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FOREWORD

This volume summarizes the 43" annual Research Meeting of the Atomic, Molecular and
Optical Sciences (AMOS) Program sponsored by the U. S. Department of Energy (DOE), Office
of Basic Energy Sciences (BES), and comprises descriptions of the current research sponsored
by the AMOS program. The participants of this meeting include the DOE laboratory and
university principal investigators (PIs) within the BES AMOS Program.

The purpose of the annual PI meeting is to facilitate scientific interchange among the PIs and to
promote a sense of program identity. In addition to PI presentations on their currently funded
research, we are thrilled to include a special session on Day 1 that is inspired by the 2023 Nobel
Prize in Physics. The session, “A Long Road to Attosecond Science,” will be chaired by Jeff
Krause, the former DOE Program Manager for the AMOS Program and the former Lead for the
Fundamental Interaction Team in BES. The session includes four presentations by AMOS Pls,
who provide historical perspectives of attosecond physics and a vision for the future in the
context of the AMOS Program and BES mission science.

The AMOS program continues to advance fundamental, hypothesis-driven research in ultrafast
chemical sciences, with emphasis on ultrafast x-ray science, strong-field and attosecond science,
and correlated dynamics. The program supports basic experimental and theoretical research
aimed at understanding the structural and dynamical properties of molecular systems. The
research targets fundamental interactions of photons and electrons with molecular systems to
characterize and control their behavior. The foundational knowledge and techniques produced by
this research portfolio constitute crucial contributions in support of the BES mission.

We are deeply indebted to the members of the scientific community who have contributed their
valuable time toward the review of proposals and programs, either by electronic review of grant
applications, panel reviews, or virtual reviews of our multi-PI programs. These thorough and
thoughtful reviews are central to the continued vitality of the AMOS program.

We are privileged to serve in the management of this research program. In performing these
tasks, we learn from the achievements and share the excitement of the research of the scientists
and students whose work is summarized in the abstracts published on the following pages.

We are excited to return to the in-person meeting format for the first time since October 2019.

Many thanks to Teresa Crockett in BES for her key efforts in coordinating with the staff of the
Oak Ridge Institute for Science and Education (ORISE) to help plan and execute this meeting.
We are also indebted to Teresa and Angie Thevenot in BES for their indispensable behind-the-
scenes efforts in support of the BES/AMOS program over the past year.

Thomas B. Settersten

Chemical Sciences, Geosciences, and Biosciences Division
Office of Basic Energy Sciences

Office of Science

U.S. Department of Energy
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AMO Physics at Argonne National Laboratory

Gilles Doumy, Phay Ho, Anne Marie March, Stephen Southworth,
Linda Young
Chemical Sciences and Engineering Division
Argonne National Laboratory, Lemont, IL 60439
gdoumy@anl.gov, pho@anl.gov, amarch@anl.gov,
southworth@anl.gov, young@anl.gov

1 Overview

The Argonne AMO physics program explores the frontiers of x-ray physics as enabled by accelerator-
based light sources and, in so doing, lays the foundation for ultrafast x-ray applications in other
scientific domains. We utilize the novel properties of accelerator-based coherent x-ray sources, pri-
marily the Advanced Photon Source (APS) synchrotron at Argonne and the Linac Coherent Light
Source (LCLS) x-ray free-electron laser (XFEL) at SLAC in concert with ultrafast lasers, to create
exotic and/or non-equilibrium states and to probe their rapidly evolving properties with atomic-
scale spatial and temporal resolution. The experimental work is supported and complemented
by theoretical developments, often taking advantage of massively parallel codes developed for the
evolving supercomputer suite at the Argonne Leadership Computing Facility (ALCF). Our ex-
pertise in fundamental interactions has generated collaborations across the DOE complex from the
Isotope Program to the EFRC on Interfacial Dynamics in Radioactive Environments and Materials,
IDREAM.

The program is structured in three complementary subtasks. The first subtask aims at a quan-
titative and predictive understanding of x-ray interactions with matter in the high-intensity limit.
Here we computationally explore new atomistic imaging approaches enabled by the most intense
femtosecond and attosecond x-ray pulses using massively parallel code developments built upon
a knowledge base of the response of atoms and molecules. We have uncovered the importance of
transient resonant excitation, and, have shown the applicability of fluorescence correlation imaging
to catalytic nanoparticles. We have extended our studies beyond non-linear x-ray interactions with
isolated atomic and molecular samples to include propagation in optically thick samples where
substantial energy exchange between the sample and field exists.

In the second subtask we strive to understand and control the trajectory of ultrafast inner-
shell excitations in molecular systems. We build upon our deep knowledge base of inner-shell
phenomena in the energy domain and use ultrashort x-ray pulses from free-electron laser sources
to explore inner-shell dynamics in the time domain via two-color x-ray pump/x-ray probe photo-
electron spectroscopy. We have observed time-evolving chemical shifts and used stimulated x-ray
Raman scattering to create localized electronic excitations. We are developing theoretical tools
for high-precision predictions of time-evolving photoelectron and photoabsorption spectra in small
molecules generated by tunable, intense, two-color attosecond pulses from XLEAP. We have devel-
oped and commissioned a new high-resolution photoelectron spectroscopy instrument at the APS
to study multielectron processes in the deepest inner shells of high-Z elements.

The third subtask focuses on understanding photo- or x-ray-initiated dynamics in condensed
phases at the atomic, molecular and electronic level. The APS is used for timescales picoseconds



and longer while XFELs focus on attosecond and femtosecond phenomena. In anticipation of the
new timing structure of the upgraded APS (APS-U), we are developing new high-repetition-rate-
optical pump/x-ray multiprobe methods that access timescales from few picoseconds to microsec-
onds. Extensive planning is underway for the new sector at the APS-U with rapidly interchangable
monochromatic/broadband capabilities, as well as complementary high-repetition rate optical tran-
sient absorption spectroscopy. Finally, studies of radiolysis in aqueous systems, building upon our
earlier work, use the new ChemRIXS beamline at LCLS and optical pump/infrared probe capabil-
ities at the Argonne Center for Nanoscale Materials (CNM).

This past year was particularly notable in terms of upgrades to Argonne-based facilities; the APS
began its year-long upgrade to the ~ 500x brighter APS-U in April 2023 and the Aurora Exascale
Computer installed its last component in June 2023. The AMO group has made substantial progress
in the interpretation of many experimental campaigns of the previous year. In Subtask 1, we
have developed a theoretical framework extending beyond the conventional rate-equation approach
that shows how x-ray Rabi oscillations can be harnessed to augment the scattering efficiency for
single-particle imaging experiments, and, demonstrated high-resolution stochastic stimulated x-ray
Raman spectroscopy. In Subtask 2, we have experimentally observed a new nonlinear x-ray process
in a small molecule and developed improved theoretical codes to model the interaction, and, used our
x-ray science expertise to help develop a new instrument, the Argonne Auger-Meitner Radioisotope
Microscope, which characterizes electron multiplicities and energy distributions of radionuclides.
In Subtask 3, we have interpreted the first all-x-ray attosecond pump/probe experiment in a
condensed-phase target, liquid water. We have also uncovered new insights into a fundamental
ligand exchange reaction through the combination of transient x-ray absorption, x-ray emission,
and optical spectroscopy coupled with QM/MM MD simulations. Importantly, we have recruited
a new staff member, Jérémy Rouxel, whose expertise in both theory and experiment on nonlinear
x-ray and chiral spectroscopies will augment our exploration of the scientific frontiers afforded by
upcoming capabilities at DOE light sources.



2 X-ray Physics at the Intensity Frontier

2.1 X-ray transient absorption: from the weak- to strong-field regime

L. Young, K. Li', M. Gaarde?, M. Labeye?, P. J. Ho, G. Doumy, D. Koulentianos, S. H. South-
worth, M. Meyer?, T. Mazza?*, J. Laksman®, T. Pfeifer®, Ch. Ott®, J.-E. Rubensson®, Z.-H. Loh”,
A. Marinelli®, J. Cryan®, S. Li®, L. Cheng? and other collaborators

Project Scope: Understanding how x-rays propagate through optically thick media as a function
of intensity, i.e. from the weak- to strong-field regimes as encountered at XFELs, is foundational for
a complete understanding of nonlinear x-ray processes. Here we focus on a quantitative understand-
ing of deviations from a linear absorption model for propagation through optically dense media.
A deep understanding may allow to tailor the temporal and spectral properties of a transmitted
x-ray pulse, inform design of oscillator-based XFELs and serve as a stepping stone to nonlinear
x-ray spectroscopies.

Recent Progress: Understanding fundamental x-ray/matter interactions at high intensity is a
vibrant frontier enabled by the continued development of x-ray free-electron lasers. Many experi-
ments have provided an understanding of x-ray—atom/molecule interactions in the single particle
regime [10,11,49-58]. However, nonlinear propagation through resonant absorbing media where
the back-action of the media alters the propagating field, unavoidable for studies using the powerful
transmission-based x-ray transient absorption spectroscopy method, has been much less studied.
XFELs now deliver nearly transform-limited pulses with sub-femtosecond duration with the po-
tential for MHz repetition rates [59] over a wide range of x-ray energies thus universally enabling
core-level attosecond transient absorption spectroscopy (ATAS) of organic (C,N,0) and inorganic
(transition metal and actinide) compounds. The achievable power density also enables stimulated
Raman scattering [60,61], amplified spontaneous emission, pulse compression [62] which are basic
to proposed nonlinear x-ray spectroscopies [63, 64].

Building upon our 2020 theoretical/computational study of temporal, spectral, and spatial
reshaping of intense, ultrafast x-ray pulses propagating through a resonant medium [7], and our
two 2022 experimental campaigns at EuXFEL and the LCLS, our main focus this year has been
on the understanding of the experimental results. We have also participated in three beamtimes
associated with a community campaign led by J.E. Rubensson where spontaneous x-ray emission
is spatially imaged along the XFEL propagation axis. This new observable has promise to provide
even more insight into intense x-ray propagation in dense gases.

From the EuXFEL campaign, we demonstrated core-level stimulated x-ray Raman spectroscopy
in gaseous neon via covariance methods. The straightforward energy-dispersed transmission mea-
surement after traversal of the target provided x-ray Raman spectra with linewidths of ~ 0.3 eV
over the entire incoming SASE pulse bandwidth of ~ 7 eV after accumulating 18000 single-shot
images in 30 minutes. Simulation of the propagation of many SASE pulses, using the Argonne Lead-
ership Computing Facility, shows that lower background is obtained by correlating the stimulated
Raman spectrum with the input SASE spectrum (as opposed to the transmitted SASE which suffers
from absorption at resonance). Our ghost-imaging method to obtain the input SASE spectrum [13]
can be applied for this improvement in future studies. Deeper investigation of x-ray stimulated
Raman scattering with SASE pulses quantified the scaling of the covariance signal with the dipole
strengths of the “pump” and “dump” transitions, the evolution of the x-ray Raman signal relative
to the x-ray laser signal and the differences with respect to spontaneous Raman spectroscopy.

From the LCLS campaign with S. Li, J. Cryan and A. Marinelli, we studied the propagation
of resonant attosecond pulses, as opposed to 40-fs SASE pulses, in gaseous neon. The temporal
reshaping was monitored with a 2.0 um streaking laser in a co-axial velocity map imaging detector



[65] and the spectral reshaping with a zone plate spectrometer. While the temporal reshaping data
requires continued analysis, the setup allowed us to measure the polarization of the x-ray laser as
a function of photon energy of the pump laser.

Future Plans: We have demonstrated core-level stimulated Raman spectroscopy using broadband
stochastic SASE pulses and compared its performance with standard spontaneous x-ray Raman
spectroscopy. Publications are being prepared [66]. Motivated by upcoming polarization control at
XFELs, and our observations of the polarization of the x-ray laser we plan theoretical extensions
to the 3D code to include propagation of arbitrarily polarized pulses.

2.2 X-ray Imaging Applications with Femtosecond and Attosecond Pulses

P. J. Ho, A. Venkatesh, L. Young, S. H. Southworth, C. Knight!?, T. Gorkhover!!, S. Kuchel'!, C.
Bostedt!?, D. Rupp!3, A. Niozu'#!®, Y. Kumagai'®, K. Ueda!” and other collaborators

Project Scope: The unprecedented intensity of XFELs enables exploration of a new frontier of
light-matter interactions and the associated applications of imaging structure and chemical dy-
namics. We aim at a predictive understanding of the fundamental processes induced by intense
x-ray pulses through a combined experimental and theoretical approach in systems of increasing
complexity from atoms to molecules to nanosized systems.

Recent Progress:

Since the early vision for single-shot imaging experiments with XFELs [67], radiation induced
damage has been an important topic [5]. In collaboration with the group of Tais Gorkhover and
the group of Christoph Bostedt, we have been reexamining the role of radiation damage in single-
particle imaging (SPI) with a coherent x-ray diffractive approach and exploring strategies for im-
proving scattering efficiency of SPI experiments. We are currently revising a paper that reports
our combined experimental and theoretical study of x-ray scattering response of Xe nanoparticles
in the vicinity of the Xe ionic resonances [68]. The experiment images recorded with few femtosec-
ond and sub-femtosecond pulses are up to 10 times brighter than the static linear model predicts.
Our Monte-Carlo simulations [5,69] attribute the effect of enhanced scattering to transient reso-
nances [5,51,54]. Our simulation suggests that ultrafast form factor changes during the exposure
can increase the brightness of X-ray images by several orders of magnitude.

This year, we continued to explore the feasibility of modulating and enhancing x-ray scattering
efficiency on various fronts. In addition to the soft x-ray regime, we investigated resonant scattering
studies in the hard x-ray regime, crucial for achieving atomic spatial resolution. In June 2023,
we conducted an x-ray scattering experiment using hard XFEL pulses at SACLA with Fe films.
Preliminary data analysis reveals enhanced scattering signals near the photon energy of the 1s—2p
resonance of Fet, as predicted by our theoretical calculations. This enhanced scattering signal is a
result of two-photon resonant scattering during the pulse. An incoming photon first non-resonantly
ionizes a 2p electron from Fe atom and reveals a hidden ionic resonance [5,51,54]. Subsequently, a
second photon exploits the ionic resonance to enhance the scattering signals.

In 2022, we performed an experiment to exploit x-ray induced Rabi cycling for damage reduction
in the single-particle, coherent diffraction approach. The experiment was performed at TMO
endstation at LCLS-II using neon droplets as target. We have recorded coincident time-of-flight
ion data and scattering images with XLEAP and 20-fs pulses across the Ne K-edge. To facilitate the
data analysis, this year we developed a theoretical formalism to model the impact of coherent Rabi
oscillation processes on the total scattering signals by the time-dependent Schrédinger equation.
In our formalism, the total scattering signals include both resonant fluorescence (A-P) and elastic
scattering channels (A2) and the resonant fluorescence channel is treated as a coherent process. The



competing processes of Auger decay and photoionization are also accounted for. Using the Ne™
ion as a first system, we study the effects of Rabi oscillations (between ground state of Ne®[2p~!]
and core-excited states, NeT[1s7!]) on the total scattering signals as a function of pulse duration,
pulse intensity and photon energy. The total scattering signal is found to depend strongly on the
pulse area. When the fluorescence rate is significantly smaller than the Rabi oscillation rate, we
found an upper bound on the total scattered signal, in contrast to the prediction found with the
linear scattering model. More importantly, the total scattered signals under resonant conditions
are found to be an order of magnitude larger than in the case of non-resonant x-ray scattering from
pulses of comparable intensities.

Future Plans: We will write up the results of our theoretical investigation of the effects of Rabi
oscillation on the scattering signals in Ne™t system. We will extend our theory to go beyond single-
atom response in order to guide the interpretation of the measured data from the Ne droplet
experiment.

2.3 X-ray imaging using higher-order correlations

P. J. Ho, L. Young, A. E. A. Fouda, C. Knight'°, and other collaborators

Project Scope: Coherent diffractive imaging (CDI) with XFEL pulses holds the promise to probe
structure and follow the dynamics of non-periodic entities with atomic resolution. However, this
approach remains challenging due to sample damage during the pulse [5,70]. We aim to explore
the potential of x-ray correlation methods as a high-resolution structural and dynamical probe by
investigating the higher-order correlations associated with the fluorescence spectrum and speckle
patterns from illuminated samples.

Recent Progress:

By measuring the correlation of photon arrival times on two detectors as a function of the
photons’ spatial separation, Hanbury Brown and Twiss (HBT) interferometry enables the deter-
mination of the size and spatial distribution of a light source [71]. This year, Fabian Trost and
colleagues have successfully demonstrated that the temporal correlation of x-ray fluorescence pho-
tons on a detector can be used to image the structure of emitters on a copper film (see Fig.
1) [72]. In the experiment, intense, 9-keV and few-femtosecond XFEL pulses were used to excite
two spots with micron separation on the film and subsequently induce fluorescence from these
spots. This achievement marks a significant milestone toward extending HBT interferometry into
high-resolution x-ray imaging [6,8, 73].

Figure 1: A highly intense x-ray free-
electron pulse is diffracted to ionize
atoms at two distinct spots on a cop-
per film, resulting in the generation of
x-ray fluorescence photon pairs. Each
photon pair has two indistinguishable
pathways to reach a pair of pixels
on a detector, thereby producing a
two-photon interference effect that is
associated with Hanbury Brown and
Twiss interferometry.

This year, we published a paper that discusses the current status and potential of the HBT-based
imaging technique [14]. With substantial improvement in spatial resolution, we pointed out that this



technique could eventually enable single-particle imaging of biomolecules and catalysts at the atomic
scale, and, with sufficient time resolution, characterization of their reaction dynamics. Continued
advances in XFEL technology could also mean that the photon-hungry process of fluorescence
excitation can be achieved with sub-fs pulses [9]. To exploit the power of HBT interferometry for
chemical imaging with elemental specificity, it is highly desirable to develop multicolor imaging
using multiple detectors or detectors with energy-discrimination capabilities. In this same year, we
have expanded our theoretical toolkits to predict the necessary conditions for multicolor imaging
and to assess the impact of finite detector energy resolution. In collaboration with Chris Knight, we
have successfully implemented an initial version of the Monte Carlo/Molecular Dynamics (MC/MD)
code, documented in [70] and [69]. This code now efficiently performs energy and force calculations
on a GPU. Remarkably, we have observed a substantial 65-fold speedup for the kernel on the A100
GPU compared to a single CPU core, resulting in an overall application speedup by a factor of 32.
Future Plans: We plan to further develop our MC/MD code by exploring schemes to move MC
calculations to the GPUs. This strategy will to enable large GPU-accelerated workloads on Polaris
and Aurora in the future. Also, to determine the feasibility of an experimental effort with the
HBT-based imaging technique, we plan to perform calculations that account for the effect of finite
detector spectral energy resolution.



3 Ultrafast X-ray Induced Phenomena

3.1 Resonant inner-shell excitations with intense x-ray pulses

G. Doumy, E. Pelimanni, A. E. A. Fouda, P. J. Ho, R. Puettner'®, G. Grell'®, S. Bokarev?® and
others

Project Scope: The resonant interaction of x-rays with matter is central for exploiting site-
selectivity in molecular systems. However, this interaction remains largely unexplored when sub-
jected to intense x-ray pulses, which can trigger subsequent processes like stimulated emission and
stimulated x-ray Raman scattering [24]. In addition, there is a need to develop theoretical meth-
ods to accurately simulate these processes starting from the initial interaction between the x-ray
field and the molecule and extending to the description of the resulting decay products. We use
the recently predicted double core-excitation process in small molecules as an experimental and
theoretical benchmark.
Recent Progress: The binding energy of core electrons experiences a significant increase upon the
first core ionization of a molecule. Our calculations indicate that after core excitation, subsequent
core excitations from a different site occur at slightly lower photon energies compared to the ground
state. This phenomenon can be qualitatively understood as a consequence of the stabilization of
valence shells resulting from a more highly charged core, while the binding energy of core electrons
remains largely unchanged in the neutral molecule. We first explored theoretically the unique inter-
action conditions that a single XFEL pulse can create in nitrous oxide (N2O). This interaction leads
to the formation of neutral, two-site excited double-core-hole states by elevating two core electrons
to occupy the same unoccupied molecular orbital [30]. Using time-dependent Schrédinger equation
(TDSE) simulations, we established that the creation of double-core-excited neutral molecules is
a dominant process. The change in the electron de-excitation spectrum (Auger-Meitner process)
between single and double-core-excited states was predicted using a simple Mulliken population
analysis. This study motivated a successful proposal application at the EuXFEL facility.
Although N3O was included in our experiment, the clearest findings emerged from the investi-
gation of the simpler molecule No. By comparing the decay spectra obtained at high and low x-ray
intensity, we effectively confirmed the formation of the doubly-core excited molecule. This con-
firmation was established by observing distinct peaks corresponding to the spectator-participator
and participator-participator decay channels, where one or both of the excited electrons actively
participate in the decay process. Crucially, the photon energy that maximizes these two processes
is lower than the single core excitation energy, in line with the prediction of a lower energy for the
second excitation step. We are in the process of writing these findings into a manuscript, which will
be complemented by additional calculations. These calculations involve refining the computation of
the Auger-Meitner decay spectrum by adopting a more realistic approach to account for continuum
states [74].
Future Plans: The relative simplicity of the double-resonant excitation process in small molecules,
combined with our successful experimental observation, makes it as a good candidate for bench-
marking theories related to non-linear x-ray processes. Our first experiment had limited diagnostics,
and we expect that knowledge of shot-to-shot spectral content of the SASE pulses could help sep-
arate the non-linear signal and increase the energy resolution of the measurement. Furthermore,
diatomic molecules like Ny have raised intriguing fundamental questions regarding symmetry and
selection rules. Future improved measurements could contribute to a better understanding and
clarification of these issues.



3.2 Time-resolved chemical shifts

G. Doumy, S. H. Southworth, D. Koulentianos, P. J. Ho, A. E. A. Fouda, K. Li, L. Young, L.
Cheng”, A. Al Haddad'? , C. Bostedt'?, A Picon!?, S. Oberli'?, J. Marangos®!, T. Driver®, J.
Cryan®, and other collaborators

Project Scope: The interaction between x-ray photons and inner shell electrons within molecules
gives rise to localized excitations that undergo rapid evolution. This process involves charge redistri-
bution, cascading decay events, emission of electrons and photons, nuclear motion, and, ultimately,
bond breaking. By employing two-pulse, two-color modes at XFELs [75], our goal is to leverage
site-sensitivity to track the initial stages of electron dynamics in the core-excited states and moni-
tor the subsequent evolution of the molecule once the initial decay processes have occurred. This
knowledge is pivotal for comprehending the photochemical behavior of these molecules following
x-ray absorption.

Recent Progress: Our group has pioneered x-ray pump/x-ray probe experiments at LCLS, first
looking at the final products of the interaction [76]. To identify the transient species created during
the interaction and the ensuing evolution of the molecule, we brought to LCLS our hemispherical
electron analyzer in the old AMO beamline. An x-ray absorption spectroscopy (XAS) experiment,
led by colleagues from Imperial College, studied the dynamics of inner-valence hole states created
by sudden photoionization in the isopropanol molecule through resonant interactions. This mea-
surement paves the way to observe charge migration and charge transfer phenomena with space
and time resolution inside a molecule [26], which is a focus of the attosecond science campaign at
LCLS (3.4).

Figure 2: Cartoon representation of site-selective
excitation and probing using soft x-ray ultrashort
pulses. A first pulse resonantly core-excites a CO
molecule at the oxygen site. A second, delayed x-
ray pulse only core-ionizes the carbon site, before
and after Auger-Meitner decay and subsequent nu-
clear dynamics. Measurement of the evolution of
the chemical shifts (binding energies of the carbon
sites) is used to monitor the electronic and nuclear
dynamics occuring in the system.

Using x-ray photoemission spectroscopy (XPS), we tracked the behavior of a CO molecule
following resonant x-ray excitation of the oxygen 1s — 7* transition initiated by the first x-ray
pulse. Concurrently, a second x-ray pulse ionized the 1s electrons from the carbon site in the ground
state molecule, as well as from all the subsequent products (including the core-excited molecule,
cationic molecule following Auger decay, and ionic fragments resulting from dissociation). This
allowed us to monitor their distinct and evolving chemical shifts. Conducting these experiments
is inherently demanding due to the requisite broad bandwidth of XFEL pulses and the inherent
variability in machine conditions. Additionally, these measurements demand advanced modeling
that encompasses a multitude of decay pathways to accurately explain the observed data behavior.
Signatures of the core-excited molecules, and of both metastable and dissociative ionic states are
observed and reproduced by the model [31]. Furthermore, the modeling suggests that within the
core-excited molecule, a new equilibrium bond distance could potentially yield an observable XPS
signature, provided that there is adequate time and energy resolution.



Future Plans: The CO measurement represents a proof of principle, as well as a demonstration
that improved additional diagnostics are crucial to be able to extract the actual pump-probe sig-
nal from the large linear background. This includes shot-to-shot spectra as well as shot-to-shot
characterization of the two-color pulse conditions. With high-repetition-rate soft x-ray operation
now being commissioned at LCLS, advanced experiments with attosecond time resolution and co-
incidence capabilites are on the horizon, and will be necessary to correctly observe the intended
phenomena.

3.3 X-ray and inner-shell interactions and applications

S. H. Southworth, G. Doumy, E. Pelimanni, S. Li, A. E. A. Fouda, P. J. Ho, L. Young, D. A.
Walko??, P. R. Stollenwerk?3, L. Cheng”, A. Verma?*, M. Simon?*, V. Lindblom?®, S. L. Sorensen?®?,
R. Piittner'®, S. T. Manson?%, T. W. Gorczyca?’, and other collaborators.

Project Scope: Tunable, high-resolution synchrotron x rays combined with x-ray, ion, electron,
and coincidence spectroscopies are used to explore inner-shell phenomena that challenge theory
and calculational methods and provide basic information for applications. Instrumentation devel-
opment, measurements, theory, and calculations are key components of this project.

Recent Progress:

Resonant Auger spectroscopy of the ESCA molecule: Our experimental studies of site-selective C
K-shell photoionization and ion fragmentation of ethyl trifluoroacetate, a molecule that has four dis-
tinct C 1s chemical shifts, began with photoelectron-photoion-photoion coincidence measurements
and Auger electron spectroscopy at the SOLEIL synchrotron facility. In combination with ab initio
electronic structure calculations, the coincidence measurements demonstrated and explained a lack
of site specificity in the ion fragment yields that is attributed to the role of dicationic electron states
after Auger decay [78]. The ion fragmentation study was followed by near-edge x-ray absorption
(NEXAFS) scans across the four C K-edges using total ion yields that exhibited features from each
of the chemically-shifted sites. Identification of the features was aided by core—valence-separated
equation-of-motion coupled-cluster (CVS-EOM-CC) calculations [18]. Particularly interesting is
comparison of the experimental and computed NEXAFS spectra in which the main site-specific
transitions are identified.

