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Preface

This document attempts to capture the most compelling new science opportunities that are enabled by the
unique capabilities of the new LCLS-II X-ray laser facility, namely: soft and tender X-rays (0.25 to 5 keV)
at high repetition rates (up to 1 MHz) and hard X-rays (up to 25 keV) at 120 Hz. Many compelling areas
of science have been identified by the scientific community, through a series of workshops over the past
several years, where LCLS-II offers the potential to significantly advance our understanding. This
document is not intended to be comprehensive of all the science to be pursued at the future LCLS facility.
In particular, it does not capture important ongoing science that will continue to exploit the existing
capabilities of the present LCLS facility. Nevertheless, this document will help to establish a scientific
foundation for the new facility (encompassing present LCLS capabilities and new LCLS-II capabilities),
and will inform LCLS strategic planning and investments over the next 5-10 years.

The emphasis of this document is on identifying broad scientific opportunities, elucidating their potential
impact, and providing a first-order link between these opportunities and LCLS-1I capabilities. Brief
descriptions are provided for various experimental approaches to be used, and novel new approaches to
be developed, along with select examples of required optics and instruments. However, this document is
not intended to capture all the optics and instrumentation requirements. Similarly it does not provide a
detailed plan for instrumentation design or for any associated research and development that might be
required. Balancing the scientific opportunities and impact, with instrumentation needs, available
resources, and infrastructure, will be part of the LCLS planning process which this document will help to
inform.
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1.0 Executive Summary and Overview

Since their discovery by Rontgen in 1895, X-rays have revolutionized our fundamental understanding of
matter and, thereby, redefined chemistry, physics, biology, and many related fields of science and
technology. The broad scientific importance of X-rays is reflected in the fact that 22 Nobel Prizes in
physics, chemistry, and medicine have been awarded for work that involved X-rays. Scientists generally
utilize X-rays in one of three ways: X-ray scattering, which exploits the short wavelengths of X-rays to
resolve the structure of matter at the atomic scale; X-ray spectroscopy, which provides chemical
specificity to characterize the local bonding and structural environment of specific atoms, and X-ray
imaging which utilizes the penetrating capabilities of X-rays to reveal the unseen interior of complex
matter. The development of synchrotron-based X-ray sources over the past 40 years has ushered in a
modern age of X-ray science (leading to five Nobel Prizes since 1997) by harnessing high-energy electron
accelerator technology to provide X-ray beams that are intense, highly directional, and tunable over a
wide wavelength range. Synchrotron sources have developed into large regional scientific centers,
servicing thousands of experiments per year, and X-rays are being applied in such disparate science areas
as environmental science, astrophysics, and art history.

The recent emergence of X-ray lasers, more than one hundred years after Rontgen’s original discovery,
portends another revolution in X-ray science that will transform the field for the 21 century. X-ray fi-ee-
electron lasers (X-ray FEL), enabled by developments in electron accelerator technology, generate X-ray
beams many orders of magnitude brighter than the brightest synchrotron source. X-ray FELs generate
ultrafast pulses that can be as short as 1 femtosecond (107" of a second) and can approach full spatial and
temporal coherence. The pulsed nature of the X-rays invite their use as a probe of sample dynamics on a
fast time scale appropriate for observing atomic motions. The very high intensity can create a significant
data set from a single X-ray pulse. Whereas previous X-ray sources, including synchrotron sources, have
primarily engaged in studies of static structures, X-ray FELs are by their nature suited for studying
dynamic systems at the time and length scales of atomic interactions.

The first X-ray FEL to generate hard X-rays, the Linac Coherent Light Source (LCLS), began operation
in 2009 and has dramatically exceeded performance expectations. This facility was created using an
existing electron accelerator which limits its pulse rate to 120 Hz. It generates X-rays by amplifying
spontaneous noise in the electron beam (the so-called SASE process), which limits the temporal
coherence of the pulses. Nevertheless, LCLS has already had a significant impact on many areas of
science, including: resolving the structures of macromolecular protein complexes that were previously
inaccessible; capturing bond formation in the elusive transition-state of a chemical reaction; revealing the
behavior of atoms and molecules in the presence of strong fields; observing quantum vortices in
superfluid helium; and probing extreme states of matter from the structure of supercooled water to metals
shock-heated to 10,000 degrees. The early success of LCLS, along with the promise of more X-ray laser
science to come, makes a compelling case that a next-generation facility is essential. This need is widely
recognized by the international science community, and has been cited in several BES reports.

The 2007 BES report Directing Matter & Energy: Five Grand Challenges for Science & the Imagination’
identified fundamental open questions that underpin energy science. The report further cited the need for
new observational tools and facilities to help address these grand challenges. The 2009 BES report Next-
Generation Photon Sources for Grand Challenges in Science and Energy” recognized specific areas of
energy science where next-generation X-ray light sources would have the greatest impact. Most recently,
the Report of the BESAC Subcommittee on Future X-ray Light Sources (2013) specifically stated:

...an exciting window of opportunity exists for the U.S. to provide a revolutionary advance in X-ray
science by developing and constructing an unprecedented X-ray light source. This new light source



should provide high repetition rate, ultra-bright, transform limited, femtosecond X-ray pulses over a
broad photon energy range with full spatial and temporal coherence.

LCLS-II represents just such an advance in X-ray laser technology and will be a transformative tool for
energy science. It will qualitatively change the way in which X-ray scattering, spectroscopy and imaging
will be used in the future, to observe in ways never before possible, how natural and artificial systems
function, spanning multiple decades of time scales (down to the attosecond regime) and multiple spatial
scales (down to the atomic regime). LCLS-II will further enable powerful new ways to capture rare
chemical events, characterize fluctuating heterogeneous complexes, and reveal underlying quantum
phenomena in matter using nonlinear, multidimensional, and coherent X-ray techniques that are only
possible with a true X-ray laser.

This next-generation facility will be based on advanced superconducting accelerator technology
(continuous-wave RF) and tunable magnetic undulators. It will support the latest seeding technologies to
provide fully coherent X-rays (at the spatial diffraction limit and at the temporal transform limit) in a
uniformly-spaced train of pulses with programmable repetition rates of up to 1 MHz and tunable photon
energies from 0.25 to 5 keV. It will also provide coherent X-ray pulses at photon energies greatly
exceeding those presently available at LCLS, up to 25 keV at 120 Hz.

