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FOREWARD

This volume summarizes the 35™ 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 is to
facilitate scientific interchange among the Pls and to promote a sense of program identity.

The BES/AMOS program is vigorous and innovative, and enjoys strong support within the
Department of Energy. This is due entirely to our scientists, the outstanding research they
perform, and the relevance of this research to DOE missions. The AMOS community continues
to explore new scientific frontiers relevant to the DOE mission and the strategic challenges
facing our nation and the world.

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 mail review of grant
applications, panel reviews, or on-site 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.

Many thanks to the staff of the Oak Ridge Institute for Science and Education (ORISE), in
particular Connie Lansdon and Tim Ledford, and to the Gaithersburg Marriott Washingtonian
Center for assisting with the meeting. We also thank Diane Marceau, and Michaelena Kyler-
Leon in the Chemical Sciences, Geosciences, and Biosciences Division for their indispensable
behind-the-scenes efforts in support of the BES/AMOS program.

Thomas B. Settersten

Jeffrey L. Krause

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

Office of Science

US Department of Energy
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AMO X-ray Physics at Argonne National Laboratory

Christoph Bostedt, Gilles Doumy, Robert Dunford, Phay Ho, Elliot Kanter,
Bertold Krassig, Anne Marie March, Steve Southworth, Linda Young
Argonne National Laboratory, Argonne, IL 60439
cbostedt@anl.gov, gdoumy@aps.anl.gov, dunford@anl.gov, pho@anl.gov, kanter@anl.gov,
kraessig@anl.gov, amarch@anl.gov, southworth@anl.gov, young@anl.gov

Norbert Scherer
Chemistry Department
Unwversity of Chicago, Chicago, IL 60637

nfschere@uchicago.edu

1 OVERVIEW

The Argonne AMO physics program has recently focused on four themes: (1) ultraintense x-ray
interactions with atoms, molecules, clusters, and nanoparticles, (2) ultrafast x-ray phenomena using
advancing XFEL capabilities to visualize inner-shell processes, (3) x-ray probes of laser-induced
dynamics in solvated molecules, and (4) optical control and x-ray imaging of nanoparticles. Theory,
computation and experiment are strongly interlinked in our program.

The intense, femtosecond x-ray pulses generated at the LCLS and SACLA XFELs represent
a new regime for x-ray interaction with matter, where nonlinear and multiphoton x-ray processes
are prominent, in stark contrast to the situation at synchrotrons. Our program aims to establish
a fundamental understanding of ultraintense x-ray interactions in increasingly complex systems
from atoms and molecules to clusters and nanoparticles. We use XFEL pulses to study ionization
mechanisms in atoms and molecules and to record ultrafast x-ray images of transient structures of
clusters induced by intense lasers or x-rays. The many-particle interactions probed experimentally
are simulated with highly parallelized codes at the Argonne Leadership Computing Facility. These
codes are also used to simulate evolving electronic structures of nanoparticles in intense x-ray pulses.

XFELs also represent a frontier for short-wavelength, ultrashort timescale probes. Recently, it
has become possible to generate two femtosecond x-ray pulses with two colors for x-ray-pump/x-
ray-probe experiments. Seeding techniques generate intense, narrow-bandwidth x-ray pulses with
increased temporal coherence compared with SASE pulses. We exploit these enhanced capabil-
ities to study inner-shell processes in the time domain and anticipate further improvements in
XFELs such as planned for LCLS-II and other FELs. Our theoretical work includes demonstrating
applications of temporal coherence, narrow bandwidths, and few-femtosecond pulse durations in
anticipation of future experiments.