Recently, our collaborators at Lund University used the MAX IV synchrotron facility to record
the valence photoelectron spectrum of ethyl trifluoroacetate at 120 eV and a two-dimensional
spectral map of Auger-electron yields (255-290 eV electrons) across the C K-edges (285-300 eV
photons). The AMO group is contributing computational results for valence photoionization and
resonant Auger decay across the C K-edges. While the analysis is ongoing, site specific enhance-
ments are observed for the Coo(1s) — 7* excitation (288.3 V) and for the Cr,(1s) — o* resonance
(295.6 V) [79].

Argonne Auger-Meitner Radioisotope Microscope: Basic information on inner-shell vacancy
decays, including charge transfers and dissociation, is important for understanding x-ray damage
mechanisms and for applications of radiopharmaceuticals that position radionuclides near cancerous
tissues so that emitted Auger electrons destroy the DNA and membranes of tumorous cells [80,81].
For this application, it is important to know the numbers and energies (“Auger multiplicities”)
of the emitted electrons to model the efficacies and dosages of particular radionuclides. Auger
multiplicities are not well known experimentally, particularly for lower electron energies (0-30 eV
and 30-500 eV) that are effective in damaging tumorous cells. To fulfill the need for measurements
of Auger electron multiplicities, Argonne’s Physics Division is building an instrument that will
capture electrons, ions, and x-ray photons in coincidence following nuclear decays from radionuclides
captured in a cryogenic buffer gas beam [82]. The AMO group is contributing expertise in theory



and experimental methods of x-ray and inner-shell processes and support in using APS x rays to
commission and characterize the electron, ion, and x-ray detectors. Two beamtimes were conducted
at APS using Kr, Xe, and CF3Br for which the decay processes have been well studied. The
electron and ion detectors and the data acquisition and analysis software were commissioned in
these experiments.

Double K-shell photoionization of neon: A Scienta EW4000 hemispherical electron analyzer was
used at APS beamline 7ID for inner-shell experiments on Ne, Kr, and Xe. High-resolution Auger
electron spectra of Ne were recorded using 6 - 8.5 keV x rays to determine K K/K, the double-
to-single K-shell photoionization cross section ratio [83]. The APS measurements extend earlier
measurements over 2.3 - 6.5 keV made at the SOLEIL synchrotron facility [84]. Measurements of
the energy variation of KK /K for Ne are motivated by extending measurements and theory for
He [85-87]. The measured K K/K ratios are compared with calculations on He-like Ne®T using the
R-matrix with pseudostates (RMPS) method [88,89]. The experimental measurements on neutral
Ne and theoretical Ne®t cross-section ratios show similar variations with energy, but the measured
ratios systematically exceed the calculated ratios [33]. The discrepancy is attributed to effects of
the eight L-shell electrons not included in the calculations. From the calculations, scaling of K K/K
with nuclear charge Z along the He-like isoelectronic sequence was also quantified.

Post-collision interactions in heavy atoms: The Scienta analyzer was also used to measure
variations in Kr Lo — My5N23 Auger electron spectra while scanning the x-ray energy below,
through, and above the K-edge at 14327 eV [29]. Below the K-edge, the Auger line is generated by
direct Lo photoionization. In the K-shell pre-edge region and above, the yield increases by x10 due
to Lo vacancies generated by K-shell photoionization followed by K Lo x-ray emission. Resonant
Auger transitions were observed in the few-eV region below threshold due to 1s — np Rydberg
states. Above the ionization threshold, the Auger electron spectrum was observed to increasingly
shift in energy and become increasingly asymmetric as the photon energy approaches threshold.
These post-collision-interaction (PCI) effects are attributed to energy exchanges between the fast
Auger electron and the low-energy 1s photoelectrons. The theoretical analysis accounted for the
radiative and Auger decay steps by using an effective lifetime 7.7y = 715 + 79p, i.e., the sum of the
1s and 2p lifetimes, where 71, = 0.24 fs and 79, = 0.50 fs. The K L, radiative decay step increases
the effective lifetime by ~ 50%. As a followup experiment, we measured Xe KLy — LoMysMys
Auger electron spectra while scanning the x-ray energy through and above the K-edge at 34565
eV [90]. In this case, 715 = 0.068 fs and ), = 0.22 fs, so the K Lo radiative decay step increases the
effective lifetime by ~ 30%. The PCI shifts are being compared with shifts of Xe Ly — Mys5My 5
spectra measured directly through the Lo edge by our collaborators at the SOLEIL synchrotron
facility.

Future Plans: Computational analysis of resonant Auger yields for ethyl trifluoroacetate will
be completed and the experimental and theoretical results submitted for publication [79]. An in-
strumentation and concept paper on the Auger-Meitner Radioisotope Microscope (ARM) will be
submitted for publication [82]. Electron/ion/x-ray coincidence data from commissioning the de-
tector section of the ARM using APS x rays will be analyzed to demonstrate the instrument’s
capabilities. The cryogenic buffer gas beam source will be commissioned and first measurements
conducted on radionuclides. Data analysis will be completed on PCI shifts of Xe KLy —LoMys5My 5
Auger electron spectra that include K Lo radiative decay in comparison with the shifts measured
directly through the Lo-edge. A paper on the Xe measurements [90] will be completed and sub-
mitted for publication. From comparison of measured KK /K ratios for Ne with calculations on
He-like Ne®*, it would be interesting to extend theory to 10-electron Ne to confirm the effects of
L-shell electrons in the process. A 10-electron calculation on Ne could also determine the cross
sections for other multielectron hole states that were observed experimentally. It is expected that
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the RMPS method can be extended to a 10-electron calculation on Ne (T. W. Gorczyca et al.).

3.4 Attosecond science at LCLS

G. Doumy, P. J. Ho, S. H. Southworth, L. Young, D. Koulentianos, K. Li, J. Cryan®, P. Walter®,
A. Marinelli® and other collaborators

Project Scope: The unique availability at LCLS of intense, sub-femtosecond pulses in the soft
x-ray regime [59] is opening new areas of investigation. The ability to study electronic processes
before decay processes or nuclear motion take place, coupled with the site-selectivity afforded by
x-ray interaction is opening a new window on observing electronic motion and electronic coherences.
Recent Progress: A multi-year scientific campaign to establish the basis of attosecond science
at XFELs has been launched at LCLS. The effort is led by SLAC scientists, on the accelerator,
beamline and photon science sides, and joined by multiple experimental and theoretical teams
around the world. The effort focuses on using 2-pulse 2-color modes of operation with attosecond
pulses in the soft x-ray regime. The first pulse aims at creating localized electronic coherences, while
the second pulse attempts to probe processes such as charge migration. A crucial development of
the campaign has consisted in a thorough characterization of the two-pulse mode operating in the
w/2w mode, where the pump pulse at the fundamental frequency is generated in the first undulator
section, while the probe pulse reuses the initial micro-bunching to generate the second (or higher)
harmonic pulse, with the delay being modified by either adding undulators in the second section
or through the magnetic chicane delay. An angular streaking measurement in CFy4 was performed
and confirmed results from advanced XFEL simulations [91].

Our group’s involvement stems from years of experience as XFEL users, experience in atto-
physics using high harmonic sources and theoretical support. For the campaign, the main model
molecule identified are the amino-phenol isomers. These rigid molecules exhibit several atomic cen-
ters (including unique O and N sites) that can be selectively excited and/or probed using soft x-ray
radiation. Three experimental runs have already been performed to probe electronic coherences
initiated by impulsive ionization of several inner-valence orbitals. Two observables were measured
as a function of delay following the initial ionization event: transient x-ray absorption (XAS) de-
tected through resonant Auger decay in the cations produced by the initial step, and transient
x-ray photoemission spectroscopy (XPS) to detect possible chemical shifts induced by the charge
migration process. Some of the XPS data was used as a proof of principle attosecond pump-probe
experiment in the technical paper. The XAS measurement uses the same experimental method
demonstrated with femtosecond pulses in the isopropanol molecule using our Scienta hemispherical
electron analyzer [26] but uses a magnetic bottle electron spectrometer instead. It has produced
reliable transient signals that are mostly reproduced through a large theoretical effort inside the
campaign. A critical observation is that fast damping is followed by a revival around 5 fs, signature
of coherent electronic motion in the cation [92].

Future Plans: Extension of the XLEAP project to the high repetition rate capabilities of LCLS-II
will happen in late 2023, with anticipation that this will allow further investigation into stimulated
x-ray Raman scattering like the one oberved in the smaller NO molecule [16].

3.5 X-ray induced ultrafast electron and fragmentation dynamics in heavy-element
containing molecules

P. J. Ho, S. Southworth, R. Dunford, A. E. Fouda, L. Cheng?, D. Walko??, and others
Project scope: The goal of this project is to characterize x-ray induced relaxation processes in
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heavy-element containing molecules with combined theoretical and experimental approaches. The
measured data will guide the development of theoretical frameworks for describing the electron
and fragmentation dynamics associated with the multi-step cascades and multiple pathways of the
relaxation processes.

Recent Progress: Characterization of the inner-shell decay processes in molecules containing
heavy elements is key to understanding x-ray damage of molecules and materials and for medical
applications with Auger-electron-emitting radionuclides [93,94]. The 1s hole states of heavy atoms
can be produced by absorption of tunable x-rays and the resulting vacancy decays characterized
by recording emitted photons, electrons, and ions [95,96]. The 1s hole states in heavy elements
have large x-ray fluorescence yields that transfer the hole to outer electron shells that then decay
by sequential Auger-electron transitions that increase the ion’s charge state until the final state
is reached. In molecules the charge is spread across the atomic sites, resulting in dissociation to
energetic atomic ions [76]. We have used x-ray/ion coincidence spectroscopy to measure charge
states and energies of 197 and Br?* atomic ions following 1s ionization at the I and Br K-edges
of IBr. In addition to IBr, we also have coincidence data for Bro, CF3Br and CHIBr. As a first
step, we present the charge states and kinetic energies of two or more correlated fragment ions
associated with core-excited states produced during the various steps of the cascades in IBr. To
understand the dynamics leading to the ion data, we develop a computational model that combines
Monte-Carlo/Molecular Dynamics simulations [69] with a classical over-the-barrier model [97] to
track inner-shell cascades and redistribution of electrons in valence orbitals and nuclear motion of
fragments.

Our MC/MD+COB calculation suggests that a model that allows inner-shell decays, electron
transfer, and dissociation to occur concurrently is necessary to account for all experimentally ob-
served breakup modes and to show good agreement with the measured ion kinetic energies. Our
calculations enable tracking of the multistep cascades, depicting the charging process, and identi-
fying the dominant pathways and participating transient electronic states spanning across multiple
time scales from attoseconds to picoseconds. Due to the finite lifetimes of the core-excited transient
states, the resulting charging process does not occur instantaneously. Our analysis further shows
that the timing of the Br 3d and I 4d hole decays during the fragmentation can affect the probabil-
ity of the subsequent electron transfer processes and the production of particular breakup modes.
Interestingly, we find that during the decay process, molecules can have bond lengths shorter than
the initial bond length. Our analysis suggests that at least two factors can initiate nuclear motion
that leads to bond contraction, including ion recoil during the emission of electrons and Coulomb
attraction between ions and continuum electrons. These results were published this year [34].
Future Plans: We plan to finish the analysis of the experimental data of Bry, CF3Br, and
CHsIBr. Additionally, we will explore the effect of molecular orbitals during the multistep cas-
cade processes using an in-house ab initio molecular dynamics method. This method utilizes a
set of time-dependent trajectory functions for modeling inner-shell decays across multiple poten-
tial energy surfaces. The initial implementation of our method uses inner-shell decay rates from
relativistic Hartree-Fock-Slater simulations [34], and we will benchmark our results against exper-
imental x-ray/ion coincidence data of the IBr molecule.
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4 X-ray Probes of Optical and X-ray Induced Dynamics in Solution

4.1 Dynamics in ionized aqueous systems

L. Young, S. Li, K. Li, G. Doumy, S.H. Southworth, C. Otolski, A. M. March, P.J. Ho, Z.-H.
Loh”, J. E. Rubensson®, Y. Kumagai'®, R. Santra''?®, L. Inhester?®, A. Sopena Moros®®, S.
Bhattacharyya?®, K. Kunnus®, G. Dakovski®, D. DePonte®, M.-F. Lin®, S. Moeller®, C. Pearce?,
E. Nienhuis??, J. LaVerne®?, T. Orlando?', L. Lu??, X. Li*? and other collaborators

Project Scope: Time-resolved x-ray spectroscopies in the water window provide a powerful probe
for understanding valence and inner-shell hole dynamics, electronic coherence and proton transfer
in ionized aqueous systems. These elementary processes are of fundamental importance as the ini-
tiators of radiation damage in condensed phases [98,99]. Newly developed XFEL x-ray pump/probe
techniques, including the attosecond timescale, enable one to capture initial events following inner-
valence and core-ionization, and, in combination with laser-ionization of outer valence orbitals, a
means to dissect the full range of ionization phenomena on the ultrafast timescale.

Recent Progress: Previously we reported studies of hole dynamics in valence-ionized liquid
water [36,37]. Pump-probe x-ray transient absorption (tr-XAS) [36] and resonant inelastic x-ray
scattering (tr-RIXS) [37] enable water-window probes of transient species produced during water
radiolysis (HoO™,0H, H3Ov), are general and readily ported to other situations. This has led to
several collaborations aimed at understanding radiolysis on the physico-chemical timescale and in
the extreme environments associated with legacy waste management at PNNL through the Energy
Frontier Research Center, IDREAM.

This year, we analyzed and interpreted the FY22 LCLS experiments on radiolysis in water,
conducted a followup experiment using mid-IR to probe strong-field ionized water at the Argonne
Center for Nanoscale Materials (CNM), and submitted a new proposal to study the dynamics of
electron solvation at the EuXFEL using their unique beam-splitting off-axis zone plate experimental
configuration.

The December 2021 LCLS experiment extended our studies of valence-ionized water to thinner
sheet jets in order to capture the signatures of the products of the proton transfer reaction (OH,
H30", e (aq)). This x-ray absorption spectrum (XAS) of liquid water near the oxygen K-edge
matched with excellent fidelity a reliable synchrotron radiation study [100]. The XAS of liquid
water, OH, e~ (aq) and H3O" obtained at 2 ps delay from ionization was reproduced by theory
from the CFEL group using small water clusters embedded in a larger system. Further theoretical
work used the structural sensitivity of XAS to gain insight into cavity formation dynamics of the
solvated electron and will soon be submitted for publication [101].

The April 2022 LCLS experiments represent the first all x-ray attosecond pump/attosecond
probe experiment in a condensed phase target, liquid water. This was enabled by the novel XLEAP
w/2w mode [91] which produced tunable attosecond x-ray pulses at w = 250 — 270 eV and 2w =
500 — 540 eV. We used the powerful attosecond transient absorption (ATAS) method to observe
transient changes in the valence hole and pre-edge region. Theory to understand the nature of
transient absorption in condensed phase demonstrated the importance of electron collisions and
that the ATAS signal at 0.6-fs delay is confined to the subfemtosecond range, i.e. below the oxygen
core-hole lifetime of ~ 4.5 fs. This effectively freezes nuclear motion and shows the ability of ATAS
to provide attosecond snapshots. With this justification for static electronic structure calculations,
multi-reference configuration interaction calculations of a water pentamer were used to gain insight
into origin of the observed pre-edge bleach and the valence hole region. These studies in pure liquid
water provide the foundations for studies in complex systems. A manuscript is in preparation [102].
Future Plans: Publication of our results is the immediate priority [101,102]. Next is an analysis
of an earlier and planning for a followup experiment on ionized liquid water using IR probes - which
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can provide sensitivity to hydrogen bonding and complex formation following electron injection.
Our EuXFEL proposal “Dynamics of electron solvation in aqueous systems” is scheduled to run in
June 2024. We plan to work with LCLS staff in the context of our Scientific Campaign proposal
to enable radiolysis studies both in complex liquid and interfacial environments.

4.2 Pump-probe studies and developments for the upcoming APS advanced spec-
troscopy beamline

A. M. March, C. Otolski, G. Doumy, S. H. Southworth, L. Young, X. Zhang??, E. Kinigstein??, S.
Heald??, S. Kelly?? and other collaborators

Project Scope: We are preparing to take full advantage of the higher brightness x-rays and
finer fill patterns that will be provided by the APS Upgrade as well as the advanced spectroscopy
capabilities that will be provided at the new ASL beamline that has been constructed at Sector 25.

Our pump-probe x-ray spectroscopy setup at Sector 7 has started the move to Sector 25 during the
upgrade dark period.
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Figure 3: X-ray transient absorption data collected on the Fe
%0 K-edge of [Fe(II) (bpy)3)**in HaO excited at 355 nm, collected
with the Asynchronous X-ray MultiProbe technique [47]. The
“01 9D plot on top shows the full x-ray transient absorption data
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surface generated by the first bunch after the laser by simulta-

neous measurement with ~ 10 ps steps. The bottom plot shows
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Recent Progress: We have been collaborating with Xiaoyi Zhang, beamline scientist in charge
of the Time-resolved X-ray Research group at APS, to expand the pump-probe x-ray spectroscopy
capabilities at APS. We will merge the strengths of our original setup at Sector 7 with the one
from Sector 11 to build a highly flexible, powerful endstation at Sector 25 for spectroscopy stud-
ies of liquid phase chemistry across a wide range of relevant timescales. As a result of three
beamtimes to commission a newly developed data acquisition system [43] at high-repetition-rate
pump-probe cycling rates, a new asynchronous pumping strategy was successfully demonstrated.
Using this scheme, efficient collection of picosecond, nanosecond, and microsecond data can be
achieved in single scans, with the additional advantage of a completely passive scanning of the
delay at picosecond to nanosecond timescales providing unprecedented stability. This stability is
demonstrated in Fig .3 which captures the rise and decay of the signature of the formation of the
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high-spin state in photoexcited iron tris-bipyridine. These results and the method are published in
Ref. [47].

Future Plans: We plan to design an air-tight sample environment that is compatible with both
kHz and MHz pump-probe experiments as well as both XAS and XES studies. This will greatly
expand the kinds of chemical systems that can be studied, beyond exclusively air-stable samples.

4.3 Tracking the photochemistry of solvated iron-based coordination complexes

A. M. March, G. Doumy, C. Otolski, S. H. Southworth, L. Young, W. Gawelda!?, G. Vanko33, Z.
Nemeth?3, A. Andersen®, N. Govind??, D. Hayes?*, M. Chini®”

Project Scope: Transition metal complexes continue to be of high interest for molecular appli-
cations due to the flexible control over their reactivity that can be obtained through synthetic
modification of ligands. Iron complexes are particularly interesting to replace the toxic and/or rare
metals used presently in many catalysts. We are applying optical-pump/x-ray-probe absorption
and emission spectroscopy to understand the complex reactivity of iron-based complexes in solution
environments. We aim to understand the initial dynamics that immediately follow photoexcitation
and to track the subsequent chemistry that occurs, including unwanted side reactions that may
lead to irreversible damage of the molecule. Our studies focus on the wide range of timescales
relevant for the photochemistry. We will utilize XFELs, such as the LCLS and the European
XFEL, to probe from the picosecond to the femtosecond regime. The MHz-repetition-rate, optical-
pump/x-ray-probe endstation at beamline 7ID at the Advanced Photon Source (APS), built by
our group over the past several years [103-116], allowed us to track reactions from about 10 ps to
the microsecond regime. This setup is presently being moved to the new spectroscopy beamline at
Sector 25. Our newly constructed optical transient absorption setup provides critically important
complementary information for understanding transient x-ray spectra.

Recent Progress: Our studies have focused on two complexes: aqueous [FeH(CN)ﬁ]‘l* and aqueous
ferrate(VI) ion, the latter in collaboration with the group of Dugan Hayes at the University of Rhode
Island. The first we use as a model system to understand ligand exchange reactions in water and
the second becomes highly reactive in the presence of UV light, suggesting potential uses in water
remediation.

For ferrous hexacyanide in water, absorption of UV light initiates an exchange of a CN~ ligand
with a water molecule from the solvent. Using the MHz repetition-rate laser-pump/x-ray-probe
capabilities our group has built at the Advanced Photon Source we have investigated the reaction
using both absorption spectroscopy at the Fe K-edge and nonresonant Fe 1s emission spectroscopy.
Pre-edge XAS resonances sensitive to geometry revealed a 20-ps lived pentacoordinated intermedi-
ate species. QM /MM molecular dynamics simulations explain the rather long time for aquation as
being due to fluctuations in the geometry of the pentacoordinated complex that leave very short
time intervals when there is room for a water molecule to bond [108]. The Ka, Kf3, and valence-to-
core emission spectra yield complementary information beyond geometry for the species involved.
The measured K line confirmed the triplet spin state of the pentacoordinated intermediate and
also revealed an unexpected transient difference signal at long times that was not in agreement
with theoretical predictions for the aquated species. A repeat of the measurement confirmed the
experimental result. Our newly built optical transient absorption setup allowed us to understand
this discrepancy as being due to a small amount of pentacoordinated species surviving in equilib-
rium with the aquated species at long time. It also allowed us to gather experimental evidence
supporting the QM/MM MD simulation’s prediction that fluxionality plays a role in the reaction.
A manuscript reporting these results is presently being prepared.

X-ray transient absorption results on the ferrate ion at both UV and visible laser excitations
have helped disentangle the mechanism of the photophysics and photochemistry of the ion, which
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had surprisingly never been able to be measured. A combined optical/x-ray spectroscopy study
was able to disentangle the dynamics of the complex after photoexcitation over timescales of seven
order of magnitude [46]. In addition, comparative optical and x-ray spectroscopy using deuterated
water as the solvent has demonstrated a 10-fold increase in the decay of one of the intermediates
compared to water, which can be rationalized to the different vibrational coupling of a single solvent
molecule. These findings are currently under review [117].

Future Plans: The next steps for our work on [Fe!!(CN)g]*~ include experimental exploration of
the fastest timescales. We will incorporate a fiber compressor to reduce the pulse duration of our
optical pulses in our OTA setup to the 20-30 fs regime from 230 fs. Preliminary measurements
indicate an interesting dependence of the aquation reaction on the counter ion. This will be further
explored. For aqueous ferrate(VI) we will examine preliminary transient XES measurements that
were taken before the APS dark period.

4.4 Photodegradation mechanisms of Mn-based CO; reduction catalysts followed by
transient x-ray absorption

A.M. March, C. Otolski, G. Doumy, C. Elles®®, J. Blakemore®®, R. Sension®®, J. Penner-Hahn?¢
Project Scope: This collaborative project with groups at the University of Kansas and Michigan
aims to better understand the behavior of a series of Mn-based COg reduction catalysts with
the form Mn(CO)s(bpy)Br, bpy = 2,2-bipyridyl. The complexes offer a promising alternative to
the toxic and expensive rhenium complexes used for efficient CO2 reduction and other catalytic
processes. Unfortunately, they suffer from photodegradation under even mild ambient light, which
imposes serious limitations for applications. X-ray spectroscopy provides a powerful probe of the
degradation mechanisms, providing insight to guide modification of the complex design.

Recent Progress: Very rich datasets were obtained during APS beamtimes in June 2018 and
December 2019 where we performed transient XANES measurements at both the Mn and Br
K-edges on multiple time scales (ps, ns and us). Global kinetic modelling of the data provides
insight into the structures of the 5- and 6-coordinate species produced following CO loss and
solvent coordination. A structural rearrangement of the Br ligand from an axial to an equatorial
position is suggested as a solvent molecule coordinates with the penta-coordinated intermediate.
These results motivated the submission of a proposal at LCLS in collaboration with expert users
of the facility (R. Sension and J. Penner-Hahn) to gain direct access to the very first steps of the
photoreaction, from the metal-to-ligand charge transfer state to the ligand loss.

This experiment took place in August 2022, and generated a large amount of data on several
of the complexes, from the early steps (50fs) up to about 90 ps which matches our earliest APS
measurement. Analysis is still ongoing, but a number of preliminary findings demonstrate the great
advantage of using x-ray spectroscopy to get local probes in a complex molecule. For example, while
both measurements at the Mn and Br K-edges evidence the early formation of a MLCT state and
its fast decay, we observed that the signature at the Br site then remains very similar, in contrast
to the signal at the Mn edge where at least 4 timescales are extracted. Because the complexes
do not have octahedral symmetry, it was expected that polarization sensitive measurement may
reveal additional insights. This is indeed the case, and we even observed an unexpected difference
between two of the complexes that will require additional measurements, both using time-resolved
IR absorption measurements and additional XFEL measurements.

Future Plans: These complexes demonstrate the importance of studies spanning multiple time
scales. We now have a full dataset covering these different regions, and the next steps will consist
in reconciling the different measurements along with published optical transient spectroscopy data
to construct a consistent model for the different mechanisms at play. In addition, additional time
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at the LCLS was requested, where we would hope to explore further the unexpected asymetric
behavior between complexes, as well as study the effect of tuning the optical excitation to specific
MLCT absorption bands.
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1. Overview

The J.R. Macdonald Laboratory (JRML) focuses on studying the interaction of short and intense
laser pulses with atoms and molecules for the purpose of understanding and ultimately controlling
the resulting ultrafast dynamics. The timescales involved range from attoseconds, necessary for
accessing electronic motion in matter, to femtoseconds and picoseconds for different types of
nuclear motion in molecules. To achieve our goals, we are advancing theoretical modeling and
computational approaches as well as experimental techniques, studying light-matter interactions
in a very broad wavelength range, from the midinfrared to the hard x-ray domain. The synergy
afforded by the close interaction of theory and experiment within the Lab serves as a significant
multiplier for these efforts. A significant fraction of our research is done in collaboration with
others, both at JRML and elsewhere, including many groups within the DOE-AMOS program.
Several JRML members conduct experiments at free-electron lasers, such as LCLS, European
XFEL, FERMI, and at other FEL and synchrotron radiation facilities. At the JRML site, we run
experiments with three femtosecond laser systems, several high-harmonic generation sources, and
a large number of complementary charged-particle imaging and spectroscopy instruments. Right
now, the Lab is in the process of adding a high-repetition rate 100-kHz, 200-W laser system, which
is expected to give a significant boost to many of our coincidence measurements.

On the personnel side, this year Kansas State University approved the hire of Meng Han, who
has recently joined the experimental JRML group. He plans to develop a research program focused
on attosecond science, in close collaboration with other JRML experimentalists and local theory
groups.

Current JRML research projects are organized in three subtasks around the following basic
themes: “Strong-field and attosecond science", “Correlated dynamics", and “Ultrafast XFEL
science”. These themes serve as broad categories since the boundary between them is not always
well defined. The following progress summaries provide brief updates on a select subset of our
ongoing projects in each of these subtasks.