It is important to note that the revolution in X-ray laser science coincides with a renaissance in
conventional synchrotron X-ray sources. In particular, new storage-ring lattice designs with lower
electron-beam emittance now enable the generation of diffraction-limited soft and hard X-ray beams with
substantially higher brightness. The properties of X-rays from upgraded synchrotrons will begin to
approach those of a continuous source at the spatial diffraction limit, with broad incoherent bandwidth,
and long pulses with low peak intensities at hundreds of MHz repetition rate. Thus, synchrotron sources
will continue to complement X-ray laser facilities by providing access to many thousands of users
annually and serving many tens of experiments simultaneously.

LCLS-1I Science Opportunities Document Outline & Overview

In a pending BES report, the original five grand challenges for science and the imagination':
e How do we control material processes at the level of electrons?

e How do we design and perfect atom- and energy-efficient synthesis of revolutionary new forms of
matter with tailored properties?

e How do remarkable properties of matter emerge from complex correlations of the atomic or
electronic constituents and how can we control these properties?

e How can we master energy and information on the nanoscale to create new technologies with
capabilities rivaling those of living things?

e  How do we characterize and control matter away — especially very far away — from equilibrium?

will be augmented with five transformative opportunities for discovery science:
e Mastering hierarchical architectures and beyond-equilibrium matter

e Beyond ideal materials and systems: understanding the critical roles of heterogeneity, interfaces
and disorder

e  Harnessing coherence in light and matter
e  Revolutionary advances in models, mathematics, algorithms, data, and computing

o FExploiting transformative advances in imaging capabilities across multiple scales



Section 2 of this document describes six broad areas of science in which the unique capabilities of
LCLS-II will be essential to achieving further advances on the original grand challenges and will address
critical knowledge gaps at the new scientific frontiers of matter and energy, as summarized in the five
transformative opportunities above.

Fundamental Dynamics of Energy & Charge

Charge migration, redistribution and localization, even in simple molecules, are not well understood at the
quantum level. These processes are central to complex processes such as photosynthesis, catalysis, and
bond formation/dissolution that govern all chemical reactions. Indirect evidence points to the importance
of quantum coherences and coupled evolution of electronic and nuclear wavefunctions in many molecular
systems. However, we have not been able to directly observe these processes to date, and they are beyond
the description of conventional chemistry models. High-repetition-rate soft X-rays from LCLS-II will
enable new dynamic molecular reaction microscope techniques that will directly map charge distributions
and reaction dynamics in the molecular frame. New nonlinear X-ray spectroscopies offer the potential to
map quantum coherences in an element-specific way for the first time.

Experimental Approaches:

e Dynamic molecular reaction microscope

e Time-resolved photoemission spectroscopy
e Time-resolved Hard X-ray scattering

e New nonlinear X-ray spectroscopies

Catalysis & Photo-catalysis

Understanding catalysis and photo-catalysis is essential for directed design of new systems for chemical
transformation and solar energy conversion that are efficient, chemically selective, robust, and based on
earth-abundant elements. LCLS-II will reveal the critical (and often rare) transient events in these multi-
step processes, from light harvesting, to charge separation, to charge migration and subsequent
accumulation at catalytically active sites. Time-resolved, high-sensitivity, element-specific spectroscopy
enabled by LCLS-II will provide the first direct view of charge dynamics and chemical processes at
interfaces, making it possible to pinpoint where charge carriers are lost (within a molecular complex or
device) — a crucial bottleneck for efficient solar energy conversion. Such approaches will capture rare
chemical events in operating catalytic systems across multiple time and length scales. The unique LCLS-
II 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.

Experimental Approaches:

e Time-resolved resonant inelastic X-ray scattering and absorption spectroscopy
e Time-resolved X-ray photoelectron spectroscopy

e Simultaneous soft X-rays (spectroscopy) and hard X-rays (scattering)

e X-ray photon correlation spectroscopy

e New nonlinear X-ray spectroscopies

Emergent Phenomena in Quantum Materials

There is an urgent technology need to understand and ultimately control the exotic 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.
Fully coherent X-rays from LCLS-II will enable new high-resolution spectroscopy approaches that will
map the collective excitations that define these new materials in unprecedented detail. Ultrashort X-ray
pulses and optical fields will facilitate new coherent light-matter approaches for manipulating charge,



spin, and phonon modes to both advance our fundamental understanding and point the way to new
approaches for materials control.

Experimental Approaches:

e Time-resolved and high-resolution resonant inelastic X-ray scattering
e Time-resolved X-ray dichroism and coherent scattering/imaging

e Time- and spin-resolved hard X-ray photoemission

e X-ray photon correlation spectroscopy

Nanoscale Materials Dynamics, Heterogeneity & Fluctuations

The properties of functional materials are often defined by interfaces, heterogeneity, imperfections, and
fluctuations of charge and/or atomic structure. Models of ideal materials often break down when trying to
describe the properties that arise from these complex, non-equilibrium conditions. Ultrashort X-ray pulses
from LCLS-II will provide element-specific snapshots of materials dynamics to characterize transient
non-equilibrium and meta-stable phases. Programmable trains of soft X-ray pulses at high repetition rates
will characterize spontanecous fluctuations and heterogeneities at the nanoscale across many decades of
time, while coherent hard X-ray scattering will provide unprecedented spatial resolution of material
structure, its evolution, and relationship to functionality under operating conditions.

Experimental Approaches:
e X-ray photon correlation spectroscopy
e Time-resolved X-ray scattering

Matter in Extreme Environments

Unpredictable material phases and properties also emerge under extreme conditions of temperature,
pressure, and applied fields. Understanding the behavior of matter under these extreme conditions is
essential to improve the function of materials in extreme environments, such as those required for fusion
energy, and to advance our understanding of planets and stars in the universe. LCLS-II capabilities for
generating soft and hard X-ray pulses simultaneously will enable the creation and probing of extreme
conditions that are far beyond our present reach. Penetrating hard X-ray pulses will allow the unique
characterization of unknown structural phases. The unprecedented spatial and temporal resolution will
enable direct comparison with theoretical models relevant for inertial-confinement fusion and planetary
science.

