ray
chemistry experiments performed to date
at XFELs have been as described above,
there are several other opportunities at
SwissFEL which can be envisioned. One
aspect which has not been well-explored
has been the ability to measure the photo-
chemistry of molecular crystals. The main
restriction to these experiments involves
the sample damage inherent to XFEL
measurements and the inability to refresh
the solid sample easily. These problems
have been overcome at storage rings[82] and
experiments have demonstrated their po-
tential at XFELs.[83] The ability to measure
crystal structures using large protein crys-
tals andmoving to a new spot between FEL
pulses has been demonstrated so it is clear
that similar measurements on molecular
crystals at SwissFEL using an instrument
such as ESB-MX will be possible in the
future.A second approach would be to take

conclusion drawn was that upon spin state
excitation the structural change caused the
expulsion of two water molecules from
the solvation shell around the molecule, in
agreement with theoretical predictions.[71]
The most recent X-ray measurement to
contribute to this discussion used XES
with 150 fs time resolution, courtesy of
the development of a timing tool for X-ray-
laser jitter correction at LCLS.[72] These
measurements were compared with XES
measurements on reference compounds
in various Fe spin- and oxidation states.
The conclusions drawn were that at early
times (50 fs) the spin-state was not purely
a quintet, but more consistent with a triplet
ligand-field excited state (3T). This result
is not the final conclusion since subsequent
optical results[73] with even better time
resolution indicate that at 50 fs the mol-
ecule is in the high-spin state, essentially
precluding the ability of the molecule to
relax through a ligand-field 3T unless this
process was occurring on a timescale of
20 fs. This overview illustrates how the
combination of ultrafast optical and X-ray
techniques have been used to address the
question of ultrafast spin-state excitation,
a question which has still not been fully
resolved and will require X-ray measure-
ments with 20 fs time resolution or better.

Though here we have presented but
a single research example these tech-
niques have been applied to many dif-
ferent fields of investigation, including
donor-bridge-acceptor complexes,[42] in-
tramolecular dynamics,[74,75] and protein

ESB-GPS

ESB-XRD

Fig. 8. ESB-MX installation in the ESB hutch positioned between the diffractometer (XRD) and
general-purpose (GPS) instruments on the hutch rail system. X-rays propagate from right to left.
Inset: Details of the ESB-MX installation including the sample chamber and robot sample changer.
Figure courtesy of Jan Hora and Pirmin Boehler.
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L. Rivkin, P. Juranić, Opt Express 2017, 25,
2080.

[20] M. Harmand, R. Coffee, M. R. Bionta, M.
Chollet, D. French, D. Zhu, D. M. Fritz, H.
T. Lemke, N. Medvedev, B. Ziaja, S. Toleikis,
M. Cammarata, Nature Photon. 2013, 7, 215.

[21] C. Erny, C. P. Hauri, IUCr, J. Synchrotron
Rad. 2016, 23, 1143.

[22] C. Vicario, C. Ruchert, C. P. Hauri, J. Modern
Optics 2015, 62, 1480.

[23] https://www.psi.ch/swissfel/publications
[24] https://www.psi.ch/swissfel/aramis-experi-

mental-station-a
[25] C. J. Milne, T. J. Penfold, M. Chergui, Coord.

Chem. Rev. 2014, 277, 44.
[26] S. Boutet, L. Lomb, G. J. Williams, T. R. M.

Barends,A.Aquila, R. B. Doak, U.Weierstall,
D. P. DePonte, J. Steinbrener, R. L. Shoeman,
M. Messerschmidt, A. Barty, T. A. White, S.
Kassemeyer, R. A. Kirian, M. M. Seibert, P.
A. Montanez, C. Kenney, R. Herbst, P. Hart, J.
Pines, G. Haller, S. M. Gruner, H. T. Philipp,
M. W. Tate, M. Hromalik, L. J. Koerner,
N. van Bakel, J. Morse, W. Ghonsalves,
D. Arnlund, M. J. Bogan, C. Caleman, R.
Fromme, C. Y. Hampton, M. S. Hunter, L. C.
Johansson, G. Katona, C. Kupitz, M. Liang,
A. V. Martin, K. Nass, L. Redecke, F. Stellato,
N. Timneanu, D. Wang, N. A. Zatsepin, D.
Schafer, J. Defever, R. Neutze, P. Fromme, J.
C. H. Spence, H. N. Chapman, I. Schlichting,
Science 2012, 337, 362.