2. Strong-field and attosecond science

Strong laser pulses enable us, on one end of a wide range of timescales, to couple multiple
electronic states within a small fraction of an optical cycle, launching broad wavepackets and
enabling the study of attosecond charge migration. On the other end of the range, they can excite
extensive rotational coherences and provide access to the molecular frame. Investigations of the
interaction of strong laser fields with atoms and molecules have led not only to attosecond light
sources and unprecedented time resolution, but also to a wealth of new tools including impulsive
alignment, high-harmonic spectroscopy, laser-induced electron diffraction and time-resolved
Coulomb explosion imaging. The main goal of the projects in this sub-task is to exploit the
versatility of strong-field physics to both image and control electronic and nuclear motion.
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2.1. Strong-Field Excitation and Ionization: Laser-Induced Electron Diffraction - Blaga, Lin

Project Scope: This project explores intense laser-matter interactions with a particular emphasis
on ultrafast molecular dynamics studies. Leveraging the A?- scaling law and the rescattering
mechanism of strong-field physics, we pursued the development of midinfrared ultrafast lasers
that allowed us to generate high energy (>100 eV) returning electron wave packets that possess
enough resolving power to determine the location of atomic centers inside the parent molecular
ion via laser-induced electron diffraction (LIED) [1,2]. In addition, the project also aims to develop
ultrafast photoelectron metrologies and novel experimental tools for molecular dynamics studies.
High-energy (>100 eV) LIED is a viable ultrafast imaging method because the measured
rescattering yields Y(p,3) in the photoelectron angular distributions (PAD) occurring at large
angles (9) and high momenta (p) can be factorized as a product of the elastic electron-ion
differential cross section (DCS) and the returning electron wave packet W(k:), where k: is the
momentum at return [3]. Structural information is contained only in the DCS term, and not W(k:).
Furthermore, at large rescattering angles the DCS is determined by the field-free, short-range
potential. Therefore, high-energy LIED “sees” the location of the atoms inside a molecule but is
insensitive to any chemical information. During the last few years, we concentrated our efforts to
extend LIED to lower electron return energies (< 20 eV), a regime where the chemically active
valence electrons of the parent play a significant role in the details of the DCS. If these efforts are
successful, LIED could be used not only to image, on a femtosecond timescale, the location of the
atoms inside molecules, but to “image” the valence electronic distribution, allowing us to observe
charge transfer and charge migration in molecular targets as well as the formation of so-called
compound states (or transitory states) when the returning electron is temporary trapped by the
parent.

Recent Progress:
2.1.1 High-energy LIED in alkanes

During the last year, in collaboration with Prof. Louis F. DiMauro (Ohio State University), we
began an extensive survey of ultrafast molecular imagining in alkanes. In three joint experimental
campaigns during Summer of 2023, we measured photoelectron angular distributions and mass
spectra in methane isotopes (CH4 and CD4), ethane (C2He), propane isotopes (C3Hs and C3Ds), and
butane isomers (n-C4Hio and iso-CsHi0) at two midinfrared laser wavelengths (3.0 and 3.5 pm).
The investigations, performed using OSU’s midinfrared tunable laser source operating at 1 kHz
repetition rate, were devised to address three scientific goals.

The first goal aimed to prove that high-energy LIED can successfully image isomeric targets.
As isomers have the same chemical formula, the DCS are similar, as seen in Fig. 1a, where the
theoretical DCSs for 50 eV electrons diffracting on neutral n-butane and iso-butane are presented
[4]. The main differences between the isomers are a slightly higher DCS for isobutane in the near
backscattering geometry (red arrow) and a local diffraction maximum in n-butane at 90 degrees
absent in isobutane (green arrow). Our preliminary LIED experimental data shown in Fig. 1b is
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Figure 1. (a) Calculated elastic electron-C4H;o DCS at 50 eV
electron kinetic energy [4]. (b) LIED experimental DCS for
50 eV electron return energy, taken with 3pum, 100 fs pulses
at 50 TW/cm?. The red and green arrows indicate similarities
between theory and experiment, outlining LIED’s ability to
distinguish between n-C4H; and iso-C4Hjo.

n-butane can result in C-C bond

breakup and formation of methyl, ethyl, and propyl radicals. To be able to “visualize” this process,
it is first necessary to demonstrate and understand the imaging capabilities of LIED as a probe.
For this purpose, the corresponding neutrals (methane, ethane, and propane) are excellent
substitutes. Detailed experimental analysis and theoretical modeling are pending.

The final thrust of this project consisted in determining if LIED can be applied successfully
when the wavelength of the midinfrared imaging pulse matches a vibrational resonance of the
target. When LIED was demonstrated, it was applied only in non-resonant cases. Nonetheless, in
previous years, we demonstrated that the mass spectrum of CDas at 3.5 um shows significantly
more dedeuteration as CH4 shows deprotonation, whereas with a 2.9 um driver, they are identical.
This hints that at 3.5 pm, a wavelength at which CDa4 has a C-D stretch resonance, a significant
amount of energy from the laser pulse is deposited into the molecules, making it vibrationally hot.
Under these circumstances, it is not obvious if LIED could produce a clear molecular image. To
investigate this, we had recorded LIED data in C3Hs and C3Ds at 3 um (both species non-resonant)
and 3.5 pm (first species non-resonant, second resonant). Experimental and theoretical analysis
are pending.

2.1.2. Low-energy LIED in alkali atoms

In 2017, we reported the results of an extensive experimental survey aimed at benchmarking
various strong field ionization theoretical models [5] in atomic targets. The main finding of this
work was the demonstration that the quasistatic, wavelength independent Ammosov-Delone-
Krainov (ADK) theory is in excellent agreement with the experiment when the adiabacity
(Keldysh) parameter y=(IP/2Up)’" is less than 0.7, even for low-IP targets. For LIED, ADK is a
required ingredient as in its regime of applicability, the classical electron trajectory approximation
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collaboration with DiMauro’s group at Figure 2. Low-energy laser-induced electron diffraction in
OSU we successfully extracted and sodium at 15 eV electron kinetic energy. Left panel:
modelled DCSs from the measured experimental data. Right panel: theoretical modeling. As
photoelectron angular distributions of  seen, including only the short-range potential produces a
sodium and potassium under irradiation ~ DCS (dash line) that does not agree with experimental data.
with intense ~100 fs, 3.6 um pulses for  Including the long-range Coulomb potential (red line),
electron energies in the 7-20 eV range.  produces a total DCS (blue line) in excellent agreement with
The theoretical modeling clearly the experiment (the deep diffraction minimum at 130°).
demonstrated that the DCS cannot be

accurately modelled with the short-range IAM. However, including the long-tail Coulomb
potential the agreement between theory and experiment was excellent. In Fig. 2, the LIED
experimental and theoretical DCS are shown in the case of sodium atoms, imaged with 15 eV
recolliding electrons. The experiment and the theoretical modeling have been concluded
successfully, and the manuscript on these results is in preparation.

Future Plans: For the next year, we will continue our work on both LIED projects highlighted in
the previous section. The arrival of a new high average power 100 kHz laser system at JRML in
late 2023 will vastly augment our experimental capabilities. Coupled with our new multi-anode
double sided TOF apparatus, we will gain nearly three orders of magnitude in data collection rates.
This will truly open the possibility to conduct UV/VIS-pump, LIED-probe ultrafast molecular
imaging studies. For this purpose, we will continue to work with alkanes, targets we understand
well and for which we are developing theoretical models.

2.2. Modelling of Attosecond Charge Migration, Charge Transfer and Sequential Double
Ionization - Lin

Project scope: Excitation and ionization of a molecule by ultrafast light pulses could create a
superposition of electronic states. Subsequent electron dynamics by the coupling of electronic
coherence and nuclear motion induces charge migration and possibly charge transfer. In the past
decade, based on the three-step rescattering model, high-harmonic spectroscopy (HHS) and LIED
have been used to probe change of nuclear geometry immediately (sub- to few-fs) after tunnel
ionization. Using the HHG data generated from aligned molecules and applying machine learning
algorithms, we have been able to retrieve picometer-scale molecular geometry change and charge
migration speeds for individual molecules within the first femtosecond after ionization. In parallel,
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we developed new schemes for mapping vibronic coherence induced by tunnel ionization using
either sequential double ionization or x-ray transient absorption as a probe. Using our new
theoretical model based on the density-matrix formulation, we show that both of these probe
schemes will reveal different vibronic coherences, and the theory results can be directly compared
to experimental data.

Recent Progress:

2.2.1 Characterizing sub-femtosecond charge migration following tunnel ionization of molecules
by high-order harmonic spectra

In 2022, we reported charge migration for N2 and COz using HHS [P29]. Following that work,
our collaborators in Wuhan carried out HHG measurements on the linear carbon chain molecule
C4H2 where tunnel ionization by an 800 nm laser will create two holes, one 1z HOMO orbital and
one mu HOMO-1 orbital. The resulting hole dynamics will migrate along the linear chain. Our
reconstruction allows us to obtain how the speed of the center-of-charge (COC) migrates versus
the alignment of molecules with respect to laser polarization, ranging from 4.5 A /fs to about 2.8
A/fs. The report of this work has been published in [P53] and was featured in SPIE Digital Library
in August 2023.

Applying HHS to NH3 molecules using 800 nm and 1300 nm lasers, the same team was able
to extract the NH bond length as well as the bond angle HNH, showing that both increase with
harmonic order (due to attochirp), as well as with the wavelength of the 1300 nm laser. Using
HHS, we were able to show that the bond length increases by 0.6 pm in about one femtosecond,
and 1.5 pm in about two femtoseconds. We have also carried out TDDFT simulation to obtain the
change of bond length in NH3 when an electron is stripped out of the molecule and how quickly
the molecular ion changes shape. The calculations are in good accord with the results extracted
from the harmonic spectra.

2.2.2. Density matrix theory for dissociative sequential double ionization of molecules

Since last year, our group set out to find a simplified theory that could calculate quantities that
can be directly compared to typical pump-probe experiments (the effort led by Dr. Isaac Yuen).
Clearly, such a theory should include essential molecular structure, the dependence on the pump
and probe pulses, as well as the coherent coupling between electronic and nuclear wave packets.
To compare with experiments, average over the orientation of molecules is also essential.

Our first project was to calculate the kinetic energy release (KER) spectra of the dissociative
double ionization of N2 molecules using intense laser fields [P32]. We used the density matrix
formulation to calculate the time dependence of the density of the neutral, cation and dication. The
laser ionizes the neutral from the ground state to a few low-lying ionic states to create a coherent
ionic wave packet. These ionic states are still under the external laser field and can be further
ionized to ground and excited dications. For the ionization, we used the MO-ADK theory to
calculate the ionization rate. The higher dication states can dissociate to N* +N*, where the KERs
of the ion can be measured. Our simulation was shown to be consistent with the earlier experiment
from JRML. This is the first time that KER spectra for N2 have been properly simulated by theory.
Note that in this work, we account for the average over the molecular alignment and the focal laser
intensity distribution. With our model, we do not calculate electronic wave functions. Thus, the
computations are about three to four orders of magnitude faster than any full time-dependent ab
initio quantum calculation. This method was further extended to O2 molecules [P57] which have
open-shell ground state. The results of the calculations yield good agreement with earlier
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experimental data [6] and with current JRML COLTRIMS experiments on double ionization of
Oa.

2.2.3. Unraveling vibronic coherence

To investigate coherence and pump-probe experiments, the theory used in section 2.2.2 needed
to be substantially extended. Since the MO-ADK model only calculates the tunneling ionization
rate, to account for laser coupling between cation channels, the complex off-diagonal density
matrix elements need to be calculated. This was studied in [P54]. With the theory in place, we
have found that the population of N2 cations are significantly modified by laser coupling which
would have significant implication for air lasing, which currently is a topic of great interest.

So far, the calculations have been limited to pulses that are less than 6 fs such that nuclear
degrees of freedom can be fixed when the laser is on. For pump-probe experiments, our goal is to
find out how the electron wave packet evolves in time over tens of femtoseconds after the neutral
molecule is ionized. This is a topic generally referred to as charge migration. Over the longer time,
even when there is no laser field, the coupling between the electrons and the nuclear motion must
be accounted for. A theory for addressing vibronic coherence in charge migration as probed by
another intense IR laser was investigated. The theory predicts beatings of the KER spectra with
respect to the time delay, and that the branching ratios of ionization channels can be directly related
to the off-diagonal element of the density matrix of the cation. The model was applied to N2
molecules but no experiments so far for comparison.

Charge migration can also be probed using the transient absorption spectroscopy. Such
experiments have been carried out by a number of experimental groups where the probe pulse is
an XUV or soft x-ray. The vibronic coherence in N2* was investigated recently and coherence
between two cation states has been extracted from the optical depth measurement. A paper on this
work has been submitted.

Future plans: During the last two years, we have developed a theory that can be used to
understand the outcome of pump-probe experiments and to produce results that can be directly
compared to experimental data. In particular, this approach allows for a quantitative
characterization of vibronic coherence which plays an essential role in determining whether charge
migration might evolve to charge transfer in a chemical reaction. Future development will depend
on specific molecular systems that are suitable for experimentalists and for theorists. Much
remains to be done. For mapping charge migration with HHS, the next goal is to examine HHG
spectra from molecules that have been excited by a pump pulse. The experimental setup for such
measurements is currently being developed.

2.3. Strong-field-driven dynamics in small molecules - Kumarappan, Thumm, Rolles, Rudenko

Project scope: The goal of this project is to understand and image strong-field driven dynamics
in excited states of small molecules and molecular ions. In particular, we focus on understanding
the role of light-induced potentials and light-induced conical intersections in light-molecule
interactions. Experimentally, we use pump-probe measurements of ion (and sometimes also
electron) momentum distributions using velocity map imaging (VMI) or COLTRIMS
spectrometers to characterize the dynamics. Kinetic energy and angular distributions help us
understand both the ionization and/or excitation by the pump as well as the dissociation, further
ionization and/or Coulomb explosion by the probe pulse. In addition, we employ channel-selective
Fourier spectroscopy to characterize the states populated by the pump pulse. For VMI

30



measurements, long scans enable sufficient resolution in the FFT spectrum that we can identify
electronic and vibrational states excited by the pump unambiguously from the rotational
coherences that are also simultaneously excited. At the same time, coincident ion-electron spectra
can provide further insight into state-specific electronic and nuclear dynamics.

Theoretically, we aim to develop conceptual, analytical, and numerical tools to (i) image and
control the effects of intense light pulses of different wavelengths, from NIR to soft x-rays, on the
electronic and nuclear dynamics in small molecules; and (ii) extend our investigations from
diatomic molecules to larger systems, starting with triatomics. We compare theoretical results with
several experimental data sets for one- and two-color pump-probe experiments performed at JRML
and in other labs.

Recent progress:

2.3.1. Fourier Spectroscopy of Post-lonization Dynamics in Molecular Cations: Spin-Rotation
Wave Packets in N* A°Il,

Strong-field ionization can populate several low-lying electronic states of the cation,
depending on the ionization energies, the shape for the molecular orbital from which
ionization takes place and post-ionization couplings between states in the cation. We
investigate the rotational dynamics of the cation after the ionizing pulse and the role that
spin-orbit coupling plays in these dynamics. The experiment consists of ionizing jet-
cooled nitrogen by 800 nm, 35 fs pulses and then dissociating the resulting cations with the
third harmonic of the pump. Velocity map images of the N* ion in a long delay scan are
analyzed using pBasex and FFT, and the data is Fourier filtered to isolate the contributions
from the two fine-structure-split manifolds. A combination of resonant excitation in the
probe, KER and Fourier filtering allows us to isolate spin-rotation wave packets in
individual vibrational levels of the cation; note that our pulses are long enough to exclude
vibrational wave packet dynamics.

As an example of the information we can extract from these experiments, Fig. 3a
shows the time-dependent yield the dissociation of the cation in the A’IL.(v = 4) state
produced by resonance-enhanced three-photon dissociation through the D?IIg(v = 3) state.
Fig. 3b shows the KER distribution from a single line in the quantum beat spectrum where
four dissociation channels can be identified. Since the lines from the F1 and F2 fine
structure levels are well separated in the FFT, we can Fourier-filter the data and
reconstruct the time-dependence of the yields from these two levels individually (Fig. 3c).
These show strikingly different behaviors. The difference in revival periods is noticeable
already at the first half-revival. The revival pattern for 1 shows sharp single-cycle revivals
with no chirp and only a slow variation in carrier-envelope phase. F2 revivals, on the other
hand, show rapid onset of chirp. These differences can be understood in terms of competing
influences of centrifugal distortion and spin-orbit splitting in the Hund’s-case-(a)
Hamiltonian for A’IT.. In F1, the two largely cancel out the quadratic term in the beat
frequency as a function of J, leaving the revival pattern unchirped. In F>, the quadratic
term is enhanced, leading to a larger chirp than centrifugal distortion alone would have
caused.
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Figure 3. (a) Fourier transform of the yield of N" ions produced by a 264 nm probe pulse that dissociates
cations left in the A’TI(v = 4) state of N,* produced by an 800 nm pulse. The yield is gated on the KER of
ions dissociating to the seventh dissociation limit, L7 (N “('D) + N (*°)), reached by three-photon
absorption from A’TI(v = 4). The FFT spectrum is mirrored for convenience; vertical lines mark the
expected positions of the AJ= 1, 2 rotational quantum beats within F; (€ =3/2, top half) and > (Q =1/2,
bottom half) levels. No electronic lines (transitions between £ and F>) are observed. (b) KER distribution
of the yield, gated on the F line at ~78 cm™'. Four channels can be identified; in the legend, n labels the
number of 264 nm photons absorbed and L# the dissociation limit in increasing order by energy. (c) Delay
dependence of N ion yield retrieved by inverse FFT of the spectrum shown in (a). Frequency filtering
separates F'; and £ yields. The broad envelope is an artifact of the Hanning filter used in the FFT.

Similar plots for the Legendre moments (L = 2—8) of the angular distribution show
that rotational beats extend up to (and likely past) the Nyquist frequency in our experiment
with 50 fs steps in delay. These coherences suggest that the cation is tightly aligned
near the end of the pump pulse and that, for similar pumping conditions, rotational
dynamics could be critical even for sub-ps pump-probe experiments. Already by the first
half-revival of alignment at ~5 ps, the behavior of F1 and F> is distinct; simulations of
nitrogen lasing that do not include spin may need to do so.

2.3.2. XUV-pump IR/VIS-probe dissociative ionization (DI) of CO:

Following the sudden single ionization of COz2 in ultrashort pump pulses with 18 eV central
photon energy, we propagated the coupled nuclear motion in CO2" on the A’Il, B*Z,", C2Xg",
b*I1., and a*X¢ adiabatic BO potential-energy surfaces of the excited molecular cation, exposed to
delayed 780 or 400 nm probe-laser pulses, including all vibronic degrees of freedom (Fig. 4) [7].
We calculated potential-energy surfaces and probe-laser-induced dipole couplings between BO
states ab initio by applying the multi-configurational self-consistent-field (MCSCF) quantum-
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chemistry code GAMESS [8]. Due to its dominating Franck-Condon (FC) overlap with the CO2
ground state, we assumed the ionization step to only populate the B>Z."(0,0,0) state.
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Figure 4. Left: CO," BO potential energies for R,=2.24 a.u. and ¢= . Green arrow: FC transition
to the initial B’Z,"(0,0,0) level. Inset: internuclear and Jacobi coordinates. Right: Nuclear dynamics
for a pump-probe delay of 105 fs [7]. (a) Laser electric field. (b) Populations in the A*I1,, B*Z,",
C’%,", b'Tl,, and a*Z states. (c-e) Expectation values of the Jacobi coordinates.

Nuclear dynamics: Numerically propagating the nuclear motion of the pump-pulse excited CO2"
ions across 45 fs, 2x10'* W/cm? peak intensity probe pulses, we find fragmentation into the O(3Py)
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+ CO*( X2Z") and [O(*Su) + CO(X'Z¢")] dissociation channels to proceed via non-adiabatic
transfer at the A’ITu <> B*Z." CI, B®Z," — C?Z," excitation in the probe pulse by absorption of
three [one] photon[s], and spin-orbit coupling to the b*IT. [b*I1u and a*%,] state[s] (Fig. 4).

Kinetic-energy-release spectra: As a function of the KER, the yield for O(3Pg) + CO™( X2%")
fragmentation displays internal fragment excitations as a sequence of peaks (Fig. 5a,c). For 780
nm probe pulses, three-photon excitations result in KERs up to 3.38 ¢V. CO" vibrational (v) and
rotational (j) quantum numbers are indicated in the graph. As expected, O*(*Su) + CO(X'Zg")
dissociation yields are much smaller (Fig. 5b,c).

Core-hole dynamics at the B°2." - A’I1 conical intersection of CO>*: By quantum-beat analysis
[10] of the delay-dependent KER spectra and supported by Landau-Zener transition rates between
vibronic levels in the B%Z." and A’Il. electronic BO states [7], we unraveled the nuclear wave-
packet anatomy with main contributions from a small number of vibronic levels. In particular, we
find oscillation periods of 115 as due to quantum beats between the B2X,7(0,0,0) and A%I1u(1,0,2)
states, reproducing the core-hole oscillation measured in [9]. We also identified strong 62 fs
oscillations, due to beating B%Z." (0,0,0) and A’y (ns,0,0), ns=5,6 levels (Fig. 5d).

2.3.3. Imaging strong-field-induced bending vibrations in SO2*

Light-induced vibrational wave packets play a fundamental role in many types of molecular
dynamics and have been studied extensively. In this work, we show that one can directly map
coherent bending vibrations in a laser-ionized small molecule using time-resolved Coulomb
explosion imaging. As sketched in Fig. 6a, we use a strong 28-fs, 790-nm laser pulse to ionize SO2
and launch vibrational wave packets in its cationic states. Subsequently, a second NIR pulse of
higher intensity is employed to further ionize and dissociate (Coulomb-explode) the molecules.
The ionic products are detected in coincidence using a COLTRIMS apparatus.
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Figure 6. (a) Sketch of a NIR pump — NIR probe experiment and relevant potential curves of SO, and SO,".
(b) The measured delay-dependent yield of S" + O" + O coincident channel plotted as a function of the
angle between the two O" momentum vectors. (c) The simulated time-dependent probability density of the
vibrational wave packet propagating in the ground state of SO," shown as a function of the O-S-O bond
angle. The solid lines in (b) and (c) indicate the average value of this angle as a function of the delay.
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Focusing on the S" + O + O" channel, we observe a pronounced oscillation in the measured
angle between the two O" ions, which directly reflects the O-S-O bending vibration. The
periodicity of observed oscillations (~83 fs, corresponding to the frequency of ~400 cm™) clearly
indicates that we mainly image the vibrational wave packet in the SO2" ground state [11]. In Fig.
6b, the simulated time-dependent probability density of the nuclear wave packet propagating in
the ionic ground state is plotted as a function of the O-S-O bond angle. The simulation closely
resembles the experimental data, manifesting nearly identical periodicity and phase behavior.
Therefore, even though the quantitative relation between the measured momentum-space angle
and the real-space bond angle is non-trivial and requires further analysis, these results provide
direct and intuitive picture of the strong-field-induced vibrational wave packet in a triatomic
molecule.

While the observables for the triply-charged final state presented in Fig. 6 are clearly dominated
by the ionic ground-state vibrations, the FFTs of the delay-dependent data for lower charge states
as well as the theoretical results also manifest weak but clear signature of the ground-state bending
vibrations in the neutral SO2 molecule. The analysis of the relative phases of ionic and neutral
vibrational wave packets based on the frequency filtering and inverse FFT (similar to the procedure
described in Section 2.3.1 above) is currently underway.

Future plans: We plan to extend high-resolution Fourier spectroscopy to heteronuclear diatomics
like NO and CO, and to triatomic molecules such as CO2, SO2 and OCS. We are also planning
experiments in which the probe wavelength in the UV is varied to address different vibrational
states in the cations. For the dissociative ionization of CO2", we plan to (i) extend the present model
by removing its restriction to initially linear (not bent) molecules that are aligned with the pump-
and probe-pulse-polarization direction. Allowing for arbitrary molecular orientation and bending
entails different, compromised, or no dipole-selection rules, thus altering the population transfer
between relevant adiabatic states in the molecular cation. This is expected to affect the coherent
nuclear dynamics and, correspondingly, experimentally observable KER spectra and dominant
quantum-beat (“core-hole”) oscillation periods [9]. Addressing recent experimental findings at
JRML [12], we intend to (ii) reveal the cause of comparatively slow 3 ps fragment-yield
oscillations in the DI of COz, (iii) scrutinize the dependence of KER spectra on the relative linear
polarization directions of pump and probe pulses, and (iv) continue our recent investigation of the
DI of H20 and SOa. Finally, for imaging strong-field-incduced vibrational wave packet, the main
challenge for the future work is to connect momentum-space and real-space observables for
Coulomb explosion imaging. We plan to address this via improved modelling of the probe step. In
addition, we plan to combine different final-state observables and to employ resonant UV probe
pulses, which would exclusively map ionic wave packet to a single low-lying repulsive potential
energy curve.

2.4. Extracting dynamical pathways - Esry

Project Scope: Identifying the quantum-mechanical pathways followed during a light-induced
dynamical process remains a significant challenge, especially in complex systems. In the latter,
understanding the dynamical pathways usually relies heavily on theoretical calculations. We are
exploring to what extent we can objectively and unambiguously extract pathway information
directly from measured observables without elaborate theory.

Recent Progress: Building on our general theory of carrier-envelope phase (CEP) effects [13,14],
which showed that the CEP and the net number of photons # is a Fourier-transform pair, we want
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to “invert” the expansion to find the quantum-mechanical amplitude i.e., the pathway — linking
the initial state to the final state through the exchange of n photons. This inversion would be applied
directly to measured observables, thereby providing a clear, theory-free procedure applicable even
to complex molecules, in principle.

Given that this procedure depends on there being CEP dependence in the observable, it will
only be relevant for processes driven by few-cycle pulses (although not necessarily intense). With
this caveat, the system’s wave function can generally be written as
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for any number of degrees of freedom. This expansion makes the CEP (¢) dependence explicit.
From this wave function, any observable and its CEP dependence can be written.

For the present testing, we have focused on analyzing the momentum distribution following
field-induced breakup into two fragments (which could be either photoionization or photodisso-
ciation). The energy-angle distribution — effectively the momentum distribution — can be very
generally written as
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All of the information about a particular system in a given laser pulse is contained in the
amplitudes 4. (E) which give the amplitude for the pathway from the initial state to the final state
with angular momentum J and energy E via n net photons. These amplitudes necessarily also
include the net effect of the time-dependent dynamics that connect these states. Further insight can
be had by considering the perturbation theory expressions for the amplitudes. For instance, a net-
n photon pathway would include contributions from » photon absorption, n+1 photon absorption
with 1 photon emission, n+2-2, and so on.

In our previous work, we used the expression above to construct and interpret CEP-dependent
observables from the amplitudes. For example, the expression shows that CEP effects only appear
as the interference of different net-n pathways. And, the first contribution will be for |n—n!|=1,
which accounts for nearly all of the CEP dependence observed in the literature. More complicated
CEP dependence requires higher frequencies |n—n'|>1 which are much less likely (as an example,
net-2-photon and net-4-photon pathways are unlikely to contribute at the same energy).