Experimental Approaches:

e Time-resolved X-ray scattering

e Time-resolved X-ray Thomson scattering/X-ray spectroscopy

e Simultaneous soft X-rays (spectroscopy) and hard X-rays (scattering)

Revealing Biological Function

Biological function is profoundly influenced by dynamic changes in protein conformations and by
interactions with molecules and other complexes — processes that span many decades in time. Such
dynamics are central to the function of biological enzymes, cellular ion channels comprised of membrane
proteins, and macromolecular machines responsible for transcription, translation and splicing, to name
just a few examples. X-ray crystallography at modern synchrotrons has transformed the field of structural
biology by routinely resolving simple macromolecules at the atomic scale. LCLS has already
demonstrated a major advance in this area by resolving the structures of macromolecules that were
previously inaccessible by using the new approaches of serial nano-crystallography and diffract-before-
destroy with high-peak-power X-ray pulses. The high repetition rate of LCLS-II portents another major
advance by revealing biological function through its unique capability to follow the dynamics of
macromolecules and interacting complexes inreal time and in native environments. Advanced solution



scattering and coherent imaging techniques will characterize, at the sub-nanometer scale, the
conformational dynamics of heterogeneous ensembles of macromolecules — both spontaneous fluctuations
of isolated complexes and conformational changes that may be initiated by the presence of specific
molecules, environmental changes, or by other stimuli. The unique LCLS-II capability for generating
two-color hard X-ray pulses will enable entirely new phasing schemes for nano-crystallography, and will
resolve atomic-scale structural dynamics of biochemical processes that are often the first step leading to
larger-scale protein motions.

Experimental Approaches:
e Time-resolved X-ray scattering
e Time-resolved resonant inelastic X-ray scattering/spectroscopy

Section 3 of this document describes a few of the qualitatively new experimental approaches that are
enabled by the capabilities of LCLS-II (in addition to the more developed approaches indicated above).

Multidimensional X-ray spectroscopy refers to a broad class of new methods that exploit coherent
X-ray/matter interactions and incorporate sequences of X-ray pulses to generate experimental signals that
are a function of multiple time delays and/or photon energies. In these techniques, X-rays are used both as
a pump, to prepare element-specific non-equilibrium states of matter (in gas, liquid, or condensed phase),
and as a probe of the time-evolution of these non-stationary states. As demonstrated in recent decades in
the area of optical wave-mixing with amplified continuous-wave, mode-locked optical lasers, a high-
repetition-rate, tunable ultrafast X-ray laser will be essential to fully realize the tremendous scientific
potential of multidimensional nonlinear X-ray techniques. These tools rely on the simultaneous
combination of high peak power, high average power, tunability, and temporal and spatial coherence.
Moreover, extracting scientific insight from multidimensional spectroscopy requires an ability to trade off
peak power, average power, pulse duration, and bandwidth to enhance the nonlinear signals of interest
and discriminate them from a multitude of other effects. The LCLS-II X-ray laser has the versatility to
access the few-femtosecond time scales characteristic of electronic motion and quantum coherences in
atoms and molecules, as well as the high spectral resolution to map the low-energy collective modes that
define correlated materials.

Heterogeneous Ensembles: Fluctuations, Structure & Function describes new approaches for revealing
structure and function of macromolecular machines at the nanoscale, exploiting the high repetition rate of
LCLS-II. We presently lack the tools necessary for dynamic imaging of such biological machines — in
operation, in native solution environments. Small-angle and wide-angle X-ray scattering (SAX/WAX) in
solution are presently being used to great advantage in combination with X-ray crystallography. However,
the full potential of these approaches remains unrealized because of rotational averaging, owing to long
exposure times — effectively projecting the scattering information from three-dimensional objects onto
one dimension, thereby preventing unambiguous structure determination. Faster exposure times available
from LCLS-II will eliminate the restriction of rotational averaging, thereby projecting the X-ray scattering
information onto two dimensions — providing orders of magnitude of additional information that will
enable structure determination in entirely new ways. In addition, the high repetition rate of LCLS-II will
generate approximately 10'" scattering images per day. This unprecedented data volume (from solution
ensemble samples or from single-particle scattering), combined with pattern-recognition algorithms and
advanced computational approaches, will qualitatively transform our ability to extract information about
heterogeneity (non-identical particles), spontaneous dynamics, and statistical rare events which are central
to the way biological complexes function in native environments.

High-speed Chemically-Selective Imaging refers to the potential for exploiting the high average coherent
power from LCLS-II for three-dimensional imaging with chemical specificity over a wide range of length
and time scales with continuous observation of chemical and structural processes. Applications range



from analysis of combustion chemistry applied to fuel jets and flames, to analysis of chemical flow
through porous media, to polymer processing.

Section 4 highlights some of the unique enabling beamline and endstation instrumentation — optics,
detectors, lasers, and endstations — that will be needed to capitalize on the most important science
opportunities described in Section 2. Development of instrumentation for LCLS-II is in the early stages,
and this effort will be organized as part of the ongoing operation of the LCLS facility. Recent LCLS-II
scientific workshops provide a starting point for defining and prioritizing the instrumentation needs.
LCLS will continue to engage the scientific community for their input and feedback as plans for
instrumentation development are refined.

Section 5 provides a brief description of the LCLS-II X-ray laser, focusing on the unique capabilities,
objective performance parameters, operating modes, and potential future options and capabilities. These
are motivated by the science opportunities described in Section 2 and informed by recent LCLS-II
scientiﬁf workshops. A more complete technical description can be found in the LCLS-II Final Design
Report.
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2.0 Science Opportunities

2.1 Fundamental Dynamics of Energy & Charge in Atoms & Molecules

Synopsis

All chemistry employs electron motion to carry out a reaction, but the fundamental dynamics of moving
electrons have always been hidden because they are just too fast to detect. The typical momentum of an electron
in a chemical bond is high enough to carry it across a small molecule in a fraction of a femtosecond. The motion
of nuclei on the other hand proceeds on the timescale of many femtoseconds. The most powerful and widely used
approximations in chemistry (and more than a few Nobel Prize achievements) actually take advantage of this so -
called “separation of time scales” to help reduce complex many-body quantum processes of electron and nuclear
motion to more tractable forms that lead to simple predictive models. Yet these approximations cannot resolve
the chemistry of some of our most urgent problems such as light harvesting by molecules and the transformation
of light energy into chemical bonds.