The Advanced Photon Source (APS) provides stable, tunable, polarized x-ray beams that we
couple with high-repetition-rate optical lasers for time-resolved x-ray absorption and x-ray emis-
sion studies of the photophysics and photochemistry of molecules in the solution phase. Optical
lasers can trap, orient, and order nanoparticles, providing a new route towards manipulation and
assembly of nanomaterials. Advanced techniques to optically trap nanoparticles and measure their
spectroscopic properties and interactions are being developed in the laboratory of Professor Norbert
Scherer at the University of Chicago. We have exploited that expertise to develop optical traps for
x-ray diffraction and coherent imaging of nanoparticles at the APS.
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2 ULTRAINTENSE X-RAY INTERACTIONS

Resonance-mediated atomic ionization dynamics within intense XFEL pulses
(L. Young, P. J. Ho, E. P. Kanter, C. Bostedt, S. H. Southworth, B. Kriissig, A. Rudenko?, D.
Rolles? & other collaborators)

Early experiments at LCLS established that multiphoton x-ray ionization via sequential single
photon absorption is the dominant interaction mechanism at intensities approaching 10*® W /cm?
for the 10-electron neon atom [39], that, at these intensities, the direct two-photon absorption
channel was minimal [40], and that “hidden” inner-shell resonances could vastly alter the ionization
dynamics [41]. Subsequent experiments on heavier atoms, Kr and Xe [42, 43|, demonstrated an
ultraefficient ionization mechanism proceeding via resonances between inner and outer shells. Dur-
ing the past year, we developed Monte-Carlo rate equation (MCRE) approach [17], which for the
first time successfully demonstrated the role of both “hidden resonances” [41] and also identified
the responsible resonance-enhanced x-ray multiple ionization (REXMI) pathways that lead to un-
expectedly high charge states in Ar, Kr and Xe. The computational challenge is considerable as the
number of potential electronic configurations for all resonances up to the 10g orbital in the Xe atom
exceeds 1023, We extend the application of this MCRE approach to explore the bandwidth and

Ar Time
ﬁ Photoionization & 20°(11)
L 2p?3d (11)
ﬁ Auger Decay / Autoionization 2p?4d 5d (10)
ﬁ Fluorescence 22 C)

2p*(10)
‘@’ Resonant Excitation
2p!3s3p (8)

P 5
15.4 5/ 7\ 2p°3s3p|(7)

2p°3s23p? (4)
2p°3s?3p*(3)
2p°3s23p*(2)
. 2p°3s?3p° (1)

AR 2p'3s3p° (0)

p°4p 4d(10)
2s2p*(11)

Figure 1: A Sankey diagram illustrating transition probabilities between the accessible electron configura-
tions of an Ar atom exposed to an intense XFEL pulse at 480 eV. Ar 't is not expected from the sequential
single photon model, and is largely produced by the single pathway that is not painted green. From [17]

pulse duration dependence for multiphoton ionization dynamics of Xe and Kr atoms and predict
the behavior for both the standard SASE and the narrow-bandwidth seeded XFEL pulses [55] for
a range of photon fluences and x-ray photon energies that overlap those used in experiments. Hot
spots in the parameter space of photon energy vs fluence are identified where resonance effects, i.e.
the difference between seeded and SASE pulses, are magnified. A manuscript has been prepared for
submission [34]. A recent experiment performed in collaboration with the Kansas State University
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group (see A. Rudenko’s abstract for details) at the CXI imaging beamline at LCLS allowed study
of the response of Ar, Kr, Xe and simple molecules (CH3I and CgH5I) to hard x-ray (~ 5 — 8 keV)
irradiation at extreme intensities approaching 102°°W /cm? with both SASE and seeded pulses. For
atoms, observations of the maximal charge state followed the basic sequential single photon ioniza-
tion model, but detailed charge state distributions exhibit resonance effects. For CHsl a reversed
effect, where narrower bandwidth pulses induce higher charge state production, is observed.