Recently, we have used this expression as the basis for extracting the amplitudes. The proce-
dure would require that the energy-angle distribution be measured as a function of CEP in pulses
short enough to show CEP effects. This experimental data is then fit using the above expression to
obtain the 4./ (E). There are several ways to carry out this fit, and the one that we are pursuing
starts with the Fourier transform with respect to CEP:
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This method for extraction of the amplitudes thus has a lot of overlap, for instance, with
retrieving the field of a laser pulse via an interferometric technique like FROG. And, like such
techniques, uniqueness of the retrieved amplitudes can be an issue and was a concern. Using
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relatively simple physical arguments to restrict the coefficients — such as energy conservation and
dipole selection rules - alleviates much of the problem, however. In addition, careful utilization of
minimization routines with sampling a distribution of initial guesses seems to eliminate most of
the local minima from the fit. Nevertheless, as the number of amplitudes grows (with, say, intensity
or energy), the minimization becomes challenging.

Besides some simple testing, we have also successfully extracted the amplitudes from cal-
culations of strong-field dissociation of HeH" from an initial v = 0, J = 0 initial state in a two-
cycle, 4000-nm pulse with intensity 10'* W/cm?. Because at least six photons are required for
dissociation and the energy range in our calculation covered six peaks in energy, 7min = 4 and #max
= 15 were chosen. Similarly, the minimum and maximum J values used were /=0 and J = 15. We
solved the time-dependent Schrodinger equation to calculate the 4./ (E) directly and construct the
energy-angle distribution to fit to. The extracted amplitudes could thus be compared to the
calculated amplitudes, showing that we were able to extract the amplitudes to 1% over this whole
energy range.

Future Plans: Further testing of this pathway extraction procedure is needed, along with
improvements in efficiency to make it applicable to higher intensities. We also want to find ways
to get more fine-grained information than A4.s (E). One obvious approach would be to introduce a
two-color (or more) field with variable relative phase. Other controllable parameters might provide
a route to additional insight. The more immediate next steps, however, will involve application to
experimental data.

3. Correlated dynamics

Molecular processes are influenced and, in some cases, dominated by correlations among electrons
and between electrons and nuclei. These correlations become increasingly important as larger and
more complex molecules are considered. In order to approach a complete understanding of energy
flow in complex systems or biological molecular dynamics, we must first build the ability to
observe and describe correlations in molecules. We use complementary tools to explore the
dynamics of chemical processes, including coincidence detection of neutral and ionic molecular
fragments, photoelectron spectroscopy, ultrafast electron diffraction, impulsive alignment of
molecules, and ab initio theoretical methods. Combining theoretical modeling and computational
molecular physics with coincidence and alignment measurements, and employing several
complimentary experimental techniques, we seek to gain a more complete picture of the critical
role of correlated dynamics in molecular processes.

3.1. Molecular Fragmentation Dynamics with Neutral and Ionic Targets- Ben-Itzhak,
Rolles, Rudenko, Esry

Project Scope: The light-induced fragmentation of molecules and subsequent dynamics of the
fragments is one example of a process where correlations between electrons and nuclei can result
in a high level of complexity. Within this project, we are developing and improving experimental
analysis techniques that deconvolve the complex data, resulting in a picture of different dynamic
processes. To identify and separate various reaction pathways and to elucidate the role of different
initial and intermediate states, we perform coincidence experiments employing both neutral targets
and molecular ion beams, and have a close collaboration between theory and experiment. We are
also advancing our theoretical ability to describe these complicated processes from first principles.
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Recent Progress:

3.1.1. Native frames: Disentangling sequential and concerted multi-body fragmentation

Previously, we reported our studies of the formation of hydrogen-rich fragments from ethanol
following double ionization by a strong laser field. In this work, performed in collaboration with
E. Wells (Augustana) and M. Dantos (MSU), we determined the probability associated with the
site of origin of each hydrogen atom [15]. This was accomplished also for “incomplete-breakup
channels”, i.e., the cases where there is a missing neutral fragment(s) in addition to the detected
ion pair. This year, we explored these 3-body breakup channels employing the native frames
analysis method [16,17].

This analysis of the H2O" + C2Hs" + H breakup channel is shown in Fig 7 as a function of the
kinetic energy release (KER) of the intermediate C2HsO** dissociation into H2O* + C2H3" and the
angle between the conjugate momenta associated with the two fragmentation steps, the first being
H elimination from ethanol dication. The measured
distribution has a narrow KER peak centered at about 4.9
eV and a broad angular distribution caused by the rotation 150 3
of the intermediate C2HsO?" in the fragmentation plane.
The deviation from the expected flat angular distribution
[16,17], resulting in dips near the edges of the distribution
at 0° and 180°, is due to the relatively poor momentum
resolution of the reconstructed slow H fragment, which is
determined from momentum conservation. Simulations
including the momentum resolution under the present
experimental conditions reproduce nicely the measured
distribution shown in Fig. 7.
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The fragmentation of the ethanol dication into H3" + KER\z0pcamss (€V)

.Csz().+ + H exhibits a sjmilar sequential breakup Figure 7. The number of H,O' +
involving hydrogen elimination first, i.e., breakup into Col:* coincidence events as a
C2Hs0*" + H followed by the dissociation of the C2HsO** g1 tion of the KER in CoHsO* —
intermediate into Hs3" + C2H20". In addition, this Hs" +  H,0"+ C,H:" and the angle between
C2H>0" + H channel has minor contributions of concerted  the conjugate momenta associated
breakup and sequential breakup following the ejection of  with the 1* and 2" breakup steps [2,3].
an H3" first, followed by hydrogen elimination from the

intermediate C2H30".

In a similar project exploring the HCOOD isotopologue of formic acid, we have observed
similar sequential breakup processes involving hydrogen elimination as the first step. The most
interesting of these channels involves double hydrogen elimination, namely H + D + CO2*"
followed by the dissociation of the CO2*" intermediate into O + CO™ after the carbon dioxide
rotates for some time in the fragmentation plane. Curiously, in addition to the CO2** that survives
for a few rotational periods (i.e., a fraction of a nanosecond), we also observe the dissociation of
metastable CO2?" in flight to the detector, with sufficient statistics to evaluate the lifetime to be
about 600 £100 ns. This measured lifetime is different than what we observe following double
ionization of COz under similar laser conditions.

Finally, we also employed native frames analysis [16,17] in our studies of two- and three-body
fragmentation of CHBr3 driven by intense 28-fs laser pulses (see [P49]). Specifically, we identified

38



sequential fragmentation of the trication proceeding via Br* + CHBr2?" and followed by CHBr2**
— Br" + CHBr". This information was also used in the interpretation presented in [P39].

3.1.2. Predissociation- and photodissociation pathways of OD™

Previously, we implemented the native frames method [16,17] to analyze single photon double
ionization data of D20 acquired through our ALS collaboration (which includes the LBNL group,
R. Dorner, T. Jahnke, A.L. Landers and others). Specifically, we separated sequential
fragmentation of the heavy water dication leading to D"+ D" + O via OD" + D", identified two
dissociation pathways involving the b'Z* and a'A states of the intermediate OD*, and followed
their breakup step by step (see [P40]). In a follow-up project, we identified the same intermediate
OD" states in the sequential fragmentation of D20*" leading to D* + O" + D final products. The
second fragmentation step in both cases, i.e., the predissociation of the OD" intermediate, starts by
a b'T" — A’II (or a' A — AII) transition driven by spin-orbit coupling. Note that the A’ state
correlates with the D + O dissociation limit, therefore, to reach the O + D products additional
transitions are needed. We identified the most likely path in this case to be ATl — X°Y" — B’%",
where the final B3X™ state correlates with the O" + D dissociation limit. Consequently, the ratio of
the number of sequential fragmentation events (for either the a'A or b'S" intermediate state, Nap)
associated with D*'-D* or D"'—O" coincidence events provides a measure of the A’ TI— X’Y —B3%"
transition probability (see [P59]):

Pap(ASTT— X3 —B3E ) = Nup(D*+ 0"+ D) / [ Nap(D* +O" + D) + Nup(D* + D* +0)]
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""""""""" Figure 8. (a) OD"' dressed (diabatic) potential energy
curves. (b) The KER distribution of D* + O (solid line) and
(a) D +O" (dashed line), measured with 790 nm laser pulses.
a) ] (¢) Same as (b) but measured with 395 nm pulses.

As a follow up on the project above, we have measured the photodissociation of an OD" ion-
beam target using NIR and UV photons provided by the PULSAR Ilaser. As shown in Fig. 8a, the
single photon absorption excited the OD" from its X X" ground state to the B *X" state, which
dissociates into D + O"(*S) with a KER peak around 0.7 eV (790 nm) and 1.5 eV (395 nm), as
shown by the dashed line in Fig. 8b,c. The KER distribution of the D* + O(*P) dissociation channel,
shown by solid line in Fig. 8b,c, exhibits the same prominent KER peaks (with some low KER
contributions associated with other dissociation paths). Here too, the branching ratio of the D" +
OCP) channel, i.e., N(D*+ O) / [ N(D"+ O) + N(D + O")], is a direct measure of the transition
probability from the B3X state to the final state leading to the dissociation into D* + O(°P) — either
the X X" or A °II state. Calculations are underway to determine the relative importance of these
two final states.
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Future plans: We plan to continue examining the limitations of native frames analysis, for
example, deviations from a uniform N(2as.c) angular distribution, and exploring other possible
signatures of sequential or concerted breakup. In addition, we will extend native frames analysis
to four-body breakup following initial studies of formic acid and formaldehyde. We will also
continue to probe molecular-ion beams, like CD," (n=2-4) and D3O, in a strong laser field.

3.2. Ultrafast UV-induced ring opening of thiophenone - Rolles, Rudenko

Project Scope: A significant fraction of the current JRML research program is focused on time-
resolved studies of UV-driven ultrafast photochemistry in the gas phase. We have exploited recent
advances in Coulomb explosion imaging (CEI) and the availability of several complementary
ultrafast probing techniques to study the dynamics of UV-excited halomethanes [18-
20,P27,P60,P68]. Over the last year, we extended these studies to more complex systems, in
particular focusing on ring-opening reactions. UV-induced ring opening has attracted considerable
interest in the ultrafast physics and chemistry community because it generally combines sub-100-
fs electronic relaxation via non-adiabatic transitions with large-amplitude, coherent nuclear motion
that can ultimately lead to a variety of

photoproducts. These characteristics make 20 (a) thiophenone (C;H,0)

them an exciting testbed for both experiment 15 ‘

and theory. While we have recently carried 510

out time-resolved measurements on several o5 [

UV-induced ring-opening reactions, here we -

focus on the example of thiophenone, a five- o (b) ‘ .

member heterocyclic molecule, for which
we have recently complemented the results
of our earlier time-resolved photoelectron
spectroscopy (TRPES) study at FERMI [21]
with an ultrafast electron diffraction (UED)
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on the ring opening reaction in thiophenone
triggered by the absorption of a 267 nm UV
photon, we achieved an overall excellent
agreement with the results of ab initio
molecular dynamics calculations [21].
However, several key elements of the
theoretical predictions, namely the actual

Figure 9: Comparison of MeV-UED results for UV-
excited thiophenone with ab-initio molecular
dynamics  calculations. (a)  Experimentally
determined static (i.e., no UV-pump) pair
distribution function (PDF) with characteristic
interatomic distances marked as vertical lines (see
sketch). (b) Difference between the PDF for pump-

ring-opening motion, which is expected to
occur within approximately 70 fs, and the
actual identification and branching ratio of
the photoproducts, were not accessible to the

on and pump-off in the experiment. (c) Same
difference computed from the theoretical trajectories
using the independent atom model to calculate the
scattering signal.
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TRPES experiment. We therefore complemented our experimental investigations of this reaction
with an UED study using the MeV-UED user facility at LCLS/SLAC. The results of the MeV-
UED experiment, compared to the same molecular dynamics calculations as used to interpret the
TRPES experiment, are shown in Fig. 9. Although the temporal resolution of the MeV-UED setup
is not sufficient to resolve the ultrafast, large- mplitude motion during initial ring opening (see red
“wiggle” in Fig. 9¢), the experimental data in Fig. 9b shows unambiguous proof for the production
of open-ring photoproducts, as seen by the depletion of the peak corresponding to the O-S distance
(blue vertical band) and the enhancement of a new feature at a larger internuclear distance (red
vertical band) consisting of several distances in the open-ring photoproducts. Further analysis of
the data also yields the time-resolved branching ratios of the photoproducts, which are in good
quantitative agreement with the theoretical predictions [22].

3.2.2. Coulomb explosion imaging with XFEL and table-top NIR laser

To resolve the nuclear motion in thiophenone during the ring opening, which was too fast for
both the TRPES and the MeV-UED experiments, we also performed time-resolved CEI
experiments at the European XFEL and with the

table-top lasers at the JRML. Both setups have a Y R g 0 C z
temporal resolution better than 40 fs for | |+ Oc (
experiments at 266 nm. Preliminary results X b\co,( S ?( S X
(Newton plots) for static (i.e., unpumped) X H

thiophenone recorded at EuXFEL are shown in ()
Fig. 10. It is particularly noteworthy that these g e
momentum images can clearly resolve the three- S
dimensional structure of the molecule, including o> [
the positions of the two hydrogen atoms located
outside of the molecular plane defined by the 5-
member ring.

While the analysis of the time-resolved
EuXFEL data (not shown here) is still ongoing,
signatures of ring opening can be clearly o
resolved in the results of a similar CEI
experiment at the JRML that employed an
intense 28-fs NIR pulse as a probe. As
illustrated in Fig. 11a, the “static” (probe only)
CEI pattern in this case is not as clear as for the

Figure 10: Coulomb explosion images

data obtained with the x-ray probe (compare
with Fig. 10a), mainly because of the higher
background contribution, which is considerably
suppressed in the FEuXFEL experiment
performed above the sulphur K-edge. As shown
in Fig. 11b, for the static case, clear signatures
of the molecular structure can be restored by
gating on the “correct” position of the O
momentum (marked red in Fig. 11a). Fig. 11d-g
displays the evolution of the molecular-frame
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(Newton plots) of thiophenone derived from
the H" + C* + O" + S coincidence channel,
recorded at a photon energy of 2.7 keV at the
European XFEL. Panels (a,b) show the C*
momentum images and panels (c,d) the H"
momentum images in the molecular frame
(a,c) and in the plane perpendicular to it (b,d),
as sketched above. The molecular frame (x-y
plane) for the Newton plots is defined by the
S" (+x axis) and O (not shown) fragment ion
momenta.
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Figure 11. Newton plots of thiophenone derived from the C* + C" + O" + S" coincidence channel,
recorded with the NIR probe pulse at the JRML. (a) “Static” molecular-frame momentum distributions of
C" and O" fragments obtained with NIR probe pulse only. The molecular frame is defined by the S*
(positive x axis) and O" (x-y plane, positive y) ion momentum vectors. (b) Same as (a) but including only
C+ ions under the condition that the O+ momentum is in the area marked red in (a). (c) Schematic of the
(O, S) angle change expected for ring opening. (d-g) Molecular-frame momentum distributions of O" ions
obtained in the UV pump — NIR probe experiment at four different delays. Since the oxygen momentum
is chosen to be in the upper hemisphere (positive y), only the upper half of the Newton plots is shown.

O" momentum distributions obtained after exciting thiophenone molecules with 266 nm pump
pulse. As the pump-probe delay increases, some of the oxygen fragments appear at significantly
higher angles with respect to the S* momentum (as indicated by the red arrow in Fig. 11g), directly
reflecting the ring-opening process.

Although the analysis of both EuXFEL and JRML data sets is still in progress, we preliminarily
conclude that the ring-opening motion of the carbon-sulfur-oxygen backbone is easier to resolve
in the data from the NIR-laser experiment at JRML, whereas the positions of the hydrogen atoms
are better resolved in the EuXFEL data.

Future Plans: Given the success of both the MeV-UED and the laser- and XFEL-based CEI
campaigns, we plan to apply both techniques to other UV-induced isomerization and ring-opening
reactions. We have already expanded our work (and will continue to do so) to reactions induced
at 200 nm, produced as the fourth harmonic of our Ti:Sa laser, and also to variable excitation
wavelengths between 200 and 400 nm produced by our new OPA. This significantly increases the
range of molecular targets and reactions that we can study.

3.3. Correlating observables with nuclear geometry — Greenman, Rolles, Han

Project Scope: Following on recent work characterizing the effects of nuclear geometry in the
chiral observable photoelectron circular dichroism (PECD), we want to determine what
observables can be correlated with nuclear geometries, especially those involved in bond breaking.
We are particularly interested in photoelectron observables, such as ionization yields and
parameters. By understanding the correspondences between observables, preferably those
determined by experiments that can provide significant statistical certainty, and geometry features
like bond lengths we can more definitively follow certain dynamical processes using these
observables as a guide.
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Recent Progress: We have explored photoelectron observables related to the bond breaking of the
halomethanes CHsl and CH3F (CH3X). As the C-X bond breaks, the electronic structure becomes
more complicated and the scattering calculations even more so. We have determined that the
current theories of photoionization are limited in their capability to describe such systems,
especially for the CHsl molecule. Even with this limitation, we have calculated the approximate
photoionization yield and f parameters for CHsF as a function of the C-F bond length (see Fig.
12). We currently limit ourselves to a frozen CH3 fragment, which, according to our previous work,
did not lead to qualitatively different conclusions for the photoelectron observable PECD. We have
performed the calculations for CH3X photoionization with the UK-RMol+ package [23].
Importantly, this package may be used with Gaussians and/or B-splines as a basis for continuum
states. Also, a common strategy employed with
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The photoionization yields associated with Fig. 12, but not shown here, predict a shape
resonance near 17 eV at the equilibrium geometry that is quickly suppressed as the bond length
increases. A shift in the ionization potential also shows the transition between bonded and
unbonded. There is a dip in the ionization potential near intermediate geometries of r = 2.5 A,
which is another feature that can be used to identify the path along the bond-breaking process. This
provides one observable that can be used as a reference to determine whether the molecule is near
its equilibrium geometry. As we expected, asymmetry parameters provide an even more
differential view of the molecular geometry, especially in combination with the shape resonance
reference. At higher photoelectron kinetic energies, there are features in f which go from very low
values near equilibrium geometries to much higher values as the bond length is stretched by a few
A. Near r=4.5 A, the  parameter sharply rises to 1.4 from a baseline value of 0.7. This happens
at a range of energies from 20 up to 35 eV. We believe that these features are interesting both as
an experimental signature of molecular geometry and as a tool for testing photoionization theories.

Future plans: With the previously mentioned work on PECD, we now have multiple systems

where we believe that we can observe bond breaking without a direct molecular-frame
measurement. For both of these systems, we have concentrated on the ground electronic state.
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While there are schemes that can induce bond breaking from the ground state, we also plan to
study these observables on low-lying excited states. These observables may be used to identify the
state and the geometry in a best case scenario. We also plan to look at observables related to non-
linear spectroscopies. In collaboration with the experimental group of Niranjan Shivaram at
Purdue, we are attempting to predict experiments that measure components of the third-order
hyperpolarizability tensor for molecules. With the arrival of Meng Han, a new JRML experimental
PI, part of the local experimental activity will focus on molecular chirality. Correspondingly, we
are starting with chiral prototype molecules methyl oxirane and CHCIBrF, and we are attempting
to determine which components of the tensor best show chiral asymmetries. We are also looking
at applying these techniques to ethylene, and determining whether they can be used as a sensitive
observable for passage through a conical intersection.

4. Ultrafast XFEL science

Novel capabilities developed at FEL facilities, in particular the ability to produce intense
femtosecond or even sub-femtosecond XUV and x-ray pulses, open up new avenues for imaging
structure of matter and for studying ultrafast light-induced dynamics. Successful implementation
of these new capabilities requires detailed understanding of light — matter interactions at XUV and
x-ray wavelengths, both in single-photon regime and at high intensities. The projects in this section
use coincident charged-particle imaging and transient absorption techniques in combination with
advanced theoretical modeling to improve our basic understanding of FEL-driven dynamics, and
to apply element-specific short-pulse XUV or x-ray probes to study ultrafast charge dynamics
(charge transfer and charge migration) in gas-phase molecules

4.1. Resonance-enhanced x-ray multiphoton ionization — Rolles, Rudenko

Project Scope: X-ray ionization observed in gas-phase high-intensity XFEL experiments is
typically dominated by sequential multiphoton absorption and subsequent relaxation processes.
With sufficiently high photon flux, the highest ion charge state created is usually the last ionic
charge state that can be reached before its ionization potential rises above the photon energy.
However, at certain x-ray photon energies, the ionization level can be drastically enhanced by
transient resonances created during the sequential ionization process. If inner-shell electrons can
be resonantly excited to high-lying orbitals, higher charge states can be reached via subsequent
autoionization of multiply excited states, or by the absorption of an additional x-ray photon. This
project aims to study such resonance-enhanced x-ray multiphoton ionization (REXMI), in
particular, focusing on the photon energy dependence of this process.

Recent Progress: Our earlier work on the x-ray multiphoton ionization of isolated heavy atoms
[24-26] and molecules containing heavy-atom constituents [27,P5,P23] revealed the importance
of REXMI processes for both atomic and molecular cases. Following up on these studies and
making use of the easy photon energy tunability provided by the variable gap undulators at the
European XFEL, we recently investigated the dependence of REXMI on the x-ray photon energy.
Fig. 13 shows the measured xenon charge-state distribution as a function of photon energy. Several
resonance features that move towards higher photon energy for increasing ionic charge state are
observed and their assignment to specific resonance transitions are indicated. These transitions
shift up in energy for increasing ion charge, leading to the curved features seen in Fig. 13.
Supported by ab initio ionization dynamics calculations, which are in good agreement with the

44



experimental observations [P61], we can
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of the Xe charge state distributions as a function of x-ray pulse duration in order to test the
theoretical predictions. Future expansions to other atomic targets and heavy-atom containing
molecules are also planned.
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4.2. Channel-selective imaging of nuclear wave packets with x-ray-driven Coulomb explosion
— Rudenko, Rolles

Project Scope: Recent experiments at the EuXFEL ([P22,P24], see also section 3.2.2)
demonstrated that intense femtosecond x-ray pulses are a very efficient tool for CEI of polyatomic
molecules because they induce rapid multiple ionization of a large fraction of the molecular
ensemble. The main goal of this project is to apply XFEL-driven CEI to time-resolved studies of
ultrafast molecular processes, and to analyze the interplay between the Coulomb explosion and
distance-dependent charge transfer dynamics.

Recent progress: Following up on our previous work on 3D CEI of halomethanes at the EuXFEL
[P22], we have recently applied this technique for time-resolved imaging of nuclear wave packets
in strong-field-ionized diiodomethane (CHzl2). Fig. 14a-c display the experimental 3D Newton
plots (see [P22,P39]) obtained for three different charge-state combinations measured with the x-
ray pulse arriving 500 fs after the intense NIR pump. They show distinct features which are
indicative of different photodynamics: The C>*/I**/I** channel (Fig. 14a), where the charges are
nearly equalized, favors the contribution from bound molecules and is dominated by [-C-I
bending vibrations in the cationic ground state, which can be directly seen in the delay-dependent
momentum-space angle shown in Fig. 14d. The C*/I**/I°* channel (Fig. 14b) with low carbon
charge favors the events where the methylene group is detached from the rest of the molecule. By
selecting only the dissociating molecules (by choosing the events with low C* energy in Fig. 14¢),
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Figure 14. (a-c) Molecular-frame momentum distributions of ion fragments
from the ionization of CHxl, molecules by 2 keV XFEL pulses arriving 500
fs after the irradiation by 800-nm, ~10'* W/cm? NIR laser pulses. The data
are shown for C**/I**/I** (a); C/I*'/I°* (b) and C/I*'/I*" (c) coincidence

we observe that the
corresponding iodine
fragments energy stays
large at large delays
(Fig. 14f), reflecting
the  formation  of
molecular iodine.
Finally, the analysis of
the C*/I*'/I*" channel

(Fig. 14c) with
asymmetric iodine
charge distribution
reveals  that  this
channel contains a
strong contribution

from the evenrs where
one of the C-I bonds
has bean cleaved by
the pump pulse.

Future Plans:
Immediate next steps
on this project will

channels. For all channels, either one or two H+ ions were detected and are
also shown in the plots. (d) The measured momentum-space I-C-I angle for
the C**/I**/I* channel as a function of NIR — x-ray delay. The solid line shows
the measured average value of the angle. (¢) Delay-dependent kinetic energy
of C* fragments for the C*/I*'/I°* channel. The solid line shows the results of
the CE simulation for I," formation. (f) Delay-dependent sum energy of two
iodine ions for the same events as in panel (e) but only for the C" energies
below the dashed line plotted in (e).

include a detailed
quantitative analysis of
the relation between
the momentum-space
and real-space angles
based on the modelling
of x-ray ionization
developed by Phay Ho
(Argonne) and the analysis of the time-dependent CEI observables based on molecular dynamics
simulation for I> and I»" formation performed by Patricia Vindel-Zandbergen (New York
University). More generally, we plan to exploit the observed channel selectivity of x-ray-driven
CEI to disentangle mixed reaction pathways and map minor channels in ultrafast photochemical
reactions.

4.3 Time-resolved state-specific molecular dissociation with XUV broadband transient-
absorption spectroscopy — Thumm

Project Scope: Along with diffraction-based methods and charged-particle imaging and
spectroscopy, XUV and x-ray transient absorption is an important novel tool for ultrafast science.
The goal of this project is to model transient absorption observables for ultrafast molecular
dynamics, focusing on combining FEL-based and HHG-based XUV and soft x-ray light sources.

Recent progress: Recent proof-of-principle DI investigations with O2 molecules used a unique
combination of XUV-FEL-pump and XUV-HHG-probe pulses. They reveal the dissociation
dynamics in the FEL-excited O2" (¢ “Zy” v=0) state by the delay-dependent identification of specific
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resonances of both ionic
O" (*S°) and neutral O
(P) and O (‘D)
fragments in the broad-
band HHG absorption
spectrum  (Fig. 15)
[P15,28]. This
demonstrated the
temporal resolution of
competing  tunneling
dissociation and pre-
dissociation, based on
the state-specific
probing of characteristic
absorption resonances
in neutral and ionic
fragments.
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Figure 15. (a) Experimental scheme of all-XUV transient-absorption
spectroscopy [P15]. (b) Relevant potential energy curves of O,". (c) Time-
resolved absorption spectrum [28].

These results demonstrate an exciting opportunity for nonlinear all-XUV-optical wave mixing,
using HHG and FEL pulses [P15,28]. The method benefits from the narrow-band spectral
selectivity and tunability and high intensity of the FEL-pump pulse, as well as the broad-band
spectral coverage of the HHG probe pulse. The combination of two key advantages of
complementary XUV ultrafast light sources enables state-selective time-resolved absorption
spectroscopy experiments.