In addition, many of our great challenges in energy science, materials science, and bioscience require new
insights that lie beyond this femtosecond barrier, require us to view the electrons as they interact with each
other and with nuclei. Examples of these challenge problems are the role of coherence in photochemistry; the
details of charge migration during radiation damage; and the initial dynamics of charge migration that lead to
charge transfer in electrochemistry and in catalysis.

In this section we will examine some of the opportunities for research enabled by LCLS-Il in this area. The
fundamental message is that LCLS-1I will lead to new progress in this science, which will in turn transform our

understanding of chemical change.

Introduction

Energy transfer in chemistry is carried by electrons, and initiated by electron motion. Lighting a flashlight
or a candle, charging a battery, growth of a plant — all are electron-initiated processes. The defining
characteristic that separates these chemical processes from other materials processes (freezing,
evaporation, bending, cracking, etc.) is that in chemistry, the electrons change their state. It is therefore
not surprising that a new instrument that is capable of detecting and imaging electron motion in matter
will be a wonderful new tool for chemistry. Here we summarize some of the transformative new science
opportunities enabled by LCLS-II.

A great example of the importance of electron motion is photo-absorption in molecules, which is the
fundamental mechanism by which solar energy is captured. This drives a wealth of chemical processes
which play important roles for life on earth — from photosynthesis, to vision, to vitamin D production in
humans. A single solar photon absorbed by a molecule delivers as much energy to a single electron as a
flashlight battery — several electron volts. One long-standing question that can be addressed with the
unique capabilities of LCLS-II is how energy gained by the absorption of a photon is converted into
charge migration and charge transfer, and ultimately into stored chemical energy that can be available for
applications. Unless this energy is selectively channeled into chemical bonds on femtosecond time scales
and Angstrom length scales, it will be lost to heat. In green plants this loss is about two-thirds, so there is
much interest in understanding how the electron energy can be harnessed more efficiently.

The central issue here is coupling: first between the external energy source (sunlight for example) and the
electrons in a molecule; and then between the electrons and the atomic nuclei. Ultimately storage is
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accomplished by re-organization of the atoms, which move in response to changes in the distribution of
electron charge around them.

Our current understanding of photochemistry is based on a number of approximations that simplify the
process but at the same time limit our insight about the early stages. The two most important
approximations are the Franck-Condon (FC) approximation, which assumes that no nuclear motion
occurs during the initial act of photo-absorption; and the Born-Oppenheimer approximation (BOA),
which assumes that only nuclear positions, and not nuclear motion, determine the electronic energy levels
in the molecule. Both of these approximations break down at critical points, such as at the moment of
photo-absorption, or at special points of electronic state degeneracy that must occur during non-radiative
relaxation following molecular excitation. These points of degeneracy are places where the motions of the
electrons and the nuclei have a particularly strong effect on each other.

Solar energy conversion is only one example of charge transfer, which is also critical for the inner
workings of batteries, catalysts, combustion, corrosion, and many other chemical processes. The time
scales for these reactions can vary by factors of more than a million, due to myriad electron pathways that
can change on femtosecond time scales due to collisions or as aresult of slight changes in atomic
arrangement. The shortest time scales of interest are now accessible because of the combination of high
intensity and ultrashort X-ray pulses at LCLS-II.

The strong fields generated in a focused X-ray laser beam are of particular fundamental interest on the
molecular scale. Ordinary sunlight or conventional X-ray sources interact with molecules fairly weakly,
by the simple measure that the motion initiated by absorption of a single photon is completely concluded
before the next absorption event. X-ray lasers break this rule. The collective effect of multiple X-ray
photons concentrate the energy so that the extreme conditions in the target can mimic the interiors of
large planets or stars. They also lead to nonlinear processes such as photon harmonic generation.

Finally, LCLS II offers a wealth of new opportunities due to its transversal and longitudinal coherence
properties. Ordinary sources of light such as sunlight or synchrotron X-rays have no longitudinal
coherence, meaning that the separation of successive absorption events is much longer than the effective
duration of a single photon. These conventional sources also have almost no transverse coherence, which
means that nearby absorption or scattering events in the target are more widely spaced than the transverse
area of a single photon. These concepts of photon area and duration have precise definitions, which place
the number of photons in a coherent volume (photon degeneracy) at LCLS to be more than ten billion.
This is an extreme jump compared to a number closer to one for synchrotrons. Laser spectroscopy over
the past half-century has developed a catalog of coherent methods to take advantage of this high photon
degeneracy, but they have never been accessible at X-ray wavelengths before the advent of the X-ray free
electron lasers. Furthermore, such methods can make optimal use of high repetition rate and stable
coherent properties that can be available at LCLS-II.

2.1.1 Fundamental charge migration & coherent light/matter interaction

Ultrafast electrons and core-hole dynamics

One of the triumphs of LCLS has been the ability to create element specific core vacancies (core holes)
with high probability, and on a fast enough time scale to use them to initiate dynamics. This has been an
important entry point for the more general study of charge transfer and all its applications from
photochemistry to catalysis. An important limitation of LCLS has been its low repetition rate and relative
lack of stability. This places a tremendous premium on the ability to perform so-called single shot
experiments, where each laser pulse is nearly an experiment unto itself. However, with the high
repetition rate and greater stability of LCLS-II many of these methods may be replaced with more
powerful multi-pulse multi-delay methods. These can begin to address more general and more critical
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scientific questions that were not previously possible, such as understanding the fundamentals of
photochemistry and the light-harvesting process in both natural and artificial systems.

In order to answer these questions scientists would like to measure all aspects of charge motion. One
example that is especially accessible with ultrafast X-rays is the charge redistribution following inner-
shell core electron photoionization, often leading to Auger relaxation and subsequent valence-shell
electron dynamics. LCLS-II should be able to track hole/electron dynamics evolving into charge transfer
and chemical transformation, both in gas phase and ultimately with liquids, solutions, and other areas of
condensed phase chemistry.

Liquid phase multidimensional core-hole migration studies will explore the relevance of electron
coherences in condensed phase chemistry. A key goal is to define how electrons retain coherence in
systems that are embedded in an ambient environment. Although such systems are not isolated,
nonetheless it is thought that low-coherence subspaces still exist and that these can be the source of some
high efficiency and control in photochemistry.