Impact of high-intensity XFEL pulses on diffractive imaging of nano-sized systems
(P. J. Ho, C. Knight,! and L. Young)

We have developed a large-scale atomistic computational method based on a combined Monte
Carlo [17] and Molecular Dynamics (MC/MD) method to simulate XFEL-induced radiation dam-
age dynamics of complex materials, including homogeneous and heterogeneous nanomaterials and
biomolecules. The molecular dynamics algorithm is used to propagate the trajectories of electrons,
ions and atoms forward in time and the quantum nature of interactions with an XFEL pulse is
accounted for by a Monte Carlo method to calculate probabilities of electronic transitions. Our
model goes beyond the early particle approaches [44, 45] by tracking the electronic configuration
of each charged particle explicitly throughout the x-ray pulse. Having this capability is important
because sequential, multiple valence/core-shell ionization/excitation and relaxation are shown to be
dominant in materials exposed to intense, femtosecond XFEL pulses. In addition, we account for
three-body ion-electron recombination processes, which have not been included in previous studies
[46]. The numerical code of MC/MD is highly parallelized with MPI/OpenMP implementation. It
has been adapted to run on Mira, a Blue Gene/Q high performing computer at Argonne Leader-
ship Computing Facilities, for systems with more than 50 million particles (ions + electrons), which
exceed the capability in previous study by more than 4 orders of magnitude in particle number [44].

Figure 2: X-ray scattering pattern of a single Argon cluster calculated using 8 keV pulses with (a) 30 fs
and 10'° photons/um?, (b) 30 fs and 10*! photons/um?, and (c) 2 fs and 10*! photons/um? showing clear
signal dependence on the sample ionization and nanoplasma formation.

With this MC/MD model, rich datasets are generated and they will allows us image the impact
of both transient core-hole states and delocalized electrons in various experimental observables,
which include coherent x-ray diffraction, ion, electron and fluorescence spectra. To show the impact,
we investigate the x-ray diffraction patterns (XDP) of a 5.2-nm, 7-shell argon cluster with 1415
nuclei + 25470 electrons in 8-keV XFEL pulses with various pulse energies and durations (see Fig.
2). The x-ray focus is 1.6 ym in all cases. The XDP in panel (a), which is calculated for a 30-fs pulse
with a pulse energy of 0.0015 mJ, shows clear fringes and five-fold symmetry as the low-intensity
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pulse only ionizes <2% of the atoms. Such a 30-fs pulse, however, might not be able produce
enough scattering events in one shot. For single-pulse diffractive imaging, a higher pulse fluence is
needed. In panel (b), we show the XDP obtained in a 30-fs pulse but at a pulse energy that is 10
times higher than that in panel (a). These pulse parameters are currently accessible at LCLS. It is
clear that many fringes are being washed out in the XDP captured in this high-fluence pulse. This
is due to the fact that intense XFEL pulse can efficiently strip off electrons from atoms/ions and
lead to significant rearrangement of electrons, ions/atoms during the pulse. Thus, the incoming
XFEL pulse probes a non-static electronic and lattice structure. As expected, the XDP from a
2-fs, 0.015-mJ XFEL pulse shows a better resemblance of panel (a) since this pulse can largely
freeze out atoms/ions motion. However, this 2-fs XDP gives lower contrast and displays evidence
of diffuse scattering due to the presence of delocalized electrons and core-hole ion states and plasma
formation.

To further analyze the potential of using XFEL pulses as a structural imaging tool, we calculate
the diffraction signals in 3-D Fourier space and perform 3-D phase retrieval analysis to reconstruct
3-D electronic density for different XFEL pulse fluences at 8 keV. The maximum Q value in each
dimension of the Fourier space is 3.24 A~! to give a real space resolution of 1.9 A, which is smaller
than the bond distance in the Argon cluster. There are many advanced phase retrieval algorithms
available, like the EMC algorithm [47], but we adopt a commonly used phase retrieval method
that combines three algorithms: error reduction, hybrid input-output and shrinkwrap algorithms
[48, 49]. The reconstructed 3-D electronic density from these patterns suggests that the structure
of the argon cluster with atomic resolution can be recovered despite the presence diffuse scattering.
We are currently preparing a manuscript on the obtained results.

