XFELs: cutting edge X-ray light for chemical and
material sciences
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Optical lasers (light amplification by
stimulated emission of radiation) have
been central to chemical and molecular
research since their invention in the early
1960s. Optical laser technology has spurred
many great innovations in the spectroscopy
of chemical species, such as ultra-fast
pump-probe spectroscopy, resonant Raman
spectroscopy, sum frequency generation
spectroscopy, multiphoton absorption and
ionization, laser induced fluorescence, cavity
ring down spectroscopy, and confocal laser
microscopy, among others."” X-rays have
been equally impactful, providing a critical
approach to characterizing the electronic
and nuclear structure of molecules and
materials with atomic resolution and
specificity. Until recently, however, the
dominant sources of X-rays have lacked
both the temporal and spatial coherence
characteristics of a laser. The past decade
has seen a transformation in X-ray laser
capabilities and this themed issue high-
lights research advances in chemical and
materials science enabled by X-ray laser
sources.

There are two ways to extend lasers into
the X-ray wavelength regime. One approach
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is to use high harmonic generation (HHG)
methods, which have allowed sources to
cover photon energies from the tens to
hundreds of eV. The second method is
the Xray free-electron laser (XFEL).
A free-electron laser is created by the inter-
action of photons and electrons that travel
at near light speed through an undulator,
or sequence of undulators, where magnets
are arranged in an alternating pattern. As
the electron bunch proceeds through the
undulators, an increasing number of
photons are emitted. Then, if the photon
trajectories can be maintained through the
undulator, they will repeatedly interact
with the near light speed electron bunch,
causing micro-bunching of the electrons
and coherent emission of more photons.
This leads to the so-called self-amplified
spontaneous emission (SASE) effect.*” The
first lasing of an FEL in the hard X-ray
regime (>1 keV) was achieved in 2009 at
the LCLS by SLAC (USA),° followed by
SACLA (RIKEN, Japan; 2011),” PAL-XFEL
(PAL, Korea; 2016),° the European XFEL
(Germany; 2016),” and SwissFEL (PSI,
Switzerland; 2017)."° Since the first genera-
tion of SASE hard X-ray photons ten years
ago, an amazing number of new results
have been produced using XFELs. On this
occasion, we are happy to publish this
themed issue on the application of XFELs
to investigations in chemical and material
science.

An XFEL is an accelerator-based light
source like synchrotron radiation (SR)
sources. In a storage ring, the electron
bunch circulates around the ring at almost
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light speed and emits radiation ranging
from the microwave to the X-ray regime,
depending on the properties of the photon
generation source (e.g. bending magnet or
undulator). In an XFEL, the near light speed
electron bunch is produced by a linac (linear
accelerator), before being injected into
the undulator chain. After being used to
generate photons, the electrons are then
dumped, making an XFEL a single-pass
accelerator. An XFEL produces markedly
more monochromatic X-rays than a storage
ring undulator (typically 0.5% in SASE;
0.01% in seeded mode). The radiation
wavelength, 4, is given as

A= /29> (1 + K*/2)

where 4., 7, K are the undulator period
length, the electron beam energy, and
the undulator parameter, respectively.
Both SR and XFEL light sources provide
X-ray pulses, but the pulse durations are
different, i.e. the width of a SR pulse is of the
order of tens to hundreds of picoseconds
(107'* 5), while that of an XFEL is in the
femtosecond regime (10~ *° s). Due in
part to this decrease in pulse duration of
3 orders of magnitude, the peak brilliance
of an XFEL is 10°'7® photons per
(s mm?® mrad® 0.1%BW), while that of
SR is 10***® photons per (s mm?® mrad?®
0.1%BW). A second important difference
in the photon properties is the transverse
coherence, which is 100% for XFELs,
whereas most current SR sources have
approximately 0.1%. These remarkable
properties of XFEL photons have pioneered
new frontiers in science and technology.