The high repetition rate means that small signal methods such as lock-in detection can be employed that
do not rely on saturating the initial excitation. In addition to repetition rate, the length of the X-ray pulse
can be sufficiently short to support multi-pulse delay studies before the onset of Auger relaxation.
Therefore pulses in the range of 1-5 fs are highly desirable. A ~1 fs X-ray pulses synchronized with a
~1 fs X-ray/UV/vis pulse would be ideal for transient absorption measurements, or for studies where the
signal is provided by transient Auger spectra. We stress that the pulse duration, pulse energy, rep-rate,
stability, diagnostics, and synchronized laser capability from LCLS II will be transformative in enabling
these measurements.

Figure 1: Left: Frontier
orbitals of charge dynamics
in 2-phenylethyl-N,N-
dimethylamine initiated by a
valence-shell hole.'

Right: Measurement scheme
for site-specific probing of
valence charge dynamics via
transitions from inner-shell
states.

The basic technique of valence shell probing is illustrated in Figure 1. Initial photoionization creates a
charge disturbance in a molecule associated with a valence hole. This highly non-stationary state leads to
rapid electron migration before the heavier atoms can move significantly. The evolution of charge in this
valence-hole state can be monitored at a specific location with a second X-ray pulse tuned to a different
energy to be sensitive to a particular atomic species.

Valence electronic wavepacket dynamics

Complementing studies of charge dynamics driven by core-hole excitations, nonlinear X-ray techniques
enabled by LCLS-II hold tremendous promise for following the flow of charge through the creation of
coherent non-stationary valence electronic wavepackets that are initially localized on specific atomic
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sites, and evolve on ultrafast time scales (in the absence of a core hole). This new approach — Stimulated
X-ray Raman Spectroscopy, SXRS — is analogous to stimulated Raman techniques now widely employed
in the visible and infra-red regime to create coherent vibrational wavepackets in matter. A more complete
description of the SXRS process is provided in Section 3.1.

The potential impact of SXRS studies of charge dynamics is illustrated in Figure 2 which shows recent
SXRS simulations of ultrafast energy transfer dynamics in a Zn/Ni porphyrin heterodimer which are of
interest as model components in artificial light harvesting and photosynthetic complexes.”

Figure 2: Excitation energy transfer
simulation in Zn/Ni porphyrin
heterodimer. The X-ray pump pulse is
resonant with the Zn L;-edge, and
creates alocalized valence excitation
(wavepacket) via SXRS. Evolution of
electron and hole densities
(isosurfaces) are calculated from the
non-stationary valence superposition
states prepared via SXRS.?

In this example, an intense attosecond pulse resonant with the Zn L, 5 absorption edge (~1.01 keV) excites
a core electron into a virtual superposition of unoccupied valence orbitals, and subsequently stimulates
emission from occupied valence orbitals to fill the core hole. This stimulated process creates a coherent
valence wavepacket of charge in the vicinity of the Zn atom, on time scales much faster than any nuclear
motion. Thus, this is a powerful approach for separating coupled valence-electronic and nuclear degrees
of freedom, and for revealing excitation energy transfer effects (co-propagation of the electron and hole
wavepackets), and quantum coupling between the valence systems of the Zn and Ni monomers.> A
second X-ray pulse probes the evolution of electronic wavepackets through transient X-ray absorption,
photoelectron spectroscopy, or a second SXRS interaction — all of which provide element specificity (e.g.
tuning to the Ni resonance). Related nonlinear X-ray wave-mixing techniques, such as Core-hole
Correlation Spectroscopy, are sensitive probes of coupling between the valence systems at different
atomic sites in a molecule (as discussed in Section 3.1). These approaches are uniquely enabled by the
combination of tunable X-ray pulses with high peak power, and at high repetition rate provided by
LCLS-IL

Dynamics of energy flow in larger molecules, molecular ions and clusters

Energy deposition and energy flow is extremely important in clusters and large molecules, for X-ray
diffraction studies, chemical processing, and also in order to understand the basic mechanisms of
radiation damage. LCLS, the world’s first general research tool for high intensity X-ray studies, has
already made a number of important discoveries in this area. In focused beam experiments at LCLS, we
have discovered some general rules for strong X-ray absorption. We have discovered, for example, that in
some cases sequential ionization to high charge states dominates, so that the highest charge state of
jonization is limited by the energy delivered by a single photon.® In other cases we have found that
nonlinear cooperative X-ray absorption can dominate, resulting from excitation to intermediate excited
states and from radiative relaxation during absorption.*

12
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Negative ions represent a special class of systems and accurate descriptions of the structure and dynamics of
negative ions provide critical tests of fundamental atomic, molecular and chemical science. Due to the excess
negative charge, electron correlation effects assume a prominent role in anions. This makes them an ideal
testing ground of correlation phenomena, exposing inaccuracies or discrepancies in fundamental ab-initio
calculations, thereby providing detailed insight into strongly correlated systems in general. The role of the
extra electron in anions gives rise to different properties compared to their counterpart neutral or positive ions
making anions intriguing to study. Negative ions are also important in many physical processes occurring in
chemistry, stellar atmospheres, molecular clouds, and plasma physics.

In clusters such as Cgy we see that energetic coulomb explosions occur because of the mutual repulsion of
highly charged carbons.” But when the cluster also contains a large hydrogen fraction along with heavier
atoms, such as methane clusters, then the mobile protons can neutralize high ionization rates so that the
state of carbon jonization is dramatically reduced.®’ Finally, very recent studies of time-resolved X-ray
diffraction from clusters are showing evidence for transient plasma states with unusual properties as the
hot electrons equilibrate, first with each other, and much later with the jons.®

Figure 3: X-ray scattering Monte-
Carlo/Molecular-Dynamics simulation of
radiation damage in a 5.2 nm 7-shell argon
cluster with 30 fs pulses at 8 keV and pulse
energies 0of0.015mJ,0.15 mJ,and 1.5 mJ.
(P. Ho, C. Knight, L. Young unpublished)

LCLS-II will have the ability to map all of these transient phenomena in detail. The higher photon
energies available in the warm linac portion will extend the range of parameters available in cluster
imaging studies. The high repetition rate superconducting linac FEL could reveal the earliest stages of
structural changes following strong X-ray absorption.

Role of quantum coherences and evolution in chemical processes:
strong field, high intensity, short-pulse frontier

Optimal control with X-rays can extend the scientific reach beyond that attained with incoherent X-rays.
Accelerator-based sources offer additional possibilities to manipulate the light pulse by sculpting the
electron beam. One way to formulate optimal control in the X-ray domain is separating the light-matter
interactions that depend on the pulse envelope from interactions that depend only on the photon energy.