Ultrafast imaging of complex systems
(C. Bostedt, P. J. Ho, S. H. Southworth, L. Young, M. Bucher,!! K. Ferguson,'! T. Gorkhover!!
and other collaborators)

Free-electron lasers deliver extremely intense, coherent x-ray flashes with femtosecond pulse
length, allowing to image single nanometer sized objects with single shots. The coherent image of
the particles contains information about their geometric structure and transient electronic config-
uration. We have employed single-shot imaging for spatially and time resolved investigations of
clusters droplets, and core-shell systems. Combining the imaging approach with optical and x-ray
pump — x-ray probe techniques allows imaging the structural and electronic evolution of highly
excited clusters and nanoplasmas far from equilibrium. Optically pumped clusters show a rapid
expansion starting from their surface on the hundred femtoseconds time scale [35]. The surface
melting leaves distinct fingerprints in the coherent scattering image. Fitting routines based on the
Guinier approach yield a detailed density profile through the nanoplasma and allow reconstructing
the original cluster size. Imaging of xenon clusters in helium droplets shows evidence for fast charge
transfer processes from the helium shell to the cluster core. Hard x-ray scattering experiments of
isochorically heated xenon clusters indicate a bond contraction prior to the nanoplasma expansion
which is attributed to ultrafast changes in the potential energy landscape in the nanoplasma com-
pared to the neutral van-der-Waals systems [36]. Our future work is aimed at imaging the electron
dynamics in the highly excited nanoplasma systems, studying bond-hardening and phase transi-
tions in clusters at the solid-plasma interface, and investigating the role of the quasi-free electrons
in the deep nanoplasma Coulomb potential to the imaging process. Two manuscripts based on
results of this research have been submitted for publication [36, 35].
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High-resolution electron spectroscopy with the LCLS-AMO electron time-of-flight
spectrometers
(B. Krassig)

This work concerns measurements of the Auger spectrum from neon double core hole (KK)
decay performed at the Linac Coherent Light Source (LCLS) at SLAC National Accelerator Labo-
ratory using five identical electron time-of-flight (ETOF) spectrometers mounted at strategic angles.
The goal is the spectroscopic determination of transition energies, branching ratios, and line shapes
of the neon KK-KLL hypersatellite lines. Time-of-flight spectrometry is the method of choice for
electron spectroscopy applications with low-repetition rate pulsed ionization sources such as the
LCLS. Unlike electrostatic energy analyzers, which at a given time and spectrometer voltage col-
lect electrons only within a small energy range, ETOF's can register all electrons emitted into the
analyzer acceptance. The downside of spectroscopy with ETOF's is the reciprocal dependence of
electron kinetic energy and energy resolution on the electron time-of-flight. The addition of electron
optics to a time-of-flight spectrometer renders the mathematical conversion of electron flight times
to electron kinetic energies non-analytic. Here we use interpolation between entries in a database
assembled from ray tracing results to associate experimental times-of-flight with kinetic energies.
The ray tracing was performed as Monte Carlo simulations for the the nominal geometry and con-
figuration of the LCLS ETOFs used during the experiments described in [9]. Time resolution in
the measurements, determined by the uncertainty of the start time, different trajectory paths, and
detector response, imposes the ultimate limit on the energy resolution of ETOFs. The combination
of these effects in the temporal response, distorted by the nonlinear conversion to kinetic energy,
is imprinted on the spectroscopic features in the kinetic energy spectra. The absolute energies of
the observed features depend critically on how well the actual conditions in the experiment can
be reconstructed. A substantial effort in this work went into characterizing the detector response,
spectrometer transmission, and reconciling differences in the results from the five ETOFs using the
well-characterized neon K-LL part of the Auger spectrum recorded simultaneously. A thorough
analysis was enabled by the fact that the ETOF detector signals were recorded and stored as dig-
itized waveforms for every LCLS shot during the measurements. In the off-line processing of the
data it was therefore possible to detect and correct for, e.g., the diurnal +500-ps drift of the start
signal for the transient digitizer, or the delayed pulsing of the micro-channel plate detectors. If not
corrected, such effects directly broaden or distort the spectral lines shapes of the Auger spectrum.