[27] T. R. M. Barends, L. Foucar, A. Ardevol, K.
Nass, A. Aquila, S. Botha, R. B. Doak, K.
Falahati, E. Hartmann, M. Hilpert, M. Heinz,
M. C. Hoffmann, J. Kofinger, J. E. Koglin,
G. Kovacsova, M. Liang, D. Milathianaki,
H. T. Lemke, J. Reinstein, C. M. Roome, R.
L. Shoeman, G. J. Williams, I. Burghardt, G.
Hummer, S. Boutet, I. Schlichting, Science
2015, 350, 445.

[28] M. Calvi, M. Aiba, M. Brügger, S. Danner, R.
Ganter, C. Ozkan, T. Schmidt, Proc. FEL2014
2014, 111.

[29] M. Calvi, M. Aiba, M. Brügger, S. Danner,
T. Schmidt, R. Ganter, T. Schietinger, R.
Ischebeck, Proc. FEL2014 2014, 107.

[30] J. C. H. Spence, U.Weierstall, H. N. Chapman,
Rep. Prog. Phys. 2012, 75, 102601.

[31] A. Barty, C. Caleman, A. Aquila, N.
Timneanu, L. Lomb, T. A. White, J.
Andreasson, D. Arnlund, S. Bajt, T. R. M.
Barends, M. Barthelmess, M. J. Bogan, C.
Bostedt, J. D. Bozek, R. Coffee, N. Coppola,
J. Davidsson, D. P. Deponte, R. B. Doak,
T. Ekeberg, V. Elser, S. W. Epp, B. Erk,
H. Fleckenstein, L. Foucar, P. Fromme, H.
Graafsma, L. Gumprecht, J. Hajdu, C. Y.
Hampton, R. Hartmann, A. Hartmann, G.
Hauser, H. Hirsemann, P. Holl, M. S. Hunter,
L. Johansson, S. Kassemeyer, N. Kimmel,
R. A. Kirian, M. Liang, F. R. N. C. Maia, E.
Malmerberg, S. Marchesini, A. V. Martin,
K. Nass, R. Neutze, C. Reich, D. Rolles, B.
Rudek, A. Rudenko, H. Scott, I. Schlichting,
J. Schulz, M. M. Seibert, R. L. Shoeman,
R. G. Sierra, H. Soltau, J. C. H. Spence, F.
Stellato, S. Stern, L. Strüder, J. Ullrich, X.
Wang, G. Weidenspointner, U. Weierstall, C.
B.Wunderer, H. N. Chapman, Nature Photon.
2011, 6, 35.

[32] H. N. Chapman, C. Caleman, N. Timneanu,
Phil. Trans. Royal Soc. B: Biol. Sci. 2014,
369, 20130313.

[33] R. Neutze, G. Brändén, G. F. X. Schertler,
Curr. Opin. Struc. Biol. 2015, 33, 115.

from everyone working on the SwissFEL
project at PSI. CJM acknowledges support
by the Swiss NSF through the NCCR-
MUST and the contributions of Jakub
Szlachetko and Julien Réhault to the de-
sign and concept behind the ESA instru-
ments.

Received: April 26, 2017

[1] R. Jenkins, in ‘Encyclopedia of Analytical
Chemistry’, John Wiley & Sons, Ltd, 2000.

[2] C. Pellegrini, A. Marinelli, S. Reiche, Rev.
Mod. Phys. 2016, 88, 015006.

[3] P. Wilmott, ‘An Introduction to Synchrotron
Radiation:Techniques and Applications’,
Wiley, 2011.

[4] S. Tanaka, V. Chernyak, S. Mukamel, Phys.
Rev. A 2001, 63, 63405.

[5] B. D. Patterson, R. Abela, H.-H. Braun, U.
Flechsig, R. Ganter, Y. Kim, E. Kirk, A.
Oppelt, M. Pedrozzi, S. Reiche, L. Rivkin,
T. Schmidt, B. Schmitt, V. N. Strocov, S.
Tsujino, A. F.Wrulich, New J. Phys. 2010, 12,
035012.