Future plans: Interestingly, this scheme promises the imaging — over a large spectral range — of
the electronic-structure evolution in a dissociating molecule, from its initial bound configuration
to the dissociation limit. We thus plan to continue this experiment-theory collaboration [P15,28,29]
with detailed numerical simulations of the nuclear dynamics in XUV-excited O2" cations. This
requires us to extend our recent calculations of the dissociation dynamics of O2" [30,31], most
importantly, by including all relevant dipole-allowed XUV pump-pulse excited cationic states.
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Project Scope: The AMOS Program at LBNL seeks to answer fundamental questions in atomic,
molecular, and chemical sciences that are central to the mission of the Department of Energy’s
Office of Science. The Program consists of a variety of closely coupled experimental-theory efforts,
united by the overarching goal to provide deep insight into the fundamental interactions that drive
key chemical processes in simple molecules, complex molecular systems, and molecules in complex
environments. Major areas of emphasis include the dynamics of inner-shell excitation, photoioniza-
tion, multiple-ionization, and dissociation of small molecules as well as time-resolved studies of the
flow of charge and energy in atoms and molecules in the gas phase, in the condensed phase, and at
interfaces. Experiments apply a broad span of existing and emerging tools based on a combination
of laboratory- and facility-scale pulsed XUV and X-ray light sources and electron beams with state-
of-the-art experimental techniques. Table-top femtosecond and attosecond XUV and X-ray light
sources, X-ray free electron lasers, synchrotron radiation, ultrashort pulse electron beams, and low-
energy electron beams are employed in combination with transient XUV and X-ray absorption and
photoemission spectroscopy, XUV nonlinear and four-wave mixing spectroscopy, electron and ion
coincident momentum imaging, as well as ultrafast X-ray and electron scattering and coherent dif-
fractive imaging. The theory component of the Program focuses on the development of new methods
for solving, from first-principles, complex multi-atom and multi-electron processes that play key
roles in the dynamics of the systems under investigation. The close coupling between experiment
and theory as well as the complementary nature of the different activities within a single program
provide a framework to tackle problems across a broad range of timescales, system sizes and, in
particular, complexity that are otherwise intractable.

The Atomic, Molecular and Optical Sciences Program at LBNL consists of three subtasks:

1. Photon- and Electron-Driven Processes in Atoms and Small Molecules

2. Photon-Driven Processes in Complex Molecular Systems and Molecules in Complex
Environments

3. First-Principles Theory of Dynamics and Electronic Structure

The co-investigators participate in multiple subtasks, collaborating and using common techniques
in studies in which experiment and theory are tightly integrated.
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Subtask 1: Photon- and Electron-Driven Processes in Atoms

and Small Molecules
S. R. Leone, R. R. Lucchese, C. W. McCurdy, D. M. Neumark, T. Rescigno,
D. S. Slaughter, Th. Weber

Attosecond Dynamics

The attosecond dynamics subgroup develops new nonlinear spectroscopies that utilize attosecond
extreme ultraviolet (XUV) pulses produced by high harmonic generation (HHG) for time-resolving
the fastest electronic dynamics in atoms and molecules. The XUV pulse in combination with two
noncollinear near-infrared (NIR) pulses generates spatially isolated four-wave mixing (FWM) emis-
sion signals by taking advantage of the phase-matching condition. XUV attosecond FWM (as-
FWM) spectroscopy disentangles the complex spectral effects in traditional transient absorption and
has proven its power in characterizing electronic, vibrational, and vibronic dynamics (Cao et al.
2018, Phys. Rev. A 97, 023401; Warrick et al. 2018, Faraday Discuss. 212, 157; Fidler et al. 2020,
J. Phys. Photonics 2, 034003). The technique has also allowed ultrafast decaying dynamics meas-
urements directly in the time-domain, such as the few-fs decay lifetimes of vibrational levels of the
3s Rydberg inner-valence state of O> (Lin et al. 2021, Faraday Discuss. 228, 537) and the core-
hole-pair decay in NaCl near the Na* L, 3 edge (Gaynor et al. 2021, Phys. Rev. A 103, 1). This work
yielded insights into the importance of many-electron correlation effects for the respective excitonic
decay mechanisms. Furthermore, a collaboration with theorists M. Gaarde and K. Schafer (LSU)
refined the understanding of as-FWM signal generation as a time-dependent accumulation of an AC
Stark phase grating (Fidler et al. 2019, Nat. Commun. 10, 1384).

Autoionization Lifetimes of Atoms and Molecules Investigated with Attosecond Four Wave
Mixing (Lucchese, McCurdy, Leone, Neumark)

Recent Progress: Recent work uses the enhanced signal specificity of FWM to understand short-
lived, complex electronic dynamics in atoms and small molecules. With FWM, we have successfully
investigated the lifetimes of autoionizing inner-valence excited Rydberg states of the isolated poly-
atomic molecule CO» (Fidler et al. 2022, Phys. Rev. A 106, 1). FWM signals were observed to be
emitted from the n = 5 — § states of the Henning sharp nd Rydberg series with measured decay times
of 38 £ 2 fs, 55 £ 1 fs, 93 £ 3 fs, and 124 + 4 fs. With collaborators C.W. McCurdy and R. R.
Lucchese, calculations suggest that those values are close to the lifetimes of the n = 6 — 9 members
of the Henning diffuse-character Rydberg series. Calculated oscillator strengths have verified the
dominant FWM pathway which is consistent with experimental observation of probing lifetimes of
Henning diffuse Rydberg series with emission from Henning sharp Rydberg series. Furthermore,
FWM experiments have successfully quantified the autoionization decay lifetimes of 2s inner-va-
lence electronic excitations in neon atoms (Puskar et al. 2023, Phys. Rev. A 107, 033117). Experi-
mental lifetimes for the 3s, 3p, and 3d states were measured to be 7 + 2 fs, 48 £ 8 fs, and 427 + 40
fs, respectively. Accompanying calculations from our collaborator, L. Argenti (UCF), verified the
findings and supported the expected trend that the autoionization lifetime should be longer for states
that have a smaller penetration in the radial region of the 2s core hole, which is the case for the
higher angular momentum Rydberg orbitals in neon.

Recent FWM experiments have probed core-excited state lifetimes in atomic xenon (Puskar et al.
2023, in preparation). An XUV pulse at ~ 65 eV excites a core-level 4d electron into the 6ps» and
6p3.2 spin-orbit split XUV-bright (dipole-allowed) states. Each 6p state has two neighboring XUV-
dark (dipole-forbidden) states, the 6s and 6d states, resonantly accessible by NIR pulses. In
Fig. 1-1(a), spatially isolated FWM emissions from the 6ps,» and 6p3/» states are clearly observed at
65.1 eV and 67.0 eV, respectively. Using either a bright- or dark-state pulse delay sequence, we can
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obtain the lifetimes of the bright and dark states of a core-level
electron directly in the time-domain. So far, we have con-
ducted a 4ds;™! 6p bright-state scan, resulting in a measured

1 Upper “
1207 Wave Mixing

o Py TP 6Py, TPy decay lifetime of 7 = 2 fs [Fig. 1-1(b)]. The literature values
o 0 for the linewidths in the spectral domain are 109.8 meV, 111.0

} « meV, and 106.3 meV, which translate to 6 fs, 5.9 fs, and 6.2
e e fs decay lifetimes, respectively. FWM experiments to charac-
e terize dark-state lifetimes in xenon are currently in progress.
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wave mixing signals promises to refine our understanding of
the physical mechanisms governing highly excited atomic de-

oo cays.
- | FWM experiments currently in preparation will directly probe
) - . doubly excited states in helium. An XUV pulse at ~60 eV will

) Tmew excite both electrons of the 1s% ground state into the 2s2p dou-

Fig. 1-1: FWM in Xe 4d"! core excited | bly excited state. With the 2p? dark-state within resonance of
states. (a) Full chip image in temporal | NIR pulses, not only can we characterize the 2s2p bright-state
overlap with the on-axis transient | |ifetime (literature value 17.5 fs), but also the 2p* dark-state
absorption signals and the off-axis four- | ;¢ 1o (literature value 108.3 fs) directly in the time do-
wave mixing emission signals. (b) ) . S . )
Bright-state scan of the 4dsx”! 6p state. | Main. These states in helium are also prime candidates to
probe strong-field effects like Autler-Townes splitting and
Rabi cycling. Ott et al. (Ott et al. 2014, Nature 516, 374) showed a clear Autler-Townes splitting of
the 252p resonance with an NIR intensity of 3.5 - 10'2 W/cm? using a transient absorption scheme.
With our NIR intensity comfortably in the 10'* W/cm? range, we anticipate seeing strong Autler-
Townes-splitting signatures in the FWM emission for the first time. Furthermore, we expect to be
able to probe the Rabi cycling between the 2s2p and the 2p? state in real time using the FWM tech-
nique. With FWM, we can directly time-resolve the Rabi-cycle-induced population transfer as a
periodic signature in the state lifetime’s exponential decay. A direct, time-resolved observation of
Rabi cycling would deepen our fundamental understanding of strong-field physics in atoms and
exquisitely complement our theoretical understanding of the Rabi frequency.

Future Plans: We are currently working on extending the FWM scheme to the soft X-ray (SXR)
spectral region. This is highly relevant as core-level FWM measurements are anticipated to disen-
tangle complex electronic and vibrational dynamics in organic molecules in an atomic-site specific
manner. From a technical perspective, the SXR photon-energy region will be accessible using longer
wavelength (1.3 um) driving pulses from an existing optical parametric amplifier for the HHG pro-
cess. Recently, a prototype of the required HHG-cell has been built. On the way towards reaching
the chemically-relevant carbon K-edge (around 300 eV), the higher anticipated photon flux at the
sulfur L3 edge (around 180 eV) will allow for characterizing electronic-correlation-affected bright-
and dark-state lifetimes of L 3 pre-edge resonances in SFs: the FWM scheme will be able to directly
measure the natural lifetimes of these states and decipher them from vibrational broadening and
other mechanisms that contribute to the linewidth in spectral-domain measurement techniques. As
a next step, FWM spectroscopy at the argon L3 edge around 250 eV promises insights into the role
of electron-correlation effects such as Auger-Meitner decay on the dynamical evolution of inner
valence holes. One of the first experiments when reaching the carbon K-edge will focus on formal-
dehyde. FWM will enable to experimentally characterize for the first time a theoretically predicted
doubly-excited state [C(1s) + O ne” — (n*)?], which is one-photon forbidden. Multidimensional
experiments enabled by FWM spectroscopy will access this doubly excited dark state, revealing its
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energetic location and lifetime. These developments will provide an incisive picture of the otherwise
inaccessible electronic and nuclear motions governing chemical reaction dynamics.

Ultrafast Excited State Dynamics Probed by Multidimensional Momentum Imaging
Particle energy- and angle-resolved molecular photoionization measurements are sensitive to the
coupled motion of electrons and nuclei as well as their ionization and fragmentation mechanisms.
In particular, Molecular and Recoil Frame Photoelectron Angular Distributions (M/RFPAD:), i.e.,
the body-fixed frame electron emission patterns, sensitively interrogate the molecule from within.
This technique sheds light on fundamental properties such as symmetry, particle correlation and
entanglement, energy transfer between electrons and nuclei as well as vibrational dynamics such as
bending and stretching of the molecular backbone, which are at the core of many photochemical
reactions and the focus of our studies. We investigate these phenomena in great detail via electron-
ion coincidence measurements in momentum space, which we are able to pursue in small quantum
systems with reaction microscopy, a.k.a. COLd Target Recoil Ion Momentum Spectroscopy
(COLTRIMS). The investigations are performed using XUV synchrotron radiation, 2-color photon
absorption schemes with our tabletop intense high harmonic generation laser system, and two soft
X-ray photon absorption from single free electron laser pulses. Our studies focus on fundamentally
important systems ranging from small and midsize polyatomic molecules (e.g., DO, CH3;0OH, and
HCOOH) to more complex systems (such as HoO-H>O and pyrrole-d-H>O dimers, see Subtask 2)
that are within reach of both complete experimental characterization and accurate theoretical treat-
ment and interpretation. This approach enables tight coupling of the experiment and theory thrusts,
which directly inform and inspire each other.

Dissociation Dynamics of Water Molecules Induced by Core and Valence lonization
(Lucchese, McCurdy, Rescigno, Slaughter, Weber)

Recent Progress: In collaboration with the Frankfurt group (T. Jahnke & R. Dorner), DOE BES-
AMOS PIs from KSU (D. Rolles, A. Rudenko), and other international partners, we recently studied
the dissociation dynamics of single water molecules in rapid charge-up processes upon O(1s) ioni-
zation with two X-ray photons within one European XFEL (EuXFEL) pulse (1 keV, 4.4 mJ, < 25
fs, 970 Hz). Focusing solely on the nuclear dynamics, we demonstrated that, on a timescale of a few
femtoseconds after core ionization and subsequent Auger decay, water undergoes structural defor-
mation such as asymmetric O-H bond stretching and/or opening of the bond angle all the way up to
180°, eventually leading to rapid 2-body or 3-body fragmentation in asymmetric and/or unbent ge-
ometries (Jahnke et al. 2021, Phys. Rev. X 11,041044). For the same conditions we now investigated
the dynamics triggered by oxygen core-shell ionization in three water isotopologues, H>O, D0, and
HDO, leading to the 3-body breakup producing O*" + H*/D* (Guillemin et al. 2023, accepted for
publication in Struct. Dyn.). We observe similar structural changes such as asymmetric bond elon-
gation and bond-angle-opening mechanisms that occur for all three systems, but with significant
differences: (1) Due to the larger mass, dynamical patterns are slower to evolve in D20, resulting in
narrower angular distributions between the detected fragments [compare Fig. 1-2(a) and b)]. (2) Due
to the asymmetric mass distribution in HDO, structural asymmetry arises in the dissociation dynam-
ics, evident in the very different fragment pair angular distributions [see Fig. 1-2(c)]. For this par-
ticular isomer we applied the native frame (NF) analysis, in order to find out if the sequential disso-
ciation of the HDO?" dication, resulting in H" + OD" after the absorption of a 1%t photon [via pho-
toionization and Auger-Meitner (AM) decay], followed by further fragmentation of OD**— O?* +
D" after the absorption of a 2™ photon (again triggering photoionization and AM decay), reproduces
the measured momenta of the H" + D" + O** fragmentation channel. The NF-analysis is better suited
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Fig. 1-2: Relative angles
between the detected proton
(deuteron) and  oxygen
A momentum for different
= HO N9t water isomers after two X-
30‘E)(‘PERIMENT _ ™ P 1 fe ray absorption and AM
0 30 60 9 120 150 180 0 30 60 90 120 150 180 0 30 60 9 120 150 180 decaycycles. Toppanels(a—
¢) depict the experimental
results, and panels (d — f)
» represent the simulation. The
i e » red ovals in the simulation
80— HyO 17 © panels indicate the value
% |~ THEORY . i o I 2 ° ranges for the event of a
o ® w0 % 120 150 180 0 30 60 9 120 150 180 %0 % s % 120 150 180 Coulomb eXPIOSiOH from
(0%, H,*) in deg. 6(0%, D,*)in deg. (0%, H*) in deg. only the neutral ground-state
configuration.

8 8
)
8

90 |-}

0(0%, H,") in deg. &

6(0*,D,*)in deg.

o %8883
T

6(0%, D*) in deg.

o & 8 8

c
<

— DZO ;

60
a0 |-
0

6(0*, H,*) in deg.

to reveal sequential dissociation processes than Dalitz or Newton plots, because the big mass differ-
ence of the O and H/D fragments degrades their resolution markedly. Yet, the NF-analysis failed to
unequivocally replicate the experimental particle momentum distribution, which should show that
the relative angle between the two dissociation axes of the assumed sequential dissociation is iso-
tropic. The reason for the observed discrepancy lies in the core assumption of the NF-analysis, i.e.,
the requirement for clearly decoupled dissociation sequences in which the fragments of the two steps
do not interact with each other and, hence, do not show any correlation. Any correlations between
the fragments are lost when at least one rotational turn of the OD*" intermediate takes place. This
condition is apparently not fulfilled in this experiment as the OD*" rotation takes, on average, several
100 fs and is thus markedly slower than the duration of the ionizing X-ray pulse (< 25 fs), which
dissociated the OD** intermediate prematurely. Our advanced theoretical modelling (ab initio mo-
lecular dynamics simulations in combination with the XMOLECULE electronic structure toolkit)
suggests that, instead, the dynamics is dominated by an immediate Coulomb explosion, which pro-
duces O?**, H', and D*. We also revealed that the two-step fragmentation processes, which generates
O, H', and D" in the 1% ionization step, followed by a delayed photoionization and AM-decay of the
neutral O fragment producing an O?" dication, takes place less often. The sequential two-step frag-
mentation, yielding H" and OD" in the 1% step and O?>" + D" in the 2™ step, only contributes to a
minor degree.

Future Plans: Understanding the various possible ionization mechanisms and dissociation dynam-
ics of the water molecule, which represents a prototypical triatomic target system of fundamental
importance, remains a challenge. As seen in our recent EuUXFEL experiments, various ionization
and fragmentation mechanisms can be at play, and several electronic states can be involved. Similar
challenges exist even when narrow-band XUV and X-ray light sources, such as synchrotrons, are
employed. ALS experiments recently enabled our state selective investigations of the valence photo
double ionization (vPDI) of water. We were able to identify super-excited radical water cations as
a source for long-lived excited oxygen fragments that can form a free radical and initiate secondary
reactions (Iskandar et al. 2023, Phys. Chem. Chem. Phys. 25, 21562). Moreover, we tracked the
formation, rotational excitation, and kinetic energy release (KER) of dissociating transient OD"*
fragments in the sequential dissociation of water, resulting in the three-body fragmentation channel
D"+ D"+ O (Severt et al. 2022, Nat. Commun. 13, 5146). In the next step we quantified the branch-
ing ratios to produce either D* + D" + O or D"+ O" + D from the OD" intermediate in the sequential
dissociation yielding the same low KER(OD") (Iskandar et al. 2023, J. Chem. Phys. 159, 094301).
Yet, as it turns out, this slow sequential dissociation processes generating D"+ O + D heavily
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competes with other fragmentation mechanisms that yield higher KER(OD") and are slightly
slower/faster than the direct/sequential fragmentation channels. We are currently tracking down the
competition between two quasi-direct and one quasi-sequential dissociation scenarios with symmet-
ric and asymmetric OD stretches near the FC region that involve spin orbit coupling state-selec-
tively. Aided by multi-reference configuration-interaction calculations from the LBNL-AMOS the-
ory team, the dissociation dynamics on the potential energy surfaces and their seams will be traced
and their ultrafast time scales will be deduced.

Electron Correlation, Particle Migration, and Bond Formation in Polyatomics (Lucchese,
McCurdy, Rescigno, Slaughter, Weber)

Recent Progress: Electron-electron correlation is still a fundamental challenge for quantum me-
chanical descriptions of electronic structure and dynamics. It is exquisitely present in the direct vPDI
of atomic and molecular targets ejecting two electrons upon interaction with a single photon. Elec-
tron-electron correlation is expected to govern the emission patterns of the continuum electrons. For
molecules, these observables require the measurement of relative electron-electron emission angles
in the molecular frame with respect to the polarization vector of the incoming light, which are very
hard to obtain. So far, this was only realized for atoms like He and diatomics like D2. We now
extracted highly differential state-selective cross sections for the direct double ionization of CoHg
producing 2 CH," + 2 e after vPDI with 40.5 eV. For the rare but clean case where mainly the S>
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axis of the symmetric breakup (see Fig. 1-3). The analysis in collaboration with the AMOS theory
team and F. Yip (Cal-Maritime) is ongoing.

Future Plans: We are currently extending our investigations on state-selective vPDI mechanisms
and particle correlations to more complex molecules and their photo-dissociation dynamics. We
chose deuterated methanol CH30D and its isotopologue CD3OH as a simple hydrocarbon molecule
containing one hydroxyl and one methyl group, because this molecule is known to exhibit ultrafast
dynamics such as rapid proton migration and hydrogen elimination as well as CH3 umbrella vibra-
tional mode excitation. From the twelve vPDI reaction channels we identified so far following 63
eV photon excitation, we started the investigation by comparing the 3-body breakups producing (I)
H + CH;" + OD" and (II) H" + CH2" + OD in which the same fragments are generated but with
different electronic charges. For these reaction channels we deduced the momenta of the neutral
fragments from momentum conservation. The electron-ion energy correlation maps [see Fig. 1-
4(a+d)] tell us that only a small subset of the CH;OD?** dication states that lead to reaction channel
(I) may instead also lead to reaction channel (II). Moreover, channel (II) correlates to only one
dissociation limit. This dissociation channel (II) seems to be mostly driven by direct vPDI, while
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reaction (I) shows mainly autoionization and some minor contributions from direct double ioniza-
tion at play, as seen from the electron-electron energy correlation maps [islands and diagonals, re-
spectively, in Fig. 1-4(b+e)]. The strongly correlated CH,"/H and H/OD™ fragment pair momenta
[see Fig. 1-4(c)] suggest a sequential dissociation to take place, which is starting with the OD* +
CH3* breakup, followed by an atomic or molecular autoionization producing CH3* — CH>" + H in
the 2™ step. The vPDI of channel (I) appears to initiate a direct fragmentation, which is supported
by the diffuse fragment ion pair momenta of channel (I) [see Fig. 1-4(f)].

Fig. 1-4: vPDI of CH30D with
“ single 63 eV synchrotron
“ photons from the ALS. Top row:
channel (I) H + OD" + CH.".
Bottom row: channel (II) H" +
OD" + CHoa. (a + d) Electron-ion
energy maps. The distributions
for channels (I) and (II) peak at
KER =6.87 eV, Eesum=14.5¢eV
and KER=5.2 CV, Eesum=14.37
eV, respectively. (b + ¢)
Electron-electron energy
correlation maps. (¢ + f)
s ; Fragment ion pair momenta
et m e O i e e maps, as indicated in each panel.
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We also observe remarkable signatures of proton migration and autoionization for the 2-body frag-
mentation channels producing H, D*, HD*, HD,*, and H,D". The latter three reaction pathways,
together with the 3-body breakups generating HD", are currently being isolated and further analyzed
to study hydrogen migration and bond formation via photoelectron angular distributions in the lab
and molecular frame.

Hydrogen migration and bond formation also takes place in the vPDI of HCOOH and its isomer
HCOOD, which we recently investigated at the ALS with 56 eV photons. The two processes of
water formation, HCOOH?** — H,O" + CO", and hydrogen formation, HCOOH*" — H," + CO>",
are especially interesting because of the complex isomerization and dissociation dynamics required
to form the molecular ions. The water formation process is prominent in both isotopologues. Yet,
the Ho" formation is very rare in HCOOH, and our online analysis reveals that HD creation is even
less likely in HCOOD. Comparing electron-ion energy correlation maps and branching ratios will
help us to identify favorable molecular structures and quantify favorable conditions for hydrogen
migration and bond formation in methanol, formic acid, and their deuterated isotopologues.

Non-Adiabatic Dissociative Dynamics of Small Molecules Upon Two-Color Single Ionization
(Lucchese, McCurdy, Rescigno, Slaughter, Weber)

Recent Progress: Understanding electron-nuclei interactions in bound and continuum states is es-
sential for the control of chemical transformations involving excited states and non-adiabatic tran-
sitions. In a 2-color VUV-pump — NIR-probe experiment of single H> and D> molecules at the ALS,
absorption of VUV photons prepared vibrationally excited H>" and D," molecular ions that are dis-
sociated by the absorption of a single NIR photon. The ongoing very challenging analysis of this
difficult experiment revealed that not all vibrational states of D>", which were excited upon VUV
absorption and identified via the photoelectron energy spectrum measured in coincidence with par-
ent and fragment ions, were dissociated by the NIR pulse to produce D + D" + . This was surprising
because the transitions were energetically accessible and symmetry-allowed. At the same time, no
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such NIR dissociation suppression was found for H»*. The calculations of the LBNL-AMOS theory
team reproduce the photoelectron spectra of the D + D* + e and the H + H" + e~ dissociation channels
well when the transition probability from the neutral ground state to the dissociative continuum is
given by the product of the VUV and NIR Franck-Condon factors. Evidently, our interrogation
scheme is sensitive to the difference between the products of the continuum nuclear wave functions
H + H" and D + D" and their respective bound H>" and D>" nuclear wave functions. Specifically,
the missing v = 16 and 20 peaks in the D> experiment are due to minima in the Franck-Condon
factors between the bound and continuum vibrational states of D,".

We also found that some vibrational states that are classically forbidden to access geometries that
can be dissociated with the 1.2 eV NIR pulse, contributed to the measured fragments. A careful
inspection reveals that these geometries are not in reach by tunneling of the nuclear wave packet.
Moreover, small time-dependent and time-independent asymmetries were detected in the body-
fixed photoelectron emission patterns. The latter two findings are puzzling, given the low laser in-
tensity of ~ 1-10'! W/cm?, and we are in the process of analyzing the vibrational state selective
dissociation in the energy and time domain in an ongoing collaboration with the LBNL-AMOS
theory team. This work is carried out together with G. Laurent (Auburn University).

Future Plans: As seen above, probing the dissociation dynamics of electronically and vibrationally
excited small molecular systems via reaction microscopy provides exquisitely detailed insight in the
coupled electronic-nuclear dynamics and transition moments of molecular light-matter interaction.
To fully exploit this sensitivity and push it into the time domain, pump-probe schemes, employing
ultra-short light pulses, are needed. We have recently installed a new Yb-fiber based laser system
producing 115 W, 600 fs, 1030 nm light pulses at 55 kHz repetition rate. After compression to ~45 fs
using a krypton-filled, stretched hollow core fiber and a chirped mirror array, we achieve >1.5 mJ
per pulse. Sum-frequency-generation will be used to convert 1030 nm to 515 nm and 343 nm, which
will be focused into a gas cell to efficiently produce VUV photons by HHG. With this new setup,
we expect to achieve intensities high enough to absorb two VUV photons (2 x 12 eV or 7.2 + 12
eV) in molecular gas jet targets (02, CO, N>O, and NO>), enabling the study of state-selective dis-
sociation processes using electron-ion coincidence 3d-momentum imaging. VUV probe photons are
necessary to follow the dissociation processes over long internuclear distances, while still producing
photoelectrons that have higher energy than any background electrons. Building on our recent pro-
gress on atoms and mainly non-dissociative molecules (Larsen et al. 2020, Phys. Rev. 4 101,
061402(R); Larsen et al. 2020, J. Chem. Phys. 153, 021103; Larsen et al. 2020, Phys. Rev. 4 102,
063118; Larsen et al. 2023, J. Chem. Phys. 158, 024303), we now aim to measure time-resolved
MFPADs and electron-ion Energy Correlation Maps (ECOMs) in order to investigate dissociation
dynamics after excitation of Rydberg and (dark) molecular valence states.