3 ULTRAFAST X-RAY INNER-SHELL PHENOMENA

Hetero-site-specific ultrafast intramolecular dynamics
(A. Picén, C. S. Lehmann, S. H. Southworth, C. Bostedt, G. Doumy, P. J. Ho, E. P. Kanter,
B. Kriissig, A. M. March, D. Moonshiram, L. Young, S. T. Pratt, A. Rudenko,?> D. Rolles,?> R.
Wehlitz,% L. Cheng,” J. F. Stanton,” and other collaborators)

The intramolecular flow of charge, energy and nuclear motion is widely encountered in molecular
dynamics and underlies chemical reactivity and biological processes. The intramolecular flow may
start at one atomic site and propagate to another site. A good example is the response of molecules,
nanoparticles, and condensed matter to the absorption of an x-ray photon. An inner-shell hole
is created that is localized around a specific atomic site. The relaxation of the inner-shell hole
involves both electronic and nuclear motion, and induces ultrafast flow of charge and energy. As
Auger electrons are emitted, the system becomes positively charged and Coulomb repulsion induces
dissociation into atomic and molecular fragment ions. The dynamics triggered by the inner-shell
hole decay plays an important role in x-ray damage and is a major limiting factor in macromolecular
crystallography using synchrotron x rays and XFELs.
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Figure 3: Tllustration of a two-color x-ray-pump/x-ray-probe experiment. The x-ray absorbed by B induces
inner-shell electronic excitation, ionization, fluorescence, Auger-electron emission, and charge redistribution
to site A. Nuclear dynamics is also induced - dissociation, isomerization, and vibrational excitation. The
site-to-site intramolecular dynamics is explored by absorbing a second x ray at site A after a contolled delay.

The LCLS and other XFELs can generate two intense, femtosecond x-ray pulses with two
colors and controlled delay [50]. This opens the opportunity to perform hetero-site-specific x-ray-
pump/x-ray-probe experiments, as sketched in Fig. 3. We performed such an experiment on XeF,
molecules at the LCLS. A 690-eV pump pulse excites the Xe 3d — ef shape resonance and triggers
core-hole decay and nuclear dynamics. The Xe 3d hole decays by sequential emission of several
Auger electrons. In XeFsq, charge is redistributed from the Xe site to the F sites, and the system
dissociates into three atomic ions. After time delays of 4, 29, and 54 fs, a 683-eV probe pulse
excites the 1s — 2p resonances of F™ and F?* ions that are emerging during the breakup process.
This increases the charge on one of the F ions, transferring the event to another three-ion breakup
channel. We measured the three ions in coincidence by ion time-of-flight with a multi-hit, position-
sensitive detector. Time-dependent features are thereby observed in the kinetic-energy-release
(KER) spectra and in the momentum distributions of the three-ion breakup channels. The time-
dependent features in the KER spectra are simulated with a classical model that simply accounts
for the Coulomb repulsion as a function of internuclear separations and pump-probe delay. A
manuscript on the results has been prepared to submit for publication [31].

In preparation for the LCLS experiments, the photoionization cross sections and partial ion
yields of Xe and XeFy were measured over the 660-740 eV range at Wisconsin’s Synchrotron Ra-
diation Center. This energy range encompasses the ionization thresholds and near-edge regions of
Xe 3ds/2, Xe 3d3/9, and F 1s electrons. Particularly interesting are strong resonant features in the
XeF9 data from excitation of the lowest unoccupied molecular orbital (LUMO). The theorists in
our collaboration used Equation of Motion Coupled Cluster calculations to predict the resonant
energies and oscillator strengths. The results were published in Ref. [26]. The synchrotron mea-
surements and corresponding calculations were very useful in planning and conducting the LCLS
experiments. The absorption cross sections of the transient states of the x-ray-pumped molecule
are not known and are quite difficult to calculate because they involve high charge states and ultra-
fast nuclear motion. Although these states have some molecular character, we estimated the cross
sections by a combination of atomic cross sections of the Xe and F ions. Additional theoretical
work that incorporates inner-shell transitions in molecular quantum chemical codes is needed to
further explore core-hole decay dynamics.
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Figure 4: Sketch of the setup used for an x-ray-pump/x-ray-probe experiment on N2 molecules. The first
pulse triggers K-shell ionization and Auger decay of Ny, mainly producing the NT-NT breakup channel.
After a delay of 4, 29, or 54 fs, K-shell ionization and Auger decay of one of the N ions by the probe pulse
converts it to N3+, The ions are recorded in coincidence with a position-sensitive detector and the kinetic
energy release (KER) is measured. Time-dependent features are observed in the KER scans of the N*T-N3+
breakup channel.