Optimal control has become a versatile tool in combination with pulse shapers to synthesize waveforms
for a number of important applications in laser-matter interactions. Now that we have the opportunity for
many eV of coherent bandwidth, the sculpting of X-ray pulses is appealing,

A straightforward approach already demonstrated in LCLS is to shape the electron beam upstream of the

undulators. Electron beam shaping also provides an elegant means to implement feedback loops to search
for X-ray pulse shapes that optimize an experimental goal, such as the suppression or enhancement of
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fragmentation channels. LCLS-II substantially improves electron beam control by replacing the noisy
pulsed warm linac with a cw superconducting linac.

A well-controlled electron beam can then lead to well-controlled X-rays, particularly if the X-rays can be
produced in a way that does not add excessive noise, such as seeding, self-seeding, or so-called “Echo”
methods. In fact having spent so much effort to tame the electron beam, it would be most impractical for
LCLS-II to still rely solely on the stochastic process of SASE to produce X-rays, thus removing most of
the hard-won advantages of stability. Furthermore, the manipulation of the X-ray beam using e-beam
based approaches is an important science goal in its own right, and would open up many new fundamental
science applications.

Current simulations suggest that pulses of 0.5fs duration are possible.” The coherent bandwidth associated

with such pulses will enable programs such as impulsive Raman scattering and coherent multidimensional
spectroscopy, described later in this section.
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2.1.2 Directed energy conversion, excited-states, & non Born-Oppenheimer dynamics

Light absorption in a molecule excites valence electrons, and the subsequent molecular dynamics
determines how the photon energy is channeled — often very selectively, into changed chemical bonds,
migration of electrical charge, nuclear motion, heat, or other energetic degrees of freedom.

Excited electronic states also play an important role in chemistry induced by high energy ionizing
particles. In organic matter, such energy is efficiently converted into a shower of lower energy electrons
which may induce electronically excited states leading to bond breakage via dissociative electron
attachment (DEA). The stunning demonstration by Sanche and coworkers'® in 2000 that single- and
double-strand breaks in DNA can by triggered by low-energy electron collisions led to a revived interest
in “electron-driven chemical processes” — particularly low-energy DEA in biologically relevant species,
from water to DNA bases.

Understanding and controlling molecular dynamics in the electronic excited state remains a fundamental
science challenge, in large part because we lack the requisite tools to probe these processes —
simultaneously at the atomic level and on natural femtosecond time scales.

New capabilities for understanding reaction dynamics at LCLS-11

LCLS-II will provide qualitatively new probes of energy and charge flow and how they work in simple
and complex molecular systems. The high repetition rate of LCLS-II in the soft X-ray range will enable
sophisticated coincidence measurement schemes for kinematically complete experiments while the
reaction occurs. This approach measures simultaneously the momenta of all the constituent components
of a complex (typically via pulsed ionization and TOF spectroscopy of the charged fragments), from
which the transient charge distribution may be reconstructed in the molecular frame. Moreover,
coincidence capabilities with high repetition rate offer important new approaches for capturing rare
transient events. The stability and precision of LCLS-II in pulse timing, spectrum and intensity will
enable transient spectroscopy (e.g. using photoelectrons or X-ray absorption) with unprecedented
sensitivity to discern small changes in electronic configurations and molecular structure. Hard X-rays at
25 keV photon energy will provide a qualitative advance in our ability to resolve transient atomic
structure of reacting complexes at the sub-A scale.

Photoexcitation

How is energy, absorbed from light, selectively converted into chemical energy in molecular systems?

A few examples illustrate the diversity of molecular energy conversion processes following interaction
with light. Many molecules undergo a major structural change, localized around few bonds''. Prominent
examples include: azobenzene;'* ' stilbene;'* ' rhodopsin — responsible for the first step in vision'®'®
and for proton pumping in bacteria;'* ** and green fluorescent protein — used as fluorescent marker in
genetics.”' In contrast, light energy absorbed by nucleobases and related classes of molecules is
selectively channeled away from bond changes and large structural motion into other dissipative channels
— thus contributing to the photo-protection of our genetic code, by inhibiting ultraviolet induced
dimerization of bases in the DNA strand.”*?* Light excitation can also trigger the emergence of chirality
(right-handed vs. left-handed structure) in a molecule.”® This form of symmetry breaking is fundamental
in chemistry, and biology as the chemical properties and biological function of two molecular
enantiomers are often completely different.

Dynamics are key to addressing this question, since excess photon energy must be rapidly channeled to

desirable pathways (e.g. coordinated rearrangement of specific chemical bonds or migration of electrical
charge) or else it will be dissipated into undesirable or even destructive channels. Thus, detailed
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knowledge of the concerted motion of electrons and nuclei that occurs in the electronic excited state on
the fundamental time scale of femtoseconds is essential to understanding, and ultimately controlling these
processes.

Photoexcitation and photoconversion:
Current understanding and knowledge gaps of excited molecular states

Our current understanding of chemistry in electronically excited states is based largely on adiabatic
potential energy surfaces (PES) that are a consequence of the Born-Oppenheimer approximation (BOA) —
namely the assumption that the electronic structure (comprised of light, fast electrons) responds
essentially instantaneously to motions of the slower heavier nuclei, thereby justifying separate
consideration of the electronic and nuclear wavefunctions.?® However, this assumption breaks down at
crossing regions of the potential energy surfaces where the electronic states are degenerate, or nearly
degenerate.””? In such regions, the characteristic time scale for electronic motion is given roughly by the
inverse of the energy spacing (1/AE) of the eigenstates. Thus in crossing regions (as AE—0) the response
of the electronic structure slows to the nuclear motion timescale, and close lying adiabatic states become
strongly coupled. In these regions, quantum wavepackets transfer rapidly and efficiently from one
adiabatic state to another, thereby determining the pathways and branching of chemical reactions. The
topology of these interactions regions may be points or seams of conical intersections®*>* depending on
the dimensionality of the potential energy landscape.®® ** While experimental and theoretical efforts in
recent decades demonstrate that non Born-Oppenheimer behavior is ubiquitous in polyatomic molecules,
we nevertheless lack an experimental ability to directly observe molecular dynamics in these non Born-
Oppenheimer regions, and similarly lack an adequate theoretical description of these effects in more
complex molecules.