Investigations of Dynamics in Transient Anions Formed by Electron Attachment
Transient anions formed by electron attachment to polyatomic molecules can exhibit highly-coupled
electronic and nuclear motion, which is often rooted in conical intersections between metastable
electronic states. Dissociative Electron Attachment (DEA) is an electron-molecule reaction in which
free electron energy is efficiently converted into nuclear degrees of freedom such as dissociation
and vibrational excitation. The flow of energy and charge within the molecular anion provides rich
information on fundamental chemistry beyond the Born-Oppenheimer approximation and has rele-
vance to applications involving reactive anionic and radical species that are often produced by dis-
sociation. We recently investigated the possible role of Feshbach and shape resonances in the break-
ing of a model peptide bond (Panelli et al., 2021, Phys. Rev. R 3, 013082) and the simplest organic
acid (Griffin et al., 2020, J. of Phys.: Conf. Series 1412; Slaughter et al. 2020, Phys. Chem. Chem.
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Phys. 22, 13893) by electrons with low energy near, and even below, the lowest electronic transi-
tions in formamide and formic acid, respectively.

Electron Attachment and Dissociation Dynamics in Polyatomic Molecules (Lucchese,
McCurdy, Rescigno, Slaughter, Weber)

Recent Progress: We investigated the influence of methylation on the dynamics of dissociative
electron attachment to imidazoles and carboxylic acids. Imidazoles are found in many pharmaceu-
ticals, and they are highly relevant to potential radiopharmaceutical applications through the pro-
duction of reactive radicals and anions following electron attachment. We recently completed a
study of dissociative attachment of resonant electrons to 1-methyl-5-nitroimidazole (1M5NI). We
found that electrons with low energies (3-5 eV) interact resonantly with 1M5NI to produce NO>"
with high abundance, as well as CN", CNO" and heavier fragments remaining after the loss of OH,
NO, and CHj3 from the parent anion. We detected no significant production of hydride (H") anions.
The fragment kinetic energies are consistent with a three-body breakup or a stochastic mechanism
in the dissociation of CN", whereby the available energy is broadly distributed into any of the avail-
able nuclear degrees of freedom, in addition to the CN" kinetic energy. Clearly, significant motion
or rearrangement of the C3Nj3 ring, the NO> or the CH3 moieties is required for the release of CN".
This contrasts with the dominant NO»" dissociation, which may only require stretching of the nitro
C—N bond. This work, which was performed in collaboration with M. Centurion (U. Nebraska Lin-
coln) and G. Garcia (CSIC, Spain), was recently published in Int. J. Mol. Sci. (Lozano et al. 2023,
Int. J. Mol. Sci. 24, 12182) .

Future Plans: In acetic acid, (CH;COOH), we will focus on the higher energy attachment resonance
at 9.6 eV, which breaks a C-H bond to produce a hydride anion H". Fig. 1-5 shows a preliminary
measurement of the angular distribution and corresponding momentum image for partially deuter-

ated acetic acid
= Fig. 1-5: Preliminary anion fragment (CH;COOD). The two
— 5000f, * measurements for electron attachment | . : :
%) : N rin ach having dis-
= — to deuterated acetic acid CH3;COOD, gs, cac . (;/ gfdlf
S a000f for H loss (C-H break) at 9.6 eV. The | Cret¢ magnitude ot the
£ 3000+ _ incident electron direction is up in the | outgoing H™ fragment
s s g s 5a arg,, inset momentum image. The | momentum, suggest
@ 2000f  ° )g& S magnitude of the H" momentum and | distinct C-H break dy-
= N .
o angular distributions for thellnner and namics. The inner peak
o 1000¢ £ il ek outer peaks suggest distinct C-H be d he 1
I Inner peak break dynamics, possibly involving may be due to the loss
00 30 60 90 120 150 180 dissociation of neutral H or D and of the deuteron by O-D
Dissociation Angle (deg) two-body breakup, respectively. break or an H-loss by C-

H break, followed by a
hydride dissociation producing H™ with low kinetic energy from the methyl side. This contrasts with
the reaction channel yielding H™ with higher momentum (outer peak), which is most likely due to
the H + HCCOOD two-body dissociation. The sharp structures in the angular distribution of the
2-body breakup channel are consistent with prompt dissociation, with little or no rotation of the
dissociation axis following electron attachment. Thus, the angular distribution is expected to be a
clear signature of the molecular-frame electron attachment probability. This work is ongoing, in
collaboration with M. Centurion (University of Nebraska, Lincoln).
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Subtask 2: Photon-Driven Processes in Complex Molecular Systems

and Molecules in Complex Environments
O. Gessner, M. Head-Gordon, S. R. Leone, D. M. Neumark, J. Qian, D. S. Slaughter, Th. Weber

Excited-State Dynamics Probed by Ultrafast Core-to-Valence Transient Absorption Spectros-
copy (Gessner, Head-Gordon, Leone, Neumark)

In this activity, excited-state molecular dynamics are studied in real-time and from atomic site-spe-
cific perspectives using femtosecond time-resolved transient XUV absorption (TXA) spectroscopy.
High-order harmonic generation (HHG) based experiments are complemented by high-level ab in-
itio electronic structure and molecular dynamics (MD) calculations to disentangle the fundamental
underpinnings of photoinduced molecular transformations.

Recent Progress: We performed a combined experimental-theoretical study of 268 nm UV light-
induced dynamics in 2-iodothiophene (CsH3IS). The dynamics are experimentally monitored with
a femtosecond XUV probe that measures iodine N-edge 4d core-to-valence transitions. Experiments
are complemented by density functional theory calculations of both the pump-pulse induced valence
excitations as well as the XUV probe-induced core-to-valence transitions. Possible intramolecular
relaxation dynamics are investigated by ab initio molecular dynamics simulations.

The careful comparison of theory and experi-
mental results allows to draw a comprehensive

) ) l ~160 fs
picture of the complex UV photochemistry and f 07 A
reveals a 2-step dissociation mechanism in the s
aromatic compound (Fig. 2-1). In contrast to the
more intensely studied group of small haloal-
kanes, UV excitation in the aryl halide does not
directly access a dissociative o* state, but in-
stead excitation to a bound nr* state is identified
as the predominant initial product of the mole-
cule-light interaction. Perhaps counterintui-
tively, this excitation leads to an initial contrac-
tion of the C-I bond. This rearrangement allows
the molecule to approach a conical intersection
between the nr* state and a mo* state that is dis-
sociative along the C-I coordinate, ultimately

Fig. 2-1: Two-step dissociation mechanism revealed by

enabling C-I bond fission on the no* surface. A
relatively narrow bond-length region along the
C-I stretch coordinate between 230 and 280 pm
is identified, where the transition between the
parent molecule and the thienyl radical + iodine

a combined TXA/DFT experiment/theory study: UV-
excitation of 2-iodothiophene with 268 nm radiation
populates a bound nn* state that leads to an initial
contraction of the C-I bond. This allows the molecule to
approach a conical intersection and access the
dissociative mc* state, leading to C-I bond fission

(Toulson et al. 2023, J. Chem. Phys. 159, 034304).

atom products becomes prominent in the XUV
spectrum due to rapid localization of two singly occupied molecular orbitals on the two fragments.
The findings have been published in Toulson et al. 2023, J. Chem. Phys. 159, 034304.

Future Plans: Future transient inner-shell absorption studies at LBNL will reach the sulfur Lo -
edge (~170 eV) and carbon K-edge (~285 eV). Gaining access to sulfur and carbon as local reporter
atoms opens up a plethora of potential systems to study, including aromatic heteroatomic molecules.
The assembly of an advanced HHG setup to reach these photon energies, consisting of a combina-
tion of a high-power optical parametric amplifier (OPA) and a high-pressure HHG cell is in an
advanced stage.
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UV-Induced Dissociation Dynamics of Bromoform Probed by Ultrafast Electron Diffraction
(Gessner, Leone, Neumark)

The UV photochemistry of bromoform has been the focus of numerous experimental and theoretical
studies with the goal to gain quantitative insight into possible relaxation products and their under-
lying reaction pathways. Following a previous TXA study of 268 nm induced bromoform dissocia-
tion dynamics in our group (Toulson et al. 2019, Struct. Dyn. 6, 054304), we are currently analyzing
the results of a recent mega-electron-volt ultrafast electron diffraction (MeV-UED) experiment at
SLAC National Accelerator Laboratory, probing the same dynamics using time dependent scattering
patterns of relativistic femtosecond electron pulses.

Recent Progress: In addition to a real-space analysis of the UED patterns after transformation from
the momentum domain of the raw data, we have developed an alternative analysis technique that
enables the determination of transient molecular structures directly in momentum space. The method
circumvents some of the challenges associated with the finite detection range and cutoff toward low
momentum transfer, which can potentially lead to artefacts in the real-space reconstruction. The
combination of real- and momentum-space analyses provides a significantly higher level of confi-
dence in the resulting trajectories than either technique on their own. Preliminary results indicate a
bifurcation of relaxation channels including a fast (<500 fs) direct dissociation to produce Br radi-
cals and a comparably long lived (=1.1 ps) structure consistent with theoretically predicted parent
molecular isomers.

Future Plans: We will further advance the new data analysis capability with the goal to determine,
on a quantitative level, the branching ratio between the observed reaction channels and compare it
to both experimentally determined and theoretically estimated yields of possible relaxation path-
ways.

Interfacial Energy- and Charge-Transfer Processes in Heterogeneous Light-Harvesting
Systems Probed by Time-Resolved X-ray Photoelectron Spectroscopy
This effort focuses on the development and application of ultrafast time-resolved X-ray photoelec-
tron spectroscopy (TRXPS) and time-correlation X-ray photoelectron spectroscopy (TCXPS) tech-
niques to gain access to the transient electronic configurations and dynamic changes that drive in-
terfacial charge transfer and photochemistry.

Impact of Water Environment on Interfacial Electron Dynamics in a Nanoplasmonic Photo-
catalyst (Gessner, Neumark, Qian)

Recent Progress: Combinations of metal nanoparticles and transition metal semiconductor sub-
strates are among the most intensely studied hybrid light harvesting systems for photocatalytic ap-
plications. We previously demonstrated the exquisite sensitivity of picosecond TRXPS to transient
interfacial electron-hole configurations in an archetypical model system for nanoplasmonic light
harvesting, consisting of a nanoporous TiO> substrate sensitized with 20 nm diameter gold nano-
spheres (Borgwardt et al. J. Phys. Chem. Lett. 2020, 11, 5476). The TRXPS data give quantitative
access to the absolute amount of charge injected with sub-elementary charge sensitivity. During the
past year, we managed to extend the studies to ambient pressure conditions in order to take the next
step toward monitoring the atomic-scale electronic dynamics underlying chemical reactivity in solar
light harvesting systems under conditions of photocatalytic activity. Fig. 2-2 shows (a) the basic
concept and (b) first results of picosecond time-resolved ambient-pressure X-ray photoemission
(TRAPXPS) measurements of charge injection and recombination dynamics in AuNP-sensitized
TiO2. The measurements were performed at BL 11.0.2 of the ALS. Transient shifts of the Au4f
photolines as a function of pump-probe delay for (b) dry and (c) wet conditions at 60 mTorr water

65



pressure demonstrate a significant impact of the water environment on the interfacial electron dy-
namics that form the basis for photocatalytic activity. The increase in amplitude of the transient
shifts by a factor of ~3 and the increase in lifetime of the charge-separated state (i.e., longer signal
decay times) in the wet compared to the dry sample indicate that conditions for photocatalytic ac-
tivity of the interface improve substantially with the introduction of the reactant.

b) <10* mTorr c) 60 mTorr

Fig. 2-2: a) Visible-pump / X-ray-probe picosecond time-resolved X-ray photoelectron spectroscopy has
been extended to the near-ambient pressure regime for the first time, allowing the real-time probing of
interfacial chemical dynamics under environmental conditions. b),c) Preliminary results from a study of
photoinduced charge-transfer dynamics in gold nanoparticle sensitized TiO2. Shown are time-dependent
shifts of the Au4f photoline induced by the transient generation of interfacial electron-hole pairs for b) a dry
and c) a wet interface. The stark differences between the effect amplitudes and dynamic trends in b) and c)
illustrate a significant impact of water exposure on the dynamics of the charge-separated state, which forms
the basis for enabling interfacial chemistry, such as solar hydrogen production.

Future Plans: We will perform a detailed analysis of the TRAPXPS measurements on the AuNP-
TiO> system, performed during two recent ALS beamtimes, and aim to extend the studies toward
systems that employ core-shell NPs as chromophores and electron donors. To elucidate the physics
underlying the observed phenomena, we collaborate with the Qian group at LBNL and the Pascal
group at UC San Diego, employing a combination of ab initio electronic structure and dynamics
calculations with molecular dynamics-based simulations of the interfacial water coverage (see Sub-
task 3 and Qian’s Early Career Research Program abstract).

Dynamics in Helium Nanodroplets

This effort focuses on a better understanding of fundamental dynamics in neutral ground state, ex-
cited state, and ionized helium nanodroplets. The relatively simple electronic structure of He atoms
makes the droplets a popular testbed for understanding the emergence of collective electronic prop-
erties and dynamics from the atomic constituents of complex systems. Dynamics are probed at
XFEL light sources, such as the Linac Coherent Light Source (LCLS) and the European XFEL
(EuXFEL), employing combinations of femtosecond X-ray scattering and ion time-of-flight (TOF)
mass spectrometry techniques.
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Femtosecond X-ray Coherent Diffractive Imaging of Dynamics in Strong-Field Induced
Nanoplasmas (Gessner)

Recent Progress: A EuXFEL proposal led by our group and submitted in collaboration with the
groups of Andrey Vilesov (USC), Paul Scheier (U Innsbruck), Daniela Rupp (ETH Ziirich) was
awarded beamtime at the Small Quantum Systems (SQS) instrument. The experimental campaign,
conducted in June 2023, followed up on our previous LCLS and EuXFEL based studies on imaging
the early stages of strong-field induced nanoplasma formation (Bacellar et al. 2022, Phys. Rev. Lett.
129, 073201) and of charge distributions in ionized droplets (Feinberg et al. 2022, Phys. Rev. Res.
4, L.022063), respectively. Pristine and Xe-doped neutral droplets, as well as positively and nega-
tively charged droplets were exposed to near-infrared (NIR, A=800 nm) pulses with intensities up to
~10'> W/cm?. The induced dynamics were monitored by femtosecond X-ray (hv=1 keV) scattering
patterns and ion TOF spectra, which were recorded in coincidence on a shot-by-shot basis. The data
analysis is ongoing. While the original goal of the campaign to impose a qualitatively new level of
control of nanoplasma seeding by few-electron doping was apparently not achieved, the experiments
provided a trove of novel data to investigate nanoplasma formation and decay dynamics under a
variety of conditions. Preliminary results also indicate that the experiment led to the discovery of a
new, intrinsic femtosecond NIR/X-ray cross-correlation timing tool for cluster studies at XFELs.
Fig. 2-3 shows  the
40000 n ? - NIR/X-ray pump-probe

Hel+ signal
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Fig. 2-3: NIR/X-ray pump-probe time-delay dependent He" ion yield, recorded in | The enhanced He* yield at
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cribed to an X-ray nano-
plasma seeding effect,
whereby interaction with X-ray pulses leads to moderately charged droplets (Saladrigas et al. 2021,
Eur. Phys. J. Spec. Top. 230, 4011) that contain quasi-free electrons to seed and amplify nanoplasma
formation by the subsequent NIR pulse. The falling edge of the ion yield signal provides an intrinsic
monitor for spatiotemporal NIR/X-ray overlap, time zero of the delay range, and the temporal reso-
lution of the measurement. A fit of the trend indicates an approximate full width at half maximum
(FWHM) of the temporal instrument response function of 40 fs, corresponding to a factor of ~3
improvement in temporal resolution over our previous study.

Future Plans: We are currently classifying thousands of images recorded during the experimental
campaign. This time-consuming initial step of the data analysis will be followed by a detailed in-
vestigation of femtosecond surface expansion and picosecond droplet/plasma disintegration dynam-
ics, using reconstruction tools developed during previous campaigns.

XUYV Ultrafast Transient Polarization Spectroscopy X-UTPS (Slaughter, Weber)

We recently established Ultrafast Transient Polarization Spectroscopy (UTPS) (Thurston et al.
2020, Rev. Sci. Instrum. 91, 053101) as a four-wave mixing (FWM) scheme to probe both the real
and imaginary parts of the 3™-order nonlinear response of excited electronic states in molecules.
The unique sensitivity of the intensity-dependent refractive index ()*) to electronic structure, elec-
tronic and vibrational coherences, and the correlated motion of electrons and holes provides, e.g.,
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access to dynamics near conical intersections, even if there is no change in the electronic binding
energies. With a particular emphasis on larger molecules and liquids, the central goal of this effort
is to push the unique strengths of nonlinear techniques based on 3™-order optical responses into the
XUV and X-ray regime, labeled X-UTPS. The inclusion of inner-shell electronic resonances and
absorption edges in X-UTPS is expected to provide access to atomic site-specific information in-
cluding local electronic dynamics within a molecule under conditions where other inner-shell tech-
niques are less sensitive.

Both UTPS and X-UTPS probe the nonlinear response of a system using one excitation pulse and
only two probe pulses, instead of three or more probe pulses in other FWM techniques employing,
e.g., the BOXCARS geometry. Our recent UTPS experiments in the NIR regime have demonstrated
the minimization of temporal and spectral instabilities with such a reduction in technical complexity.
Optical Kerr Effect (OKE) phase-matching constrains the signals to be colinear with the probe pulse.
While the signal and probe are colinear, the near infrared (NIR) Kerr gate pulse is noncolinear with
the probe and signal, like the as-FWM approach in Subtask 1. However, in X-UTPS the FWM sig-
nals are separated from the XUV probe by polarization analysis via multilayer XUV mirror tech-
nologies.

Recent Progress: The extension of UTPS, which we previously demonstrated using NIR pulses
(Thurston et al. 2020, J. Phys. Chem. A 124,2573), to the XUV demands very high XUV intensities,
exceeding 10'> W/ecm?, In previous XUV pump-probe ionization studies of small molecules (e.g.,
Champenois et al. 2019, J. Chem. Phys. 150, 114301) we have found that such intensities require
very high XUV pulse energies exceeding 50 nJ per pulse before the XUV focusing mirror, account-
ing for the limited reflectivity of the latter. To achieve these high intensities, we have adapted the
existing tabletop XUV beamline, which is driven by 15 mJ ultrashort (40 fs) NIR (780 nm) pulses
in a 3 m focusing geometry, to achieve such high pulse energies by high harmonic generation (HHG)
in a newly-designed windowless gas cell. We separate the XUV from the NIR fundamental using a
grazing-incidence dichroic mirror and characterize the XUV spectrum using a variable line space
grating, also reflecting the XUV at grazing incidence, and an MCP detector. Further characteriza-
tion, as well as space and time
, x10'° overlap between the XUV and
NIR pulses, is achieved using a
velocity map imaging (VMI)
photoelectron  spectrometer,
which is inserted and removed
from the X-UTPS endstation
ey © without any significant impact

on the vacuum configuration or
upstream optics. The HH inten-
! SRS TR sity (Fig. 2-4) is optimized by
2l varying the gas type (typically
0 ° u 1 20 2 argon or krypton), cell pressure,

Kr pressure (mbar) X
Fig. 2-4: Measured number of XUV photons per pulse and pulse energy at and gas cell path length, which
21 eV photon energy (inset), as a function of the HHG cell pressure, for the | Tanges from 5 mm to 35 mm.
present tabletop HHG beamline configuration. The absolute photon yield is
determined from the typical quantum efficiency of the MCP detector for this
XUV energy range.
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Our recent efforts in the devel-
opment of time-dependent non-
linear spectroscopy theory are
performed in collaboration with Dr. Liang Tan (Molecular Foundry, LBNL). We have developed a
new numerical method to simulate the time evolution of molecular systems in Liouville space, where
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we compute the time-dependent nonlinear polarization response of a model molecule to two optical
pulses in the density matrix formalism. The polarization response of the molecule is computed by
scanning the relative phases of the optical fields in real space to extract the specified frequency
components. This approach also allows the time-dependence of both electronic populations and
electronic coherences to be computed exactly for a model molecule having three or more electronic
states. We compute the energy levels and transition dipole moments using the Multi-Configurational
Self-Consistent Field (MCSCF) approach with the aug-cc-pCVDZ basis set. This provides a simple
toolset to model a time-resolved 2-color FWM experiment and to understand the evolution of a
gaseous or condensed phase molecular system in terms of electronic decay and dephasing rates.
Nuclear dynamics are now also included by an electric field-dependent force function, currently
implemented to describe librational motion of a rigid molecule in a solvent that is interacting with
two pulses having a variable femtosecond delay. We have tested this low computational cost ap-
proach by comparison with experimental measurements of FWM for two NIR pulses and one
260 nm UV pulse in liquid nitrobenzene. We find good agreement between the electronic-librational
dynamics model and the experiments (not shown here).

Future Plans: The first experiments that apply the new tabletop XUV configuration for XUV non-
linear spectroscopy are now in preparation. Optimization of the HHG spectrum is underway to de-
termine the laser intensities, gas types, and gas pressures, to demonstrate the sensitivity of the new
setup to XUV nonlinear signals, including OKE signals arising from XUV and NIR FWM in Ox.
For this purpose, we apply the VMI module to characterize the XUV spectrum at the interaction
region, as measured by photoelectron imaging of argon or simple molecules such as Oz or No. We
then aim to optimize the experiment to enhance nonlinear XUV signals, starting with photoioniza-
tion by two XUV photons within a single pulse, followed by time-resolved photoelectron imaging
experiments employing delayed XUV-pump and XUV-probe pulses. This will guide the X-UTPS
experiments targeting the dissociation dynamics of excited electronic states in O2 and CF3l.

In case the XUV intensity in the present configuration is still insufficient to produce all-XUV time-
resolved nonlinear photoelectron and optical
— . signals, we have prepared the XUV beamline

y-lab Probe  Gate y=—- 157 [6__ | to accommodate a more efficient HHG
;5 1.04 Lo = /" A —~- 122 | o | scheme that is limited to lower XUV photon
= : ! e gg; [ = | energies, where the XUV is produced by a
@ ' : ; 4® | 390 nm driving field (second harmonic of
2061 i =017 | =" | 780 nm, generated in a BBO crystal). Even
T 04 Eox 2 32 } b after accounting for the limited efficiency of
& 7 - o087 [2 2 | second harmonic generation, we have meas-
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Fig. 2-5: Simulated 3"-order polarization signal (Oriented J. Chem. Phys. 158, 024303).

Signal) computed in the molecular frame, for several | To connect the molecular-frame numerical
different orientation angles y (dash-dot curves), compared | gsimulations to the laboratory frame that is ac-
with the laboratory-frame Averaged Signal (blue solid cessible in the experiments, we will apply

curve), which is computed as an average of all molecular . . -
orientations. Inset: Schematic illustration of the laboratory- time-dependent perturbation theory, which

frame orientation of nitrobenzene corresponding to the | We recently developed to compute the 3"-or-
extrinsic Euler angles o. = 0.96, p=0.1.27 y=-0.21, in the | der polarization in the laboratory frame. This
convention Rmol-tao = Y(0)Z(B) Y (7). approach employs orientation-averaging and
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local field corrections to simulate the third-order polarization and FWM signals in the laboratory
frame, which is defined by the polarization of the optical pulses. By projecting the molecular-frame
density matrix onto the laboratory-frame coordinates, it may be possible to retrieve the small set of
molecular alignments that primarily contribute to the measured 3™-order polarization signals (Fig.
2-5). This promises to guide molecular-frame simulations to reliably predict experimental signals at
a significantly reduced cost compared with orientation-averaging.

Reaction Pathways in Few-Molecule Complexes

Investigating ionization mechanisms and dissociation dynamics of small molecular complexes and
solvated biomolecules in the gas phase upon VUV or X-ray absorption is important for our under-
standing of the fundamental processes that underpin the destructive photochemistry of radiation
damage in materials and cells within living organisms. This is a very challenging task, because the
cluster targets are very dilute, and the electron and (virtual) photon transfer processes between the
cluster components compete with the ionization and dissociation processes of the monomers. In this
project, we apply reaction microscopy (a.k.a. COLTRIMS), which is well-established in Subtask 1
to gain highly differential insight into electron-electron correlation and electron-nuclei interaction.
With this technique we are able to discern ionization mechanisms and reveal the state-selective
coupled electronic and nuclear motion of the dissociation products via observables such as the elec-
tron-ion and the electron-electron energy-correlation maps, nuclear conformation maps (depicting
the kinetic energy release as a function of the dissociation angle), and the recoil-frame photoelectron
angular distributions (RFPADs).

Competition of Ionization Mechanisms and Dissociation Pathways After Valence Photo Dou-
ble Ionization of Molecular Dimers (Slaughter, Weber)

Recent Progress: Interatomic/intermolecular Coulombic Decay (ICD) has proven to be a prominent
and important ionization mechanism in small environments, such as weakly bound atomic and mo-
lecular clusters. Yet, in water dimers, for example, it competes with direct double ionization and
autoionization when valence photo double ionization (vPDI) takes place. This became apparent in
vPDI experiments at the ALS employing single photons with 60 eV, where we isolated two new 3-
body breakup channels, namely D-O" + D" + OD* and D,O" + D* + OD", which are not discussed
in the literature. These two channels likely originate from Proton Transfer Mediated Charge
Separation (PTMCS) after single ionization via a Zundel type intermediate (D.O—D*—OD¥*). We
investigated the D,O" + D" + OD* channel in the energy domain (see Fig 2-6.). We find that mainly
two water dimer dication
states contribute, and
mostly two dissociation
limits are reached [see
the main and faint islands
in panel (a) and the 1%
and 3™ contributions in
panel (c)]. The electrons
are mostly emitted simul-
taneously [as evident by
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Fig. 2-6: vPDI of water dimers with 60 eV photons from the ALS resulting in the
D>O" + D" + OD* fragmentation channel. (a) Electron sum energy as a function of

Kinetic Energy Release in [eV]

the kinetic energy release, showing mainly one prominent and one faint island
corresponding to two dication states and two dissociation limits at play. (b)
Electron-electron energy correlation map illustrating contributions from (mainly)
direct double ionization and autoionization. (c) Electron-ion energy map showing
three contributions: 1*' and 3™ stem from the direct double ionization. The second
contribution marks the correlated electrons of the autoionization events (upper
diagonal and lower white box).
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ion energy correlation map [“2"®” contribution in panel (c)]. Investigating the fragmentation channel
D>O" + D" + OD* in terms of particle angular distributions might provide direct access to the ge-
ometry of the dimer. Further analysis will be performed in collaboration with the group of T. Or-
lando (Georgia Tech.).