Ultrafast measurements of molecular nuclear dynamics using two x-ray pulses

(C. S. Lehmann, A. Picén, S. H. Southworth, C. Bostedt, G. Doumy, P. J. Ho, E. P. Kanter, B.
Krissig, A. M. March, D. Moonshiram, L. Young, S. T. Pratt, A. Rudenko,? D. Rolles,? and other
collaborators)

Recent capabilities at x-ray free-electron lasers (XFELs) allow the production of two intense
x-ray pulses with controlled delay. That opens the opportunity to track x-ray induced dynamics
in matter on the femtosecond time scale. In the same LCLS beamtime in which we made x-ray-
pump/x-ray-probe measurements on XeFq, we also observed time-dependent kinetic energy release
(KER) spectra for the two-ion breakup channels of Ny and Oy molecules. A sketch of the Ny
experiment is shown in Fig. 4. The x-ray energies of the pump and probe pulses were both in the
683-702 eV range, which is far above the K-shell ionization thresholds of Ng (~410 eV) and Oq
(~540 eV). Our analysis focuses on Ny, although similar dynamics are involved for Oy. The pump
pulse induced K-shell ionization and Auger decay of Ny that leaves it in manifolds of transient
intermediate states (primarily N%+ states with two valence-shell holes) that continue to evolve.
The manifold of intermediate states includes both dissociative states that break apart promptly
into NT-NT channels and long-lived quasi-bound states that are detected as molecular ions. For
the dissociative states, the probe pulse can K-shell ionize one of the N ions and convert it to N3+
after Auger decay. That transfers the breakup event from N*-NT to the NT-N3+ channel that we
observe as time-dependent structure in the KER, i.e., as a function of internuclear distance between
the two NT jons. The probe pulse can also convert quasi-bound N§+ states to the NT-N3+ channel,
but in that case the structure produced in the KER is fixed in energy without time dependence.

In contrast with the XeFo molecule that involves a complex set of Auger decay and charge re-
distribution steps, Ns involves a single Auger decay and a set of N§+ transient states that have been
extensively studied experimentally and their potential curves calculated [51]. To simulate the time-
dependent structure measured in the KER scans, we developed a theoretical model that accounts
for K-shell ionization, Auger decay, and the time evolution of the nuclear wavepackets populated on
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the manifold of dissociative and quasi-bound N%Jr states. Our simulated KER scans account for the
time-dependent feature observed at lower energy that is attributed to the dissociative intermediate
states. The simulation also displays structure at fixed energy due to the quasi-bound states, but
this structure is difficult to discern in the measured KER scans. This is due in part to the use of
ion spectrometer potentials that ensured detection of high-energy F ions for the XeFs experiments,
but at reduced resolution for the No and Oy measurements. We have submitted an LCLS proposal
to follow up on our Ny results with new measurements in which the spectrometer potentials and
other experimental parameters will be optimized for each molecule studied. This x-ray-pump/x-
ray-probe technique takes advantage of presently available two-pulse generation at XFELs and
provides a novel method of imaging nuclear wavepackets as a function of time using ion-ion coin-
cidence spectroscopy. A manuscript on the results has been prepared to submit for publication [32].

