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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 Å) at high repetition rate (LCLS-II-HE) are envisioned, motivated
by compelling new science of structural dynamics at the atomic scale.
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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 Å) at a
high repetition rate by doubling the CW-SCRF linac energy to 8 GeV. This is motivated by compelling
new science of structural dynamics at the atomic scale.
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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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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)5, 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. 

Figure 1. (a) Illustration 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)5, 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)5 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. 

 
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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2.3. 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-Tc 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
YBa2Cu3O6.67 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.
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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 YBa2Cu3O6.67 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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2.6. Structural Biology

Serial femtosecond crystallography (SFX) 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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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 Mn4CaO5

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 S1 and illuminated S3 state at high resolution (2.25 to 3.0 Å), in situ
and at room temperature. Substrate water and ammonia (water-analog) binding to the Mn4Ca 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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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-II), 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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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. Dörner, 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)5 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)5 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, Se(q,ω)~χ(q,ω) that describes inter-particle
correlations as a function of momentum-transfer (q) and energy (ω). Although the study of
quasiparticles in quantum materials is now well advanced, we still lack effective experimental methods
to directly probe Se(q,ω) 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.Appl. Sci. 2017, 7, 850  10 of 20 
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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 Nd2xCexCuO4 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 Å 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 Å (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 108 to 1010 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-SCRF 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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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:

• 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.

• 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 µs (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 Å 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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• Heterogeneous sample ensembles and rare events: The high repetition rate and uniform time
structure of LCLS-II-HE provide a transformational capability to collect 108-1010 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,
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serial femtosecond crystallography (SFX) 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 µm);
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 Å) at high
repetition rate by doubling the CW-SCRF linac energy to 8 GeV. This is motivated by compelling new
science of structural dynamics at the atomic scale.
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