The importance of understanding photochemistry and non-BOA processes in isolated molecules lies in
part on the very close interplay of experiments with theory, thereby providing foundational knowledge
and principles that can then be applied to more complex systems. Current theoretical approaches are
limited in their ability to predict nuclear dynamics during chemical transformations, and rely on
compromising approximations even for small molecules. Conventional treatments of electronic structure
and couplings based on Hartree-Fock methods crudely approximate electron interactions by mean field
potentials. More elaborate approaches, such as the full configuration interaction, become computationally
intractable for increasing molecular size. For photoexcited electronic states, both electron correlation and
non-Born-Oppenheimer dynamics play a crucial role and render calculations extremely challenging.®> *°

The nucleobase thymine provides an illustrative example of the scientific challenges and opportunities to
advance our understanding of photochemistry and energy conversion in electronic excited states. Figure 4
shows a representation of the potential energy surface for thymine in the electronic excited state. Light
absorption launches a molecular vibrational wavepacket in the Franck-Condon region from which it
relaxes to points of degeneracy with two lower lying states. For the two reaction coordinates g and h (b)
the degeneracy is linearly lifted, showing the conical intersection. The exact shape of the potential-energy
surface is highly controversial, leading to conflicting predictions about both the nuclear relaxation on the
PES and the non-BOA transitions to other electronic states.
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Figure 4: Reaction path from the Franck-Condon region to conical intersections connecting with the ground and
nr* states. The presence of a barrier along the relaxation coordinate is a subject of debate in the literature. (b)
Reaction coordinates g and h with vectors indicating the direction of motion of certain atoms within the thymine
molecule (fromref. 37). These two vectors span the space for the conical intersection tn*-nn*. Both the predicted
gradient and barrier depend sensitively on the ab-initio approach chosen.*®

Time-resolved X-ray spectroscopy in isolated molecules can address several key scientific questions that
will inform theoretical development:

What are the nuclear dynamics on photoexcited states?

Measuring changes in the nuclear geometry will determine the gradients on the photoexcited PES and
provide important input to refine the accuracy of ab-initio methods dealing with electron correlation in
different ways. Furthermore, for isomerization reactions, it provides important information on the reaction
path and the PES shape towards the photoinduced isomer.

What are the electronic dynamics following light excitation?

Measuring the electronic dynamics after photoexcitation will allow us to address transient changes of
electronic structure associated with non-BOA coupling. This will test the quality of different non-BOA
simulation approaches from classical like surface hopping among adiabatic states*® to more complex
quantum full spawning® approaches.

What is the extent of the electronic wavefunction over the molecule?
The extend of an electronic wavefunction over the molecule is directly related to electron correlation.*’
Measuring it can help designing more sophisticated quantum chemistry methods.

Experiments on valence excited states are generally initiated by an optical pulse, with the exception of X-
ray Raman excitation, discussed below. Ultrafast X-rays probe the evolution of nuclei and electrons of
photoexcited molecules with element specificity and site selectivity provided by core-hole methods with
detection via photoelectron, Auger electron, photo-ion, photo-absorption and -emission spectroscopies.
LCLS II with its high repetition rate will enable completely new routes for dilute gas phase targets such
photoemission and multi-particle correlation spectroscopy.

X-ray pulses with moderate peak power and high average power at high repetition from LCLS II are
particularly well suited for photoemission spectroscopy in low pressure samples of isolated molecules —
where the challenging combination of linear probe interaction and high counts rates are required.
Molecular reaction microscopes utilize multi-particle coincidence (MPC) techniques which detect the
simultaneous arrival of several photo-ions or electrons or even both emerging from a single molecule in
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the interaction region. This tight constraint absolutely requires a high repetition rate source and up to now
static versions of these measurements are successfully performed at synchrotrons. Implementation of
MPC together with an optical pulse will lead to detailed information on the dynamics of the photoexcited
state. Multi-photo-ion coincidence measures the momentum of molecular fragments, from which
molecular isomerization pathways can be deduced. Applied to the ring opening of cyclohexadiene
performed without coincidence at the LCLS,*" a much more detailed picture of the nuclear

rearrangements and gradients of the photoexcited state follows. MPC of ions and electrons offers the
opportunity of photoelectron imaging in the molecular frame as suggested by Krasnigi et al.,** providing a
complementary rout to probe nuclear dynamics.

Nonlinear, time resolved X-ray methods have been pioneered by recent theoretical development® as
discussed in Section 3, and offer powerful approaches to probe valence charge distributions and
correlations over a molecule. Stimulated X-ray Raman scattering (SXRS) creates coherent superposition
of valence electronic states (electronic wavepacket) localized on a specific atomic site, via impulsive
resonant X-ray excitation. The evolution of this wavepacket throughout the molecule may be probed (e.g.
at another atomic site) by a time-delayed X-ray pulse. Core-hole correlation spectroscopy is a wave-
mixing scheme that is sensitive to valence charge correlations between different atomic sites on a
molecule. Both of these provide information about the spatial extent of electronic wavefunctions through
the molecule, for instance by transient shifts in core photoelectron lines. The spatial shape of
wavefunctions is a sensitive probe of electron interactions as comparative approaches between mean field
and highly correlated methods show (see ref. 40 and references therein).

Light induced chirality

Handedness or chirality is an important property of molecules, determining their biological function. For
example, the right handed form of the amino acid penicillamine presents a cure for rheumatoid arthritis
and heavy metal intoxications, while the left handed enantiomer is poisonous. The pharmaceutical
industry invests billions of dollars each year in drug control and discovery where chirality can determine
the benefit versus toxicity of a compound. The 2001 Nobel Prize in chemistry was awarded for the
production of single enantiomer drugs and chemicals.* Where does life on earth come from and why does
nature choose to build it with a certain handedness?* It remains unclear how the racemic balance of
enantiomers (equal quantities of the right- and left-handed versions a molecule) breaks down, and how
one enantiomers almost completely dominates in nature.*®*’

LCLS-II offers an important opportunity to advance our understanding of chirality by steering the
handedness in which a molecule emerges as a chiral object in the transient electronic excited state.
Excited state dynamics allow even achiral molecules to show a handedness. Photoionized CO molecules
exhibit strong chiral signals when a symmetry-braking coordinate frame is defined by the molecular axis,
the angular momentum of the circular polarized photon, and the vector momentum of the photoelectron.*®
As another example, the planar and therefore achiral molecule HFCO turns into a chiral umbrella-like
structure upon n — 7 excitation with an optical pulse.” Absorbed photon energy excites the electron into
a new orbital, with the consequence that the nuclei have to adjust. With a certain time period (~10 ps) the
molecule oscillates from left-handed to right-handed (i.e. the umbrella is oriented up or down
respectively). The same tools which are used to investigate chirality (e.g. circular polarization) might also
initiate the symmetry breaking from which chirality emerges.
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Figure 5: (a) Chirality angle cos(0), defined by
momentum vectors of three particles (see insets),
separating the two enantiomers of racemic
CHBrCIF. (b) linear momentum distribution of
right/left handed CHBrCIF, (from ref. 49).