Time-resolved inner-shell spectroscopy for ultrafast molecular dynamics
(C. Bostedt, G. Doumy, A. Picon, S. Southworth, L. Young, M. Bucher,!! K. Ferguson,'! T.
Gorkhover,'! P. Stefan,'! Y. Feng,!' and other collaborators)

Inner-shell spectroscopy and in particular x-ray absorption and photoemission spectroscopy
have been essential for understanding the electronic structure of matter. At free-electron laser
sources, however, their implementation has been difficult because of the fluctuating nature and
wide bandwidth of the SASE source. Recent improvements in free-electron laser technology such
as the implementation of self-seeding and development of multi-pulse and multi-color techniques
have enabled new possibilities for inner-shell spectroscopy but their implementation is still lack-
ing. We have developed a technique to characterize the central energy and quality of seeded
free-electron laser pulses on a shot by shot basis, opening the door to record ultrafast x-ray absorp-
tion measurements. Further, we have established the experimental and theoretical framework for
ultrafast photoemission spectroscopy with a two-color, two-pulse approach. We plan on pumping
CO molecules efficiently at the O 1s — 7* resonance and monitor the electronic structure changes
during molecular break-up with C 1s photoemission in the time window between 5-50 fs. The data
will be complemented with time-dependent core-level binding energy calculations that are currently
being developed in our group. Through the combination of photoemission spectroscopy with the
novel narrow-bandwidth x-ray-pump/x-ray-probe technique we can directly and site-specifically
follow the electronic structure changes on a few femtosecond time scale. In the future, we will be
able to extend this first step to shorter time-scales, opening the door to follow electronic relaxation
on time scales of Auger decay, as well as to larger molecules, allowing to follow charge flow in
complex systems with site-specificity. We have submitted a proposal for an LCLS experiment to
explore this approach to ultrafast molecular dynamics.

Molecular response to x-ray absorption and vacancy cascades
(R. W. Dunford, S. H. Southworth, G. Doumy, E. P. Kanter, B. Kréssig, L. Young)

We are carrying out experiments at APS to study decay processes in molecules following the
inner shell excitation of one of the atoms. Our experiments study cascade decay and Coulomb
explosion following ionization of atoms in the studied molecules. The availability of high energy
x-rays from the APS provides the opportunity to study the relatively unexplored regime in which
the initial molecular excitation occurs in a deep inner-shell of a heavy atom. So we study molecules
which contain a heavy component such as Xe, I, or Br. In earlier studies of molecular effects in
vacancy cascades of the molecule XeF,, we found evidence that the total charge produced in the
XeF9 molecule was larger than that produced in an isolated Xe atom [52]. This led to theoretical
work in which the cascade decay from Xe following K-shell ionization was simulated, taking into
account Auger and Coster-Kronig rates, fluorescence rates, and shake-off branching ratios. It was
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found that the appearance of 5p electrons signals the time scale for participation of the molecular
orbitals and when ionization of F atoms is expected. The results of this analysis indicated that
the F atoms participate in the decay cascade during the fragmentation process and this lowers the
kinetic energy release (KER) in comparison to a model in which the KER is estimated based on
the ground state Xe-F intermolecular distance. This reduction in KER is in qualitative agreement
with experimental observations [52].

Following the initial experiments, an improved apparatus with a position-sensitive ion detector
was built. This allowed a complete reconstruction of each ion fragmentation event. This apparatus
has been used in a series of experiments; first doing a more detailed study of the XeFy molecule
and then moving on to other species such as IBr, and CHyBrl. For IBr, K holes can be created
in either the Br atom at 13 keV or on the I atom at 33 keV. These data allow us to study these
molecules for two different excitation modes and compare with theoretical calculations based on
atomic theory. We used similar techniques to study the molecule CH2Brl to explore the effect of
changing the separation between the I and Br atoms in a molecule.

Recent efforts have concentrated on determining the probabilities for the various breakup modes
of XeFs. One of the challenges to the analysis is that the highly charged ions produced in these
experiments have large cross sections for electron pickup in the target or from background gas in the
chamber. The effects of this charge exchange can be seen in the molecular data as well as the data
from atomic Xe. These effects distort the observed ion distributions following photoionization and
add additional ions (from background gas) unrelated to the ions from the molecular breakup we are
studying. Further complications include the variation of detection efficiency with charge state and
dead time in the coincidence electronics. To understand these issues and be able to make corrections
and more reliably estimate uncertainties, we have developed a Monte-Carlo code to model these
experiments. The code accounts for the cross sections for charge exchange of the different species
on the background gas and the variation of detection efficiency of the different ions as a function
of their charge states. In addition, the effect of a variable dead time can be simulated. The code
not only allows us to quantify systematic effects in our current data, but will be useful in guiding
the choice of future experiments. One recent result of the Monte-Carlo simulation is that pressure
effects have a strong influence on the fraction of symmetric-fluorine-ion events in the XeFy data. A
symmetric fluorine ion event is one in which the charge states are the same on both fluorine ions.
Such symmetric events are favored by theoretical considerations and we are trying to check this
prediction. The Monte-Carlo simulation indicates that charge exchange tends to reduce this effect,
so that a correction is needed in order to obtain a reliable value for the fraction of symmetric events.