[6] R. Ganter, M. Aiba, H.-H. Braun, M. Calvi, P.
Heimgartner, H. Joehri, G. Janzi, R. Kobler,
F. Loehl, M. Negrazus, E. Prat, L. Patthey, S.
Reiche, S. Sanfilippo, U. Schaer, T. Schmidt,
L. Schulz, V. Vrankovic, J. Wickstroem, Proc.
FEL2013 2013, 263.

[7] W. Gawelda, J. Szlachetko, C. J. Milne, in
‘X-Ray Absorption and X-Ray Emission
Spectroscopy’, John Wiley & Sons, Ltd,
Chichester, UK, 2016, p 637.

[8] E. Prat, M. Calvi, S. Reiche, J. Synchrotron
Rad. 2016, 23, 874.

[9] S. Reiche, E. Prat, J. Synchrotron Rad. 2016,
23, 869.

[10] E. Prat, S. Reiche, Phys. Rev. Lett. 2015, 114,
244801.

[11] E. Prat, M. Calvi, R. Ganter, S. Reiche, T.
Schietinger, T. Schmidt, J. Synchrotron Rad.
2016, 23, 861.

[12] R. Follath, U. Flechsig, C. J. Milne, J.
Szlachetko, G. Ingold, B. Patterson, L.
Patthey, R. Abela, AIP Conf. Proc. 2016,
1741, 020009.

[13] V. Scagnoli, C. Mazzoli, C. Detlefs, P.
Bernard, A. Fondacaro, L. Paolasini, F.
Fabrizi, F. De Bergevin, J. Synchrotron Rad.
2009, 16, 778.

[14] P. Karvinen, S. Rutishauser, A. Mozzanica,
D. Greiffenberg, P. N. Juranic, A. Menzel,
A. Lutman, J. Krzywinski, D. M. Fritz, H. T.
Lemke, M. Cammarata, C. David, Opt. Lett.
2012, 37, 5073.

[15] M. Makita, P. Karvinen, D. Zhu, P. N. Juranić,
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combination with a variety of sample in-
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ters, liquid jets and single-particle injec-
tors,[101] this type of instrument allows for
many different kinds of experiments. The
development and design of soft X-ray in-
struments for use at SwissFEL is currently
ongoing.

Conclusions

SwissFEL will begin user operation
with two hard X-ray experimental stations
in 2018, providing researchers with access
to high-intensity femtosecond X-ray puls-
es that can be used for a broad range of
research activities. Experimental station
A provides users with instruments that are
designed for X-ray spectroscopy and scat-
tering experiments, including serial femto-
second crystallography. In addition to these
general features the ESA Prime instrument
will also be able to investigate a spectros-
copy regime currently not accessible at any
other XFEL: the tender X-ray energy range
from 2–5 keV. This spectral range covers
elements such as S, P, Cl, and Ca, all of
which are biologically relevant, and the
4d metals, which include Ag, Pd, Rh, and
Ru, many of which are important for catal-
ysis chemistry. The ability to probe these
elements and others using resonant X-ray
emission spectroscopy (RXES, also some-
times called RIXS) allows researchers to
obtain information on both the occupied
and unoccupied states of the absorbing
species,[102,103]whether that be the HOMO/
LUMO of a molecule or the valence/con-
duction band of a semiconductor. This in-
formation, when combined with the local
structure of an excited state, provides an
enormous amount of information relevant
to chemistry research. Experimental sta-
tion B is focussed on condensed matter in-
vestigations, with the ability to investigate
thin films or bulk crystals under a range
of different environments using resonant
or non-resonant X-ray diffraction. These
techniques can be applied to systems such
as photoactive molecular crystals[82,83,104]
or possibly photochemically-active nanos-
tructured thin films.[105] With these experi-
mental stations, and the development of fu-
ture instruments at SwissFEL, we hope to
enable chemists to perform ground-break-
ing research at our facility. We are looking
forward to working closely with the Swiss
chemistry community in the coming years.
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