An ultra-short X-ray pulse from an
XFEL enables us to carry out ultrafast
experiments. The pump-probe technique
is typically used for the measurement of
ultrafast dynamics, where a reaction is
initiated with a short optical pulse and
the XFEL pulse is then used to probe the
system after a variable time delay. XFELs
have been used for pump-probe X-ray
absorption, diffraction, and imaging with
femtosecond temporal resolution, providing
researchers with all the advantages these
X-ray spectroscopic and scattering tools
provide. Ultra-intense X-ray pulses are
used for structural biology,
through the serial femtosecond crystallo-
graphy (SFX) method, where diffraction
patterns from micro-sized protein crystals
are recorded shot-to-shot, enabling X-ray
damage-free structures to be measured.
Another important application for ultra-
intense X-rays is for non-linear optical
phenomena, such as two-photon absorp-
tion, sum frequency generation, saturable
absorption, and so on. A final but important
feature is the ability to use the spatial
beam coherence for techniques such as
coherent diffractive imaging (CDI), which
is a developing technique used to image
nanostructures.

This themed issue collects a series of
articles that cover the most recent achieve-
ments of XFEL applications to chemistry.
All chemical reactions occur with the excita-
tion of electrons, followed by a structural
change. X-ray absorption fine structure
spectroscopy (XAFS) is suitable for deter-
mining the local electronic and geometrical
structure around an X-ray absorbing atom.
Electronic structure changes can be
probed using X-ray absorption near edge
structure measurements (XANES). DOI:
10.1039/C9CP01332F, 10.1039/C9CP03019K,
10.1039/C9CP03483H and 10.1039/
CI9CP03677F present ultra-fast XAFS studies
on photoabsorption processes. DOIL: 10.1039/
C9CP03483H demonstrates femtosecond
EXAFS measurements of a solution-phase
system, which require a significantly
higher S/N ratio for the data analysis
than XANES techniques. DOI: 10.1039/
C9CP03677F is a challenging work studying
surface adsorbates, which inherently have
much smaller concentrations than bulk
samples. Absorption and emission spectro-
scopy give more detailed electronic structure
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information. DOI: 10.1039/C9CP03374B
presents analysis of resonant inelastic
X-ray scattering (RIXS) data in order to
understand the carrier dynamics of a
water splitting photocatalyst. In addition
to results from X-ray spectroscopy, three
experimental papers using other X-ray
methods are included in this issue. DOI:
10.1039/C9CP03658] uses coherent diffrac-
tion imaging at an XFEL. The second is
DOI: 10.1039/C9CP03638E, which explores
the ultrafast decomposition reaction and
ionization of diiodomethane molecules.
The last paper (DOL: 10.1039/C9CP03951A)
discusses attosecond pulses from an
XFEL and their application to attosecond
transient absorption spectroscopy. As
experimental development requires com-
plementary theoretical development for
the correct interpretation of results,
four theoretical papers, DOI: 10.1039/
C9CP03019K, 10.1039/C9CP03688A, 10.1039/
C9CP03695D, 10.1039/C9CP03696B are also
included in this issue, emphasizing the
importance of new theoretical tools to
understand the results measured using
these new methods.

Most current XFELs use the SASE
method to generate X-ray pulses. A SASE
XFEL has a different energy spectrum
from pulse to pulse. If the X-ray pulse is
monochromatized, this photon energy
instability results in large intensity varia-
tions in the pulses. An analogy would be
that a SASE XFEL is like a wild rodeo
horse, while a seeded XFEL is like a
tamed horse under control of the rider.
Consequently, a seeded XFEL exhibits
improved properties in the longitudinal
phase space, which is particularly important
for non-linear X-ray science. An important
development in the field of surface science
is X-ray sum frequency generation (SFG),
which has a high sensitivity for surfaces
and interfaces. X-ray SFG provides informa-
tion on the structure and electronic state at
the atomic level in the given reaction
environment and can help elucidate the
chemical processes that occur on surfaces
with high time resolution.

In summary, with the advent of SASE
XFELs in the past decade, we have
embarked on the road to new science.
In the next decade, we will see the flour-
ishing of XFEL science using seeded
XFEL and/or other new XFEL sources.

We hope this themed issue will be a
guide for new XFEL applications in
chemistry and material science.
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