Future Plans: We intend to investigate the relaxation/decay pathways and dynamics in pyrrole-d-
water (C4H4NCHj3 - H2O) dimers after Resonant Auger Intermolecular Coulombic Decay (RA-ICD)
with highly differential insight [similar to our previous studies on N2 and Oz dimers (Trinter et al.
2014, Nature 505, 664)]. The goal is to understand, with atomic site-specificity, the intermolecular
relaxation mechanisms that are responsible for the first steps in radiation damage of biomolecules,
and to determine their relative contributions. Specifically, the competition between ICD and electron
transfer mediated decay (ETMD), and the influence of PTMCS in such complex dimers after
resonantly driving Auger-Meitner (AM) decay from an initial O(1s) excitation in the water molecule
site. will be studied using reaction microscopy. We aim to measure the electron-ion energy
correlations as well as the lab and recoil frame electron angular distributions. These key observables
will allow us to identify the electronic states and ionization mechanisms at play. ADC(2) level
calculations from our collaborator L. Cederbaum (U. Heidelberg) predict the electron energy
distributions of the competing ICD, ETMD, and AM processes that will be produced after creating
the inner-shell vacancies in the RA process. These signatures will form islands in the 2D electron-
ion energy correlation maps and enable us to isolate the contributions for further analysis in terms
of branching ratios and electron emission angles with respect to the polarization and the recoil frame
of the dissociating dimer. Two photon energies will be used as control parameters in order to track
the different outcomes and electronic states at play. The project will be carried out in collaboration
with T. Orlando (Georgia Tech.).

Subtask 3: First-Principles Theory of Dynamics and Electronic Structure
M. Head-Gordon, R. R. Lucchese, C. W. McCurdy, J. Qian, T. N. Rescigno

Simultaneous Treatment of Electronic and Nuclear Motion in Pump and Ionizing Probe Ex-
periments (Lucchese, McCurdy, Rescigno)

To reliably describe ultrafast pump and ionizing probe experiments it is necessary to simultaneously
treat nuclear motion and the correlated electron dynamics of photoionization. To predict and inter-
pret the results of such experiments requires a simultaneous treatment of photoionization and nu-
clear motion, which can be accomplished if all the transition amplitudes between relevant states of
the molecule and the photoionization amplitudes of all of those states are known at all the geometries
of the target molecule that can occur in the dynamics during the pump/probe sequence of pulses.
We have developed a method that can treat electron dynamics and one vibrational degree of free-
dom, and we are proposing a method to extend this to multiple vibrational dimensions.

Recent Progress: In a recent study (Bello et al. 2023, Phys. Rev. A 108, 033104) we employed the
methods we developed earlier for diatomics (Bello et al. 2021, Phys. Rev. Res. 3,013228). The time-
dependent wave function is expanded in an approximately complete set of Born-Oppenheimer prod-
uct basis functions of electronic and nuclear vibrational states -- including both the electronic (pho-
toionization) continuum states and nuclear (dissociation) continuum states. The electronic contin-
uum states at each internuclear distance are constructed in Schwinger variational calculations based
on a numerical representation of the scattering states, using a close-coupling expansion between
correlated ionic states.
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We applied these methods to pump and ionizing probe processes in LiH with perpendicular polari-
zation that probe the dynamics on the lower pmt and dn Rydberg states of the molecule, as shown in
Fig. 3-1. The electron kinetic energy and nuclear kinetic energy release, taken together, reveal the
multiple pathways dissociative ionization that will exist in general because the photon energy of a
pulse that can excite Rydberg states will frequently be able to ionize it as well. However, coinci-
dence measurements of those two quantities will generally be necessary to reveal wave packet mo-
tion on the intermediate dissociative Rydberg states as a function of time delay. Rydberg states
parallel the ion states to which they converge so as shown in Fig. 3-1, the electron kinetic distribu-
tions viewed alone are essentially constant as functions of time delay.
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Fig. 3-1: Left panels: three pump and probe paths to the dissociative ionization continuum of LiH" for 5 fs pulses
at 266 nm and 200 nm. Right panel: predicted electron kinetic energy distributions as a function of time delay.

LiQs)+H(1s)

X's* i

Future Plans: Even in single-pulse two-photon ionization, as in the LBNL AMOS group’s recent
study of Oz (Larsen et al. 2023, J. Chem. Phys. 158, 024303), the nuclei move during the ionization
process and the photoelectron distributions record that motion. We are applying these methods to
fully describe this experiment and explore the dependence of the photoelectron spectrum and angu-
lar dependence on pulse duration. These calculations will employ a new variant of our methods that
makes use of the Multiconfiguration Time-Dependent Hartree method (Beck et al. 2000, Phys. Re-
ports 321, 1) to propagate the nuclear wave packets coupled to the ionization continuum. With this
variant we plan next to attack a pump and ionizing probe problem in water in full dimension.

Two-Electron Differential Cross Sections for Double Photoionization of Molecules by One
Photon (Lucchese, McCurdy, Rescigno)

Single-photon double ionization of molecules is a process driven by electron correlation and is par-
ticularly sensitive to correlation in the initial state of the neutral molecule. We have studied such
double ionization processes of atoms and diatomic molecules. We are currently developing methods
that can be applied to non-linear molecules for which experimental data has been obtained in Sub-
task 1.

Recent Progress: In collaboration with F. Yip (Cal State Maritime, LBNL BLUFF) we have fin-
ished a study of the dependence of the double photoionization on initial state correlation of Liz by
examining the convergence of the cross sections with respect to its natural orbital expansion and
submitted a manuscript to the Physical Review A. Surprisingly, while in the case of H> many terms
are required in this expansion to produce even the qualitative shape of the differential cross sections,
it converges with very few terms for Liz, despite its long 5 Bohr bond distance and much stronger
left-right correlation.

Future Plans: Also, in collaboration with F. Yip, we are finishing an analysis of the effect of initial
state correlation in the case of LiH. In collaboration with Roger Bello, a postdoc in our group until
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last May and now at the Autonomous University of Madrid, we will report new method develop-
ments and complete the TDCS calculations for double ionization of water to produce the three states
in which two electrons are removed from one valence orbital.

Double Photoionization of D.O by One Photon (Lucchese, McCurdy, Rescigno)

Experimental studies on double ionization of molecular systems necessarily involve the breakup of
the doubly ionized molecules. Molecular frame differential cross section for the photoelectrons, are
then obtained using angle resolved coincidence measurements of the emitted photoelectrons and the
heavy fragments of the doubly ionized molecules. To connect these measurements to the initial
molecular frame quantities and thus to the computed two-electron differential cross sections, one
must often know the detailed mechanism of the fragmentation. We have thus studied the dynamics
of the fragmentation of doubly ionized molecules.

Recent Progress: Our analysis of the single photon double ioni-
zation of D,0 leading to a rare but measurable 3-body breakup L
into O" + D + D" in the ALS experiment led by Th. Weber is '
nearing completion. The O" ion can be produced by either direct
or autoionization processes. In collaboration with A. E. Orel (UC
Davis), we found that the direct process is dominated by a se-
quential mechanism that first produces OD* (a!D, b'S*) + D*; the
transient OD* then dissociates to O + D through a combination
of spin-orbit and non-adiabatic charge transfer transitions. Solv- :
ing a three-channel time-dependent Schrodinger equation with L L s
appropriate off-diagonal spin-orbit or non-adiabatic terms veri- " 0—D distance (bohr)
fied the mechanism and reproduced the general trends of the | Fig- 3-2: Selected states of OD".
measured relative transition rates (see Fig. 3-2). This work was Spl.n'orblt transitions from the a and

. . singlets populate the A°P near its
published in (Iskandar et al. 2023, J. Chem. Phys. 159, 094301).

dissociation  limit. Coupling
For the indirect (autoionization) process, we found that absorp- | between A, X and B states can
tion of a single photon with energy well above the double IP can result in O” production.
produce a dissociative super-excited mono-cation of DoO* which can decay either directly (DO —
D + D" + O%*) or sequentially (DO — OD* + D" — O* + D + D"), followed by autoionization of
O* at large distance. This work has been published in (Iskandar et al. 2023, Phys. Chem. Chem.
Phys. 25, 21562).

Time Delay in Molecular Photoemission (Lucchese, McCurdy, Rescigno)
Measurement of attosecond time delays in photoionization has become a well-established probe of
the interaction of the emitted electron with the residual ion. Observations of the delay, T =

Energy (eV)

8

haa—Earg <CD,£_)| Y€ |CDO>, measure the energy derivative of the relative phase of the photoioni-

zation amplitude and can reveal signatures of resonances and their interference with background
scattering in the body frame. The energy derivative in this definition implies that this quantity can
go beyond the fixed-energy quantities, such as the total cross sections, and molecular frame photo-
electron angular distribution, to consider how those quantities change as a function of energy. Ad-
ditionally, understanding the energy dependence of the phase of the transition matrix element is also
key to understanding the shape and position of the photoelectron wave packets that are formed when
a system is ionized by an attosecond light pulse.

Recent Progress: In collaboration with the group of H.-J. Worner (ETH Zurich), we studied pho-
toionization time delays in photoionization of Kr> dimers (Heck et al. 2022, Phys. Rev. Lett. 129,
133002). Both the effects of multiple scattering and coherent emission from two centers are seen in
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the measured and computed time delays. An additional collaboration with Worner’s group was a
study on the time delays in the vibrationally resolved photoionization of Oz leading to the X *II,
ground state of the O," ion (Submitted for publication Phys. Rev. Lett.). In this system, there was
sensitivity of the time delays to the bond length. This sensitivity was found to be due to the effects
of inter-channel coupling to a shape resonance in the b*X; ionization channel.

Future Plans: We have completed an initial study of time delay in core-level molecular photo-
detachment, which reveals in detail the interaction of the photoelectron with the residual molecule
at low energies that are typically obscured by Coulomb scattering in photoionization of neutral tar-
gets. We are focusing on a comparison between C>’, where previous theory and experiment
(Douguet et al. 2020, Phys. Rev. A 101, 033411) have confirmed the presence of narrow shape res-
onances in four channels close to threshold, and CN-, where the residual neutral is polar and has K-
edges that are well separated. The comparison shows some similarities due to shape resonances as
well as striking differences due to dipole effects in CN" that are only revealed in the time delay (see
Fig. 3-3). The results of this study, done in collaboration with C. Trevisan (Cal State Maritime,
LBNL BLUFF), are being prepared for publication. This work will be extended to small polyatomic
anions in future studies.
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Fig. 3-3: From Left to right: (1) total C2~ detachment cross sections in four channels, labeled by residual core-
neutral state; (2) cross sections and time delays for C2 in 3Z¢* channel for perpendicular photon polarization as
a function of photoelectron energy and angle; (3) total CN™ detachment cross sections for C(1s) and N(1s)
removal; (4) as in (2), for C(1s) ionization.

Development of Grid-based Electron Polyatomic Molecule Collision Code (Lucchese,
McCurdy)

The studies proposed above, on the simultaneous treatment of electronic and nuclear motion and on
the photoemission time delays, are based on the ability to compute one-photon ionization amplitudes
for molecular systems. Our current codes that we use to study such processes have limitations on
the types of systems and processes to which they can be applied. One suite of codes, the basis-set
complex Kohn code, can be applied to general molecular systems as long as the kinetic energy of
the continuum electron is not too high and the molecule is not too large. We also have grid-based
methods which are currently limited either to linear molecular systems, or to rather simple single-
channel calculations on small to medium-sized polyatomic molecules. Such grid-based methods are
not limited to low kinetic energies and can thus study processes such as resonant Auger ionization.
We have thus begun a development project to compute electron scattering dynamics on larger mol-
ecules based on grids and with the same multichannel capabilities of the basis-set complex Kohn
method. This new code will be referred to as the ePolyGrid code.
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Recent Progress: We have continued the development of the overset grid program ePolyGrid by
including a more efficient method for partitioning functions which have discontinuities at nuclear
centers that are not at the origin of the numerical grid used to represent the functions. This approach
is based on multiple overlapping spherical grids that are located at each nuclear center. With such a
representation, which contains redundancies, one must partition a function into contributions on the
central grid, which encompasses the whole molecular system, and the sub-grids around each center.
Previously, this partitioning was accomplished using switching functions (Greenman et al. 2017,
Phys. Rev. 4 96, 052706). The switching function approach worked but was limited by the need to
represent the hole created in the central grid in the region of each sub-grid.

We have begun to implement an alternative approach for partitioning functions on the central grids
and sub-grids. In this method, a function on the central grid will be replaced in the region of a sub-
grid by a smooth low-order polynomial, which can be easily expanded about the origin of the central
grid. The cusp behavior of a function will then
be represented on the sub-grid. In Fig. 3-4 we
show the partitioning applied to the 4a; orbital
of O3, with the cusp behavior on the two ter-
minal O atoms only present on the sub-grid
with the remaining function on the central grid
being smoother and easily represented by the
central grid centered on the central O atom.
This partitioning should allow for a much
more compact representation of the functions
used in the scattering code and thus be more efficient in the computation of the scattering quantities
of interest.

Full Function Part on Central Grid Part on Sub-Grid

Fig. 3-4: Illustration of the grid partitioning method
applied to the 4a: orbital of Os.

Future Plans: We expect to complete the coding for this approach for one-channel calculations in
the near term and will then extend this approach to multichannel calculations needed to treat prob-
lems of interest discussed in other parts of Subtask 3 and in Subtask 1.

Unraveling the Femtosecond Jahn-Teller Dynamics of CH4* by Orbital-Optimized DFT Cal-
culations (Head-Gordon, Leone, Neumark)

Recent Progress: Theoretical calculations (Head-
Gordon, under AMOS support), and ultrafast transient
XAS experiments (Leone, Neumark, under separate | A
GPCP support) have been used to study CH4* prepared X L]
by 800 nm strong-field ionization (Ridente et al. 2023, \"
Science 380, 713). The TrXAS calculations were used

Strong-field
ionization

to interpret time-resolved measurements at the carbon
K-edge (280-300 eV). Comparison of experiment to
X-ray spectra computed by orbital-optimized density
functional theory (OO-DFT) (Hait et al. 2021, J. Phys.
Chem. Lett. 12, 4517), indicates that after ionization,
CH4" undergoes symmetry breaking driven by Jahn—
Teller distortion away from the initial tetrahedral
structure (Tq) within ~10 fs (see Fig. 3-5 for a sche-
matic of the process). This yields direct insight into
the energy flow from electronic to vibrational degrees
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of freedom, and detailed analysis 5
of the simulations shows that oscil- 283 283 . a

lations seen in the simulated and | 282 i 232 | ﬁf‘?“ ,-’".:" 10
experimental signals (Fig. 3-6) at | 3 281 4 B S 281 ‘,’% ' :"W e
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1200 cm’! scissoring mode that | § 279 & 279 M
closes down one HCH bond angle 278110 & 2785~ i
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quality of the OO-DFT calcula- (right) and the measured spectrum (left).

tions, as well as the adequacy of
the ab initio dynamics simulations that provide the structures for the XAS calculations is evident in
the excellent agreement between simulated and experimental signals. The pronounced blue shift in
the signal can be understood in terms of a change in SOMO character to take on additional p char-
acter as the small HCH bond angle makes mixing with the CH antibonding orbitals energetically
unfavorable.

Future Plans: The excellent agreement between simulations and experiments suggests that a range
of other experiments, where assignments are potentially ambiguous based on experiments alone,
can benefit from computations using the OO-DFT approach (and related methods being developed
by the Head-Gordon group). Three other joint studies have been published this year. Several more
such collaborations are underway/planned between Head-Gordon group and partners including
Gessner, Leone and Neumark, and Ramashesha’s group at Sandia.

Electron-Affinity TDDFT (EA-TDDFT)
(Head-Gordon)

50r
Recent Progress: Recently, the Head-Gordon o
group has reported (Carter-Fenk & Head-Gor- | 2
don, 2022, J. Phys. Chem. Lett. 13, 9664) a | 2|
new development that provides a very promis- | 22|
10}

ing alternative strategy for resolving the limi-
tations of standard TDDFT for core excited

)
<]
S

states: namely the lack of particle—hole attrac- | 3 OHF ©IRung 3: meta-GGA

. : . ~15f DORung 1: LDA  ©IRung 4: Hybrid GGA
tion and orbital relaxation that lead to extreme | 5 SRung 2: GGA SIRung 4: Hybrid meta-GGA
errors in the prediction of K-edge X-ray ab- | 1o}
sorption spectra (XAS). They overcome these | =3 T
problems by deriving a linear-response for- | 2 °f é % T [ - é
malism that uses optimized orbitals of the (n — 0 - T L TS o &
1)-electron system as the reference, building Qisezcg\'Qq,éio‘a@,b*QQC\QQ\:*Q%&;\?2+9§Q0§Q,\®’\\
orbital relaxation and a proper hole into the in- = & %,9@ & ;2 }\&9’ b

<

itial density. This approach is therefore funda- | ,
Fig. 3-7: Upper panel shows errors in standard TDDFT vs

meljltally different than Slmply u‘smg the ion the new EA-TDDFT method; both in the Tamm-Dancoff
orbitals to perform TDDFT (which does not approximation (TDA) for 65 K-edge transitions against

correct the particle-hole self-interaction error | experiment for 15 functionals. The lower panel shows
and thus typically increases the already large | EA-TDA error statistics: the shaded region is the 95%
errors obtained using TDDFT with ground confidence interval for each functional; the horizontal line
state orbitals. By contrast, the new EA- at each notch center is the median absolute error.
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TDDFT approach is an exact generalization of the venerable static-exchange approximation from
wavefunction theory to DFT, which ameliorates the particle—hole interaction error associated with
the adiabatic approximation and reduces errors in TDDFT XAS by 1-2 orders of magnitude. With a
statistical performance of just 0.5 eV root-mean-square error (for the best performing functional
tested) and the same computational scaling as TDDFT under the core—valence separation approxi-
mation, it seems possible that EA-TDDFT will be of great utility in XAS calculations of large sys-
tems. Fig. 3-7. shows the dramatic improvement that EA-TDDFT yields relative to standard
TDDFT. While the accuracy of EA-TDDFT does not exceed that of OO-DFT (it appears compara-
ble, although different functionals are optimal for each approach), EA-TDDFT has the advantage of
delivering all relevant core-excited states in a single calculation, rather than requiring state-specific
optimization.

Future Plans: 1t is clearly very desirable to extend EA-TDDFT from core excitations in closed shell
molecules in their ground states to include core excitations in open shell molecules. Core excitations

in radicals will be the next target, and core excitations in valence-excited states of closed shell mol-
ecules will also be of great interest.

Electron-Affinity TDDFT (EA-TDDFT) for the Condensed Phase (Head-Gordon)

Recent Progress: Immediately building on the advance repre-
sented by EA-TDDFT, the Head-Gordon group has reported 1.07

condensed phase simulations (Carter-Fenk & Head-Gordon, 2038 o
2022, Phys. Chem. Chem. Phys. 24, 26170) using this new | g
methodology. In applications to X-ray absorption spectroscopy ;o.e-
(XAS), simple methods like CIS and TDDFT that codify only | 20.4 i
single excitations into the wave function are prone to cata- go.z Expt
strophic errors in main-edge and post-edge features whose |
shapes act as a crucial fingerprint in structural analyses of lig- 0.0 405 410 415
uids. They showed that these errors manifest primarily duetoa | 1.0
lack of orbital relaxation in conventional linear-response theo- | Zgg
ries and that core-ionized references, like those of EA-TDDFT, | £
can eliminate the errors in the spectral profile, even in the high- *?) o8
est-energy parts of the post-edge. Crucially, they find that sin- 0.4
gle excitations atop core-ionized references are sufficient to §0.2

. .. . . .. EA-TDDFT
elucidate liquid-phase XAS spectra with semi-quantitative ac- /4
curacy. The results shown in Fig. 3-8 for XAS of aqueous am- 00 405 410 415
monia illustrate the qualitative improvement that is obtained by excitation energy (eV)

using EA-TDDFT (or even EA-CIS) relative to direct use of | Fig. 3-8: Simulations (colors) versus
conventional TDDFT (or CIS), even after shifting to align the | €xperiment for XAS spectrum of
re-edge feature as well as possible. These results, as well as | 2dueous ammonia. Use ofion orbitals
pre-cdg S P : ) : via EA-TDDFT or EA-CIS (lower
§1m11ar ones reported for liquid water anq aqueous ammonium | panel) greatly improves over use of
ion, open the door for methods like -electron-affinity | neutral orbitals (upper panel), even
CIS/TDDFT to be used as efficient alternatives to higher-order | after alignment.
wave function approaches.

Future Plans: These results reinforce the fact that EA-TDDFT is sufficiently accurate, efficient,
and straight-forward to apply to permit applications to a range of complex XAS simulations. Further
developments will be needed to go beyond K edges to L and M edges via inclusion of vector rela-
tivistic effects.
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Elucidating the Earliest Electron Dynamics Underlying Interfacial Charge Transfer Processes
(Qian)

A fundamental understanding of ultrafast charge transfer processes at the heterojunction between
two materials (i.e., the donor and the acceptor) is essential to exploit the full potential of novel light
harvesting schemes. Take the experimentally studied gold nanoparticle (AuNP)/TiO; heterojunc-
tions (Subtask 2) as a prominent example, the complete interfacial charge transfer processes entail
three stages of events, that are of vastly different timescales:

e Excited by the continuous visible light or by a laser pulse of ~532 nm, the gold nanoparti-
cles (AuNP) will display an attosecond timescale optical response.

e Subsequently, the gold plasmon will dephase into hot electrons and holes that can be trans-
ferred across the metal-semiconductor interfaces for promising photocatalytic and photo-
voltaic applications. This event is on the order of sub-100 femtosecond timescale.

e The separated holes and electrons will eventually recombine on a timescale of picoseconds
to nanoseconds.

All three stages of events (optical response, charge injection, and charge recombination) are of fun-
damental importance and remain difficult to observe and understand by experiments alone. Our
LBNL AMOS core program activities focus on a time-resolved ab initio understanding of the earli-
est attosecond to sub-100 femtosecond dynamics underlying interfacial charge transfer processes.
The longer picosecond to nanosecond charge recombination dynamics will be tackled in a separate,
yet synergistic Early Career program (see separate Early Career abstract). For validation, we will
apply computational XPS modules developed in-house to compare with the time-resolved X-ray
photoemission spectroscopy (TRXPS) and time-resolved ambient pressure X-ray photoemission
spectroscopy (TRAPXPS) experiments described in Subtask 2.

Recent Progress: One of the pioneering theoretical works (Long et al. 2014, J. Am. Chem. Soc. 136,
4343) employed single-particle based, linear-response time domain density functional theory (LR-
TDDFT) with nonadiabatic molecular dynamics (NAMD) to investigate the nonequilibrium, plas-
mon-driven electron dynamics at the AuNP/TiO> semiconductor interface. For AuNP sizes of 20
atoms, the authors concluded that an electron would appear inside TiO; instantaneously upon pho-
toexcitation with a high probability of ~50%. The remaining 50% follow the more conventional
electron injection picture, where an electron-hole separated state described by a hot electron distri-
bution will be first created on the AuNP, and then the electron will move into the TiO; substrate on
a sub-100 fs timescale. The theoretically predicted high efficiencies are impressive and variants of
the direct injection mechanism have also been proposed based on experimental work (Wu et al.
2015, Science 349, 632). However, the reliability of the NAMD result heavily depends on an accu-
rate prediction of the distribution of excited states prepared by the light, which is a function of both
the excited states method that one employs, and the computational setup of the nanoparticles (size,
shape, periodicity) used in the simulation. Thus, to gain a comprehensive understanding of the
charge transfer process, it is important to investigate the details of the optical coupling between the
photo-active material and the light via ab initio calculations.

Identification of the most stable structure(s) of a system is a prerequisite for the calculation of any
of'its properties from first principles. We made strides in this direction by carefully evaluating which
input atomic structures are the most representative to study. We began with the thermodynamically
most stable anatase TiO> (101) surface with a surface energy of 0.61 J/m? (Martsinovich et al. 2012,
Phys. Chem. Chem. Phys. 14, 13392; Zhang et al. 2015, J. Phys. Chem. C 119, 6094) as our basis.
We then sampled the Wulff shape (Barmparis et al. 2015, Beilstein J. Nanotechnol. 6, 361) Au
clusters of 19, 43, 79, 135, 201, and 297 atoms in size until a work function convergence is achieved
at the Auiss cluster. The convergence results are summarized in Fig. 3-9a. Based on these results, it
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would be most ideal to combine the Auiss cluster (or larger) with the TiO> (101) surface as the
computational proxy of the nanoparticle-semiconductor heterojunction. However, restrictions of the
conventional plane-wave based DFT require a compromise, leading to a unit cell size of ~400 atoms
(which is considered already massive and computationally challenging!). We note that innovative
approaches to enable larger scale DFT calculations are developed within Qian’s Early Career Re-
search Program, described in a separate abstract.

Inspired by the most recent
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duction band (CB) edge is mostly | Fig 3-9: a) Work function converges at the Auiss cluster by sampling
influenced by Ti-d orbitals. The | an array of Wulff shape Au nanoparticles. The “wet” datapoints
. : represent monolayer water covered Au clusters. b) Density of states
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dence of the site-specific, transient | injection from the electron donor (AuNP) to the electron acceptor
local charge injection from the | (TiO2). ¢) Density of states (DOS) of a representative “wet” Au/TiO2
electron donor (AuNP) to the elec- interfacial system. d) Density of states (DOS) of another “wet” Au/TiO2
interfacial system with a different orientations of water molecules.

tron acceptor (TiO2) (Borgwardt et
al. 2020, J. Phys. Chem. Lett. 11, 5476). Since the plasmon excitation band of the Au cluster (cen-
tered around 2.3 eV) lies well inside the TiO2 conduction band, we can use the density of the TiO»
acceptor states available at the plasmon excitation energy as an indicator for how efficient the charge
injection process is. If the density of acceptor states is high and the overlap between donor and
acceptor is significant, we would expect that more channels open and a higher transfer probability
will lead to a shorter photoinduced electron transfer timescale, and vice versa.

Future Plans: The band structures obtained from the above plane-wave based DFT can be further
used to fit a Slater-Koster file for tight binding (TB) acceleration. Real-time, time-dependent density
functional theory (RT-TDDFT) will be employed to predict the optical spectrum of the excited plas-
mon. An RT-TDDFT tight binding (RT-TDDFTB) scheme will be adopted to further reduce the
computational cost, which will allow us to simulate the time-resolved charge injection processes on
the order of sub-100 femtoseconds. The charge separated states will generate a unique XPS finger-
print. We will continuously apply and extend our computational XPS modules (Xu et al. 2022, J.
Chem. Theory Comput. 18, 5471) to complement the TRXPS and TRAPXPS experiments described
in Subtask 2.
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Roychoudhury, S.; Cunha, L. A.; Head-Gordon, M.; Prendergast, D., Changes in Polarization Dic-
tate Necessary Approximations for Modeling Electronic De-Excitation Intensity: Applica-
tion to X-ray Emission. Phys. Rev. B 2022, 106, 075133, DOI
10.1103/PhysRevB.106.075133. The work on OO-DFT calculations and interpretation by the
M. Head-Gordon group was supported by AMOS.