Understanding chirality requires sensitive tools for distinguishing different enantiomers. More than 100
years ago, circular dichroism (CD) was established. The probability for one enantiomer absorbing a right
circular polarized (RCP) photon differs slightly from a photon with opposite helicity. The “conventional”
CD signal is small (107), but has the advantage of being insensitive to molecular orientations. Much
stronger effects (~107") are observed in the ionization dynamics of molecules. Both the probability
creating specific ionic fragments (breaking certain bonds) and even more important CD effects in the
photoelectron angular distributions (PECD), have been subject of research only in the last 10 years. These
new methods need additional theory input to relate the CD effects to the geometrical structure (right/left
handed) of an unknown structure. A very interesting approach utilized the well-known technique of
Coulomb Explosion Imaging. The molecule becomes multiple ionized, by absorption of a high energetic
photon or a short laser pulse, and subsequently fragments into many charged particles. The momenta of
all charged particles are then measured in coincidence. In Figure 5 the results for CHBrCIF, the textbook
example of a chiral molecule, are shown following absorption of a 710 ¢V photon.*’ Depending on the
initial handedness of the molecule the cross product of three momentum vectors is either positive or
negative. This relates to the absolute configuration of the molecule, whether it was right or left handed.
LCLS-II offers a unique opportunity to apply these techniques to molecules in the electronic excited state,
where control technique may be applied to influence the emergent chirality.

Charge-driven processes & dissociative electron attachment dynamics in polyatomic molecules

Excited electronic states play an important role in chemistry induced by low-energy electrons that result
from the interaction of high energy photons or ionizing particles with organic matter. Resonant collisions
between low-energy electrons and molecules can efficiently channel electronic energy into nuclear
motion either though excitation of vibrational or dissociative modes. In dissociative electron attachment
(DEA), an electron attaches to molecule to form a transient anion. The addition of this extra electron can
disrupt the bonds that hold the molecule together, resulting in fragmentation. If the fragmentation time is
shorter than the time it takes the electron to auto-detach, the collision can result in the formation of a
stable negative ion plus neutral fragment(s). Because the time of attachment of the incident electron to the
molecule cannot be established by conventional methods, there have never been experiments on DEA
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analogous to the pump-probe experiments in photodissociation that directly probe the molecular
dynamics.

DEA is an important process in gaseous electronics since the presence of an electron-attaching species in
a low-temperature gaseous discharge leads to anion formation that can profoundly affect the properties of
the discharge. DEA studies in the1970s and 1980s focused on measuring total cross sections.” A revival
if interest in DEA came from the discovery that low energy electrons created from ionizing radiation
trigger DNA strand breaks.'” This led to the new focus on post-attachment dynamics of DEA, where
modern momentum imaging techniques are used to characterize the angular distributions of the anion
fragments, and theoretical calculations guide in the interpretation of the results.”'

A recurring theme of DEA studies in polyatomic molecules over the past few years is the importance of
conical intersections (seams of intersection) between excited negative ion states and the key role they play
in channeling energy into specific anion fragment channels.’* >* The presence of conical intersections in
excited-state photochemistry and their manipulation to alter branching ratios in a pump-probe framework
is well established. Similar dynamical studies are, in principle, possible with transient anions produced by
DEA, but the practical difficulties associated with producing short pulses of monoenergetic electrons has
to date precluded time-dependent studies of DEA in a pump-probe context. In the case of transient
negative ion states, the seams of intersecting surfaces may actually be located in the electronic continuum.
The dynamics of dissociation take place on the time-scale of tens to hundreds of femtoseconds. Therefore,
slow kinetic energy electron pulses of a few tens of femtoseconds would be needed for such experiments
and this is not possible with conventional techniques.

LCLS-II provides an important opportunity to advance our understanding of non Born-Oppenheimer
dynamics in charge-driven chemistry. Short pulses of monoenergetic electrons may be created by inner-
shell photoionization of an inert gas atom using X-ray pulses tuned 2-8 eV above an inner-shell ionization
threshold to produce photoelectrons in the appropriate energy range for DEA studies. To minimize space-
charge and other detrimental collisional effects the target DEA molecules should be located as close as
possible to the photoelectron source. This may be achieved by mixing the inert and target gases in a jet
source. The combination of high rep-rate and ultrafast X-ray pulses provided by LCLS-II could thus be
used to bring DEA experiments into the time domain.

In an experiment that produces the metastable molecular anion using an ultrafast X-ray pulse, the anion
could be probed afterwards with a delayed, ultrashort UV pulse to photoexcite the anion and thus alter the
course of the fragmentation to change the products. Such an experiment would effectively determine how
long it takes the molecule to reach a conical intersection that controls the course of the dissociation. This
type of experiment could be the first direct probe of DEA dynamics. Theoretical calculations of the
molecular dynamics on the anion potential surface would be able to predict the time delay at which the
probe pulse would find the system at the conical intersection or beyond it on a particular potential surface.

The angular distributions of anions produced in DEA can give insight into the nature of the dissociation
dynamics following electron attachment. When the observed distributions differ markedly from the
theoretical predictions of the axial recoil approximation, it signals a more complicated dynamics that can
involve internal geometric changes of the initially formed transient anions or intersections with other
anion states through conical intersections that can feed different product final states. Taking DEA studies
into the time domain will provide a level of insight into anion dynamics that is not possible with current
methods.

Molecular structure determination in the electronic excited state

Accurate determination of the transient nuclear 