Tanyag, R. M. P.; Bacellar, C.; Pang, W.; Bernando, C.; Gomez, L. F.; Jones, C. F.; Ferguson, K.
R.; Kwok, J.; Anielski, D.; Belkacem, A.; Boll, R.; Bozek, J.; Carron, S.; Chen, G.; Delmas,
T.; Englert, L.; Epp, S. W.; Erk, B.; Foucar, L.; Hartmann, R.; Hexemer, A.; Huth, M.; Le-
one, S. R.; Ma, J. H.; Marchesini, S.; Neumark, D. M.; Poon, B. K.; Prell, J.; Rolles, D.;
Rudek, B.; Rudenko, A.; Seifrid, M.; Swiggers, M.; Ullrich, J.; Weise, F.; Zwart, P.; Bostedt,
C.; Gessner, O.; Vilesov, A. F., Sizes of Pure and Doped Helium Droplets from Single Shot
X-ray Imaging. J. Chem. Phys. 2022, 156 (4), 041102, DOI 10.1063/5.0080342. The FWP
supported the experiment contributions and data interpretation by Bacellar, Belkacem, Weise,
Leone, Neumark, and Gessner, as well as Gessner's contributions to authoring the beamtime
proposal and contributions by Leone, Neumark, and Gessner to the journal article.

2023
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Bello, R. Y.; Lucchese, R. R.; McCurdy, C. W., Pump and Ionizing-Probe Dynamics in a Simulta-
neous Treatment of Electronic and Nuclear Motion in LiH. Phys. Rev. A 2023, 108, 033104.
DOI 10.1103/PhysRevA.108.033104. The FWP supported R. Lucchese and C. W. McCurdy
who participated in the interpretation of the computed data and in the writing of the manu-
script.

Camper, A.; Ferré, A.; Blanchet, V.; Descamps, D.; Lin, N.; Petit, S.; Lucchese, R.; Saliéres, P.;
Ruchon, T.; Mairesse, Y., Quantum-Path Resolved Attosecond High-Harmonic Spectros-
copy. Phys. Rev. Lett. 2023, 130,083201, DOI 10.1103/PhysRevLett.130.083201. The FWP
provided computed results which were then compared to the experimental results.

Haugen, E.A.; Hait, D.; Scutelnic, V.; Xue, T.; Head-Gordon, M.; Leone, S.R., Influence of Electron
Withdrawing Groups on Ultrafast Intersystem Crossing by Transient X-ray Absorption
Spectroscopy at the Carbon K-Edge. J. Phys. Chem. A 2023, 127, 634—644. DOI
10.1021/acs.jpca.2c06044. The work on OO-DFT calculations and interpretation by the M.
Head-Gordon group was supported by AMOS.

Howard, A. J.; Britton, M.; Streeter, Z. L.; Cheng, C.; Forbes, R.; Reynolds, J. L.; Allum, F.;
McCracken, G. A.; Gabalski, I.; Lucchese, R. R.; McCurdy, C. W.; Weinacht, T.; Bucks-
baum, P. H., Filming Enhanced lonization in an Ultrafast Triatomic Slingshot. Commun.
Chem. 2023, 6, 81, DOI 10.1038/s42004-023-00882-w. The computed trajectories of the
dissociation of H>O"" and interpretation of the results were supported by the FWP.

Joseph, J.; Holzmeier, F.; Bresteau, D.; Ruchon, T.; Houver, J.-C.; Lucchese, R. R.; Dowek, D.,
Angularly Resolved Photoionization Dynamics in Atoms and Molecules Combining Tem-
porally and Spectrally Resolved Experiments at ATTOLab and Synchrotron SOLEIL Eur.
Phys. J.: Spec. Top. 2023, DOI 10.1140/epjs/s11734-023-00815-7. The FWP supported the
interpretation of the experimental results.

Lozano A.L; Alvarez L.; Garcia-Abenza A.; Guerra C.; Kossoski F.; Rosado J.; Blanco F.; Oller
J.C.; Hasan M.; Centurion M.; Weber Th.; Slaughter D.S.; Mootheril D.M.; Dorn A.; Kumar
S.; Limado-Vieira P.; Colmenares R.; Garcia G., Electron Scattering from 1-Methyl-5-Ni-
troimidazole: Cross-Sections for Modeling Electron Transport through Potential Radiosen-
sitizers. Int. J. of Mol. Sci. 2023, 24, 12182, DOI 10.3390/ijms241512182. FWP supported
the graduate student M. Hasan as well as the co-Pls D. Slaughter and Th. Weber, who each
contributed to performing the experiment at the LBNL AMOS DEA laboratory, interpreting the data,
and writing the publication.

TroB, J.; Carter-Fenk, K.; Cole-Filipiak, N.C.; Schrader, P.; Word, M.; McCaslin, L.M.; Head-Gor-
don, M.; Ramasesha, K., Excited State Dynamics During Primary C—I Homolysis in Acetyl
Iodide Revealed by Ultrafast Core-Level Spectroscopy. J. Phys. Chem. A 2023, 127, 18,
4103-4114,DOI 10.1021/acs.jpca.3c01414. The computational modeling and interpretation
by the M. Head-Gordon group was supported by AMOS.
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Early Career: From Molecules to Continuum: Exploring a Universal, Transferable, and
Physics-Based Understanding of Chemical Dynamics from ab-initio

Jin Qian
Chemical Sciences Division, Lawrence Berkeley National Laboratory
1 Cyclotron Road, Berkeley, CA, 94720
jqian2@lbl.gov

Project Scope Kohn-Sham Density Functional Theory (KS-DFT) (as realized in prevalent
computational software like Q-Chem, VASP, Gaussian etc.) is a powerful mathematical model of
electronic structures. It is widely utilized to calculate properties of systems with up to a few
hundred atoms, whereas difficulties persist for wavefunction methods to scale above tens of atoms.
These limitations present a significant challenge for the description of modern-day renewable
energy technologies, which mandate electronic structure representations for nanoscale systems
consisting of >1,000-10,000 atoms.

In this project, we will focus on the development and application of real-space KS-DFT, which is
a promising theoretical method for achieving electronic structure level insight into chemical
dynamics in realistically large and complex systems with up to >10,000 atoms. We aim to unveil
a fundamentally new set of chemistry-structure-property relationships in heterogeneous systems
at the nanoscale, where geometry, confinement, and atomic interactions interplay. Inspired by
experiments in the LBNL AMOS Program, we will investigate the electronic structure details of
picosecond to nanosecond timescale charge recombination processes at plasmonic nanoparticle
(NP) /semiconductor interface. We will use the AuNP/TiO> composite as our model system, due
to the chemical stability of Au and the ideal band alignment between Au and TiOz. Our
computational findings will be validated by ultrafast X-ray spectroscopy experiments.

Recent Progress We have started the project by developing predictive models of X-ray
Photoelectron Spectroscopy (XPS) signatures within the theoretical framework of real-space KS-
DFT. Given our overarching goal of explaining and predicting large nanoscale phenomena from a
local atomic spectator’s perspective, we decided to pursue the pseudopotential ASCF strategy
(with only double the cost of a normal ground state single point calculation) for the accurate
prediction of XPS binding energies.

Future Plans Building upon our previous success with 2" row elements (Xu et al., 2022, J. Chem.
Theory. Comput., 18, 5471), we will first enable XPS prediction capabilities beyond 1s core
excitation. We most recently examined several 3™ row elements, and obtained initial good results
for 1s, 2s, and 2p excitation including Si, P, and S with ~0.2 eV accuracy. Our eventual goal will
be to build new capabilities for quantitatively predicting the core ionization energies for Auas, Tizp.

We will also gradually increase our system size to the desired nanoscale and eventually predict
AE}, of Ausg, Tizp, and Ois as site-specific spectators to elucidate ultrafast charge transfer dynamics
in  plasmonic AuNP/TiO, semiconductor interface. We identified the sodium
carbonate/bicarbonate nanodroplet system with an intermediate size (~1000 atoms) as a
steppingstone, to build expertise and define expectations before we move on to even larger systems
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(~10,000 atoms). For this system, high-quality experimental XPS results exist (Lam et al. 2017, J.
Chem. Phys., 146, 094703). The experiment detected a surprisingly high concentration of the
doubly-charged carbonate compared to the single-charged bicarbonate species at the gas-liquid
interface. In contrast, the traditional picture of classical electrostatic theory predicts a higher
likelihood for strongly hydrated ions (i.e., the doubly-charged carbonate) to stay in the bulk. We
will obtain the nanodroplet atomic structure via our collaboration with the Pascal group (UCSD).
Using the intermediate system as a case study, we will tackle the numerical problems associated
with increasing complexity by exploring Pulay, Kerker mixing schemes and an improved initial
guess for the rapid and robust convergence of self-consistent field (SCF).

Peer Reviewed Publications Resulting from this Program (Project start date: 08/2023)

No publications to report.
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PULSE: Ultrafast Chemical Science at SLAC

P.H. Bucksbaum, D.A. Reis, K. Gaffney, T. Heinz, T. Martinez, T. Wolf, A. Natan, J. Cryan, S.
Ghimire, A. Cordones-Hahn, M. Kling, SLAC National Accelerator Laboratory, 2575 Sand Hill Rd.
MS 59, Menlo Park, CA 94025. Email phb@slac.stanford.edu

Project Scope: The PULSE Ultrafast Chemical Science program at SLAC investigates ultrafast
chemical physics using SLAC's x-ray and high energy electron facilities, including LCLS-II, SSRL, and
Ultrafast Electron Diffraction (UED). Our goal is to advance chemical science within the ultrafast
AMOS mission that makes optimal use of these unique tools for fundamental discoveries and
new insights.

Major themes: Ultrafast science has emerged as a primary arena for scientific progress across
all areas of BES, and it has also been established as a primary mission focus for SLAC.! PULSE has
been advancing this area for more than a decade, starting with this AMOS program, and so we
are in leadership positions now in selected broad areas of the field. We have a growing list of
research accomplishments in sub-femtosecond or femtosecond-resolved investigations that
capture the motion of electrons within molecules, using methods that require the improved
characteristic of the LCLS-Il linac and x-ray laser. We also have developed methods with
Angstrom resolution to record chemistry at the level of the intramolecular bonds. And we also
have investigated a range of multiphoton x-ray interactions using x-ray nonlinear spectroscopy.

Research themes: The AMO research that is especially pushed forward by the capabilities of
LCLS-1l and at UED can be grouped into three main research themes:

¢ Imaging on the nanoscale in space and the femtoscale in time.

* The architecture of light conversion chemistry.

* Harnessing coherence on the eV scale in time, space, and field strength.

Science frontiers: Linked to these themes are three science frontiers, which encompass the
activities of our FWP:

¢ The frontier of attosecond electronic motion

* The frontier atomic field strengths

* The frontier of collective electron dynamics

The scientific case for these advances was highlighted in a recent BES workshop on LCLS-Il science
opportunities, “Virtual Workshop: Non-Linear Multidimensional Methodologies for Studying
Chemical Sciences,” that was organized by a collaboration including LCLS, Nora Berrah, and five
of the Pls from this FWP (Reis, Cryan, Cordone-Hahn, Wolf, and Bucksbaum) in December 2020.
In addition, these science areas are themes of the BESAC 2017 report Opportunities for Basic
Research at the Frontiers of XFEL Ultrafast Science (a.k.a. Ultrafast Roundtable Report), %> and also
the BESAC 2015 report, Challenges at the Frontiers of Matter and Energy: Transformative
Opportunities for Discovery Science,? especially the section on Imaging Matter across Scales, and
Harnessing Coherence in Light and Matter. The tasks are also in line with the 2004 report
Directing Matter and Energy: Five Challenges for Science and the Imagination (a.k.a. Grand

Uhttps://wwwo6.slac.stanford.edu/blog-tags/ultrafast-science
2 https://science.energy.gov/~/media/bes/pdf/reports/2018/Ultrafast x-ray science_ rpt.pdf
3 https:/science.energy.gov/bes/efrc/research/transformative-opportunities/
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Challenges Report)* where our work is particularly relevant for the Energy and Information on
the Nanoscale and Control at the Level of Electrons challenges.

Key Personnel:

Professor Philip Bucksbaum, AMO Physics, the FWP director;
Professor David Reis, Nonlinear x-ray science, deputy director;
Professor Kelly Gaffney, Physical Chemistry;

Professor Tony Heinz, Optical Physics

Professor Todd Martinez, Theoretical Physical Chemistry;
Professor Matthias Kling, Nanoscale Catalysis;

Research Scientist Dr. Thomas Wolf, Physical Chemistry;
Research Scientist Dr. Adi Natan, AMO Physics;

Research Scientist Dr. Amy Cordones-Hahn, Chemistry;
Research Scientist Dr. James Cryan, AMO Physics;

Research Scientist Dr. Shambhu Ghimire; Nonlinear x-ray optics;

Management Structure: The Ultrafast Chemical Science FWP is directed by Prof. Phil Bucksbaum.
The FWP is part of the SLAC Chemical Sciences Division, directed by Dr. Frank Abid-Pedersen,
which in turn is part of the SLAC Energy Sciences Directorate, directed by Interim Associate Lab
Director Prof. Kelly Gaffney. The intellectual vitality of the program is assisted greatly by its
organization within a parallel Stanford University organizational unit, the Stanford PULSE
Institute, which directed by Prof. David Reis.

Recent organization changes: The UCS FWP was formerly organized with one subtask for each
of its principal investigators. In 2022 we reorganized our subtask structure by reducing the total
number of subtasks to encourage synergy among the programs of our Pls. The FWP is now
organized into four subtasks plus a proposed fifth subtask awaiting guidance following its review
earlier this year:

1. AFAM: Attosecond and Femtosecond Atomic and Molecular Physics (Bucksbaum, Cryan)
UEDES: Ultrafast Electron Dynamics in Extended Systems (Reis, Heinz, Ghimire)

GPUC: Gas Phase Ultrafast Chemistry (Wolf, Martinez)

CDCE: Chemical Dynamics in Complex Environments (Gaffney, Cordones-Hahn, Natan)
UDNS (proposed): Ultrafast Dynamics on Nanoscale Surfaces (Kling)

vk wnN

Program highlights: Here are recent examples of research progress:

Enhanced cutoff energies for direct and rescattered strong-field photoelectron emission of
plasmonic nanoparticles: In work led by the UDNS subtask we measured strong-field ionization
from metal nanoparticles (NPs), and observed almost isotropic electron momenta, rather than
the strong anisotropy observed in atoms and small molecules. We also found direct
photoemission from metal NPs had cutoff energies that can exceed 300 times the ponderomotive
potential, with a strong nonlinear intensity-dependence, thus demonstrating a complete
breakdown of the Strong Field Approximation that is the standard description for atoms and

4 https://science.energy.gov/~/media/bes/pdf/reports/files/Directing Matter and Energy rpt.pdf
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molecules under similar irradiation conditions. [Saydanzad E, et al. (2023) Nanophotonics,
12(10):1931-1942]

Rehybridization dynamics into the pericyclic minimum of an electrocyclic reaction imaged in
real-time: In work led by the GPUC subtask we combined ultrafast electron diffraction data
and AIMS excited state wavepacket simulations to image rehybridization dynamics in
photoexcited o TP near the pericyclic minimum, a critical geometry on its reaction pathway. We
observe significant rehybridization and nt-bond alternation during relaxation, providing a new
perspective on the origin of the stereospecificity of electrocyclic reactions. [Liu et al.(2023),
Nature Communications, 14(1):2795]

Real-space inversion and super-resolution of ultrafast scattering: Adi Natan, Pl in the CDS
subtask, has developed a new approach to directly resolve real-space structural features from
x-ray scattering signals, beyond the diffraction limit imposed by the finite scattering momentum
transfer. He demonstrated super-resolution of simultaneous motions de novo from data
previously collected in experiments performed and modeled by the GPUC subtask. This
approach opens the way to directly trace the spatiotemporal shape of coherent wave-packet
motions and energy redistribution of different atom-pairs that take place simultaneously,
without bias based on traditional modeling constraints. The approach is expected to be useful
for high-fidelity scattering signals from future LCLS-Il experiments. [Natan A (2023) Physical
Review A, 107(2):023105]

These are just three of the advances this year. More summaries of our work are in the five
subtask abstracts that follow this overview.

Awards Prizes, and other Honors this year:
Tony Heinz was chosen as a Fellow of the Materials Research Society, 4/2023.

Space allocations: Most of the laboratories, student and staff offices, as well as a theory center,
are located in the SLAC Central Laboratory Building 40/40a complex. About 10,000 square feet
are allocated to research laboratories and a computer room for this FWP. Additional space
exists in the new SLAC Arriaga Science Center, planned for joint LCLS-PULSE research utilization.

Collaborations: In addition to strong links to LCLS, we also have collaborative connections to
other outside research labs. An updated list including DESY, the Lawrence Berkeley Laboratory,
the Center for Free Electron Lasers (CFEL) in Hamburg, several research groups in the UK and
Europe, and other BES-AMOS groups at the University of Michigan, Kansas State University, Stony
Brook University, the Ohio State University, the University of Connecticut, Louisiana State
University, Northwestern University.

Knowledge transfer to LCLS: The transfer of knowledge to and from LCLS is extremely fluid and
critical to our success. Much of our research creates benefits for LCLS by providing new research
methods and research results, and in addition there are several more direct transfers of our
research product to help LCLS:

e We work closely with the LCLS scientific staff to commission instruments and prepare for
early science at LCLS-II.

e We continue to assisted in the development of laser and timing tools currently at LCLS.
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e Several PULSE scientists have staff positions at LCLS. Dr. James Cryan is AMOS Department
Head at LCLS, and Dr. Thomas Wolf is Chemistry Department Head at LCLS. Prof. Matthias
Kling is the Director of the Scientific Research Division at LCLS.

e We connect LCLS to the Stanford PULSE Institute by assisting in their student and
postdoctoral recruitment and mentorship.

Knowledge transfer to the community: PULSE conducts an annual Ultrafast X-ray Summer
School to train students and postdocs about LCLS science opportunities. This is done jointly with
CFEL in Hamburg. The Pls from this FWP have commonly served as Chair on a rotating basis. The
2023 UXSS in June was held at DESY, and next year’s 2024 UXSS will be at SLAC, chaired by UCS
PI Shambhu Ghimire.

92



Attosecond and Femtosecond Atomic and Molecular Physics (AFAM)
Philip H. Bucksbaum, James Cryan
Stanford PULSE Institute, SLAC National Accelerator Laboratory
2575 Sand Hill Rd. Menlo Park, CA 94025
phb@slac.stanford.edu, jcryan@slac.stanford.edu

Participants: Phil Bucksbaum (Pl), James Cryan (co-Pl), Taran Driver, Siqi Li, Jun Wang,
Nick Werby, Emily Thierstein, lan Gabalski, Erik Isele, David Reis, Todd Martinez, Thomas Wolf

Collaborators: SLAC: Ruaridh Forbes, Agostino Marinelli, Mike Glownia, Mike Minitti,
Peter Walter, Matt Ware,, Nanna Holmgaard, Matthias Kling; Imperial College: Jon Marangos,
Oliver, Vitali Averbukh, Marco Ruberti; UAM: Fernando Martin, Alicia Palacios, Gilbert Grell; The
Ohio State University: Lou DiMauro, Greg McCracken, Daniel Tuthill; UCL: Carla Faria, Andrew
Maxwell (moved to Aarhus), Agapi Emmanouilidou, Miles Mourtney; U. Conn: Nora Berrah,
Sandra Beauvarlet; Others: Robert Luccese (LBNL); Peter Weber (Brown), Jordan O’Neal (Tokyo),
Anna Wang (Harvard).

Project Scope: We study motion of electrons and atoms in molecules on their natural time scales
to understand and control the earliest stages of chemical change; and to study fundamental
ultrafast and strong-field interactions that reveal their internal dynamics. Significant electron
motion occurs in tens of attoseconds to tens of femtoseconds, the scales associated with the
spectral shifts and spacings of valence or inner-valence electrons, and so we are pursuing
experiments which can probe dynamics on these extreme timescales. These experiments also
develop and validate concepts about the response of atomic structure, chemical bonds, inner-
shell atomic dynamics, and even in atomic nuclei, to strong laser fields. The field strengths that
we employ are typically in the range of 3 — 10 V /4, but they can range as high as focused X rays
at 3kV/A (several hundred atomic units). These fields can create and probe coherent
superpositions of electronic states which evolve in hundreds of attoseconds to hundreds of
femtoseconds. New pump and probe opportunities are becoming available at the LCLS and are
expected to be standard operations at LCLS-Il. We also apply strong ultrafast coherent fields that
range from THz to X rays, and pulse durations from picoseconds to attoseconds, thereby covering
a dynamical time and frequency scales relevant to atomic physics and to chemistry.

Recent Progress 2023:

Improvements in Spectral Domain Ghost Imaging: This year we continued to develop machine
learning (ML) methods applied to the analysis of complex datasets collected with X-ray Free
Electron Lasers (XFELs). We have developed an efficient one-step method that combines photon
spectrum correlation analysis with the reconstruction of three-dimensional momentum
distribution from velocity map images, utilizing spectral-domain ghost imaging in an attempt to
improve the spectral resolution. To illustrate the effectiveness of ghost imaging we worked with
the beamline staff at the Free-electron LASer in Hamburg free-electron laser (FEL) to apply this
method to analyze the photoionization of the 2p-shell of argon. Despite the wide range of
ionizing pulse bandwidths generated by the FLASH FEL, our approach successfully resolves
distinct spectral features arising from the spin-orbit splitting of Ar*(2p™) (See figure below).
Furthermore, our method allows for the retrieval of binding energy spectrum linewidths that
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approach the resolution limits imposed by the spectrometers used to collect the data. This
breakthrough paves the way for extending spectral-domain ghost imaging to scenarios where the
observable photoproduct is high-dimensional, offering exciting possibilities for future research
and applications.
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Figure 1 (From [Wang 2023]) Comparison between the conventional binning-and-averaging method
(a)(d) and our method (b)(c)(e)(f). (a) Energy distribution obtained with pBasex applied to the
cumulative VMI image, with preliminary grouping of shots by the center-of-mass (CoM) of spectral
profile. (b), (c) Photon-energy resolved argon 2 p photoelectron KE spectra of the|=0and | =2
Legendre polynomial components of the angular distribution, both being normalized to the maximum
intensity in | = 0. The grey dotted lines delineate the photon energy range for (e) and (f). (d)—(f)
Binding energy (BE) spectra of (a)—(c) extracted by shifting the KE spectra at each photon energy, see
main text. The brown solid lines are the mean over the photon energy range, and the shaded regions
represent the standard deviation. The red dashed lines in (e) and (f) are the sum of fitted Gaussians.

Validity of the Standard Streaking Model used to time the arrival of attosecond x-ray pulses:
The co-axial streak camera is indispensable today in attosecond XFEL experiments, since it has
become the primary means to determine arrival times of attosecond XFEL pulses at a target.
Standard streaking models (SSM) rely on the assumption that the strong laser field does not alter
the ionization process, but only transfers laser-field momentum to the continuum photo-emitted
electrons after they are produced (i.e. the streaking effect). To test the range of validity for SSM,
we worked with theory colleagues at the University College London to calculate continuum
molecular wavefunctions for the open-shell molecule NO* within the Hartree-Fock framework,
and simulate the angular distributions of core-ionized photoelectrons in the presence of a strong
IR circularly polarized field [Mountney 2023]. Our results show that the SSM assumption depends
strongly on the relative value of the photoelectron kinetic energy E and the streaking field
ponderomotive potential U,. The SSM model is valid when E>>U. In the opposite limit of near-
threshold ionization so that U, >>E, the SSM fails, and instead the distribution angle for
photoemission can be controlled by the phase of the streaking field at the moment of arrival of
the attosecond x-ray pulse.

lonization by the transient collective field of a relativistic electron bunch: We are also working
with Agostino Marinelli's group to investigate the manipulation of the Coulomb field generated
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by a highly relativistic electron beam. Our goal is to shape this field into a broadband pulse that
can effectively drive ultrafast and strong-field physics experiments.This Coulomb field generates
a pulse with a cutoff frequency that can be adjusted across a wide range, from terahertz (THz) to
extreme ultraviolet (EUV). Importantly, this pulse functions as a "half-cycle" impulse when
interacting with target systems. Our theoretical exploration of this technique is detailed in [Cesar,
2023].
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Figure 2: (a) Cartoon of a space-charge pump, x-ray probe experiment. (b) The space-charge field (blue),
electron beam current (red) and the power of sample XFEL pulses (purple) from start-to-end simulations
of the LCLS-Il cuS beamline [Cesar 2023].

Time-resolved x-ray spectra: \We have augmented our previous time-resolved x-ray scattering
studies of photoexcited CS2 to X-ray photoelectron spectroscopy (TRXPS) in the same system.
We find that changes in the nuclear structure following photoexcitation affect the sulfur 2p
binding energy, which in turn leads to dissociation into CS and S photoproducts [Gabalski 2023].

**E!’w[%"smnf’ﬁig"a*"fa'b"l" Figure 3 (a) Experimental TRXPS difference signal as afunction of
14{ (@ | Experimental Data pump-probe delay T and electron kinetic energy (eKE). Pre-time-zero
S 120 TN (red, “t < -0.25 ps”) and late-time (black, “2 ps < T <5ps”) spectra are
S10FER O ha shown beside the time-resolved difference signal. (b) Simulated
< 8 : TRXPS difference signal calculated using an ensemble of singlet AIMS
% : trajectories. Three regions of interest (i-iii) described in the text are
141 (B) AlMS Tneory indicated. [Gabalski 2023]
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Future Plans:

Attosecond campaign progress on analysis: Observations of femtosecond electron motion
following x-ray absorption: We continue to analyze attosecond x-ray-pump/x-ray-probe
experiments of ultrafast charge motion in aminophenol. The main feature is rapid decay of the
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signal over a few femtoseconds. Models developed with the Martin (UAM) and Ruberti (Imperial)
groups show this is the result of the dephasing of the initial hole state . We see a revival of the
absorption signal after ~5 fs as well, due to a partial reformation of the hole near the oxygen-
site, as well as evidence for the on-set of proton motion on the 10-fs timescale [Isele 2023].
Additional data were collected on the meta-aminophenol isomer, which is under analysis in
cooperation with the Ohio State University group; and x-ray photoemission spectral data were
also collected, and are under analysis. Time resolved hard x-ray analysis: We completed an
experiment at SACLA to use TRXS to map intramolecular motion during and following strong-field
ionization in polyatomic molecules SF6, CH212, and CH2IBr. Analysis on this work is continuing.

New Campaign Experiments: we plan to demonstrate impulsive stimulated Raman scattering
employing a pair of identical soft x-ray pulses with variable time delay in para-aminophenol (pAp),
the molecule described above. The population of valence-excited neutral molecules produced by
the pulse pair will be probed via UV-induced photoionization. This experiment will reveal

Angular streaking: The single-shot spectral fluctuations of XFEL pulses can interfere with
attempts to use streaking measurements to determine the time of arrival of the pulse. Thisis a
major source of error in streaking measurements. Covariance analysis of the data in streaking
experiments might help to mitigate single-shot phase inference of the streaking field. We are
currently analyzing this problem. We also have an upcoming beamtime using shaped x-ray
pulses to control the coherence in core-excited states. Finally, much of our effort in the coming
year will be devoted to support of Early Science efforts in TMO.
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