Pulse duration measurements at LCLS
(G. Doumy, C. Bostedt, W. Helml,* A. L. Cavalieri® and other collaborators)

The LCLS x-ray free electron laser is capable of producing very intense x-ray pulses believed
to be as short as a few tens of femtoseconds, with a special mode where <5 fs pulses are expected.
Those properties have already revolutionized the field of ultrafast time resolved x-ray science, in
spite of the current lack of exact determination of the pulse duration characteristics. Any measur-
ing scheme is rendered even more challenging by the operating mode of LCLS, called SASE (Self
Amplified Spontaneous Emission), which makes it a purely chaotic source and ultimately requires
a single shot measurement of every shot to get a full characterization of the source properties. In
addition, the SASE operation produces an inherent temporal jitter between the x-ray pulses and
any other laser source operating in parallel, which limits greatly the resolution of pump-probe tech-
niques commonly used in timeresolved measurements. Our large collaboration has been using the
technique known as laser streaking to get a handle on those pulse properties, which are translated
to electron wave-packets produced during ionization of a gas target. The simultaneous presence
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of a strong laser field (operating in the visible, IR or THz region) modifies the energy spectrum
of those electrons’ wave-packets in a deterministic way. It is then possible to extract from the
measured final energy distribution some of the properties of the x-ray pulses, as well as the jitter
between the x-rays and the strong laser field. Several attempts have been made, most recently
using single cycle THz pulses, which allowed for measurement of the jitter and the pulse duration
simultaneously. However, the achieved temporal resolution is still much larger than the individual
SASE spike expected in the temporal domain. Our latest attempt focused on the shortest pulses
possible to generate in the soft x-ray regime (around 1 keV). A strong mid-IR field provided by
6 pm laser pulses, corresponding to a half-cycle duration of 10 fs, is ideal to be able to extract
the temporal substructure of the SASE pulses. We were able to make sure that we were operating
the measurement in adequate conditions by taking advantage of the newly installed XTCAV mea-
surement, which uses RF deflection to measure precisely the temporal properties of the electron
bunch after going through the undulators. Crucial information on the pulse duration and pulse
temporal properties at the exit of the undulator region can then be extracted, and used for tuning
the machine and ensuring that the streaking measurement operates with pulses shorter than the
half period of the laser. By stretching the laser pulse temporally to a few ps, we were also able to
limit the influence of the jitter between x-rays and IR. Preliminary analysis of the data during the
beamtime was very encouraging, but further analysis is ongoing.

Self-referencing time domain measurements of femtosecond inner shell dynamics
(G. Doumy, C. Bostedt, A. L. Cavalieri,® L. F. DiMauro® and other collaborators)

The streaking technique used in pulse duration measurements can be extended to make use of the
determination of the timing of direct photoionization by the x-ray pulse in the same experimental
conditions where a time dependent feature of interest is measured. In a sense, measuring the
photoionization event allows one to create, on a shot by shot basis, an absolute reference for the
timeline of events being triggered by that pulse. Because this timing is extracted for every shot,
even events with low statistics could then be correctly added up to yield high quality data in the
time domain.

The objective is to measure, for every shot, the streaked energy spectra of both the photoelectron
and the other electrons of interest. A streaked photoelectron spectrum collected with good statistics
allows determining, for this particular shot, the relative position inside the streaking ramp. Then,
determining the amount of streaking experienced by the other electrons that are detected can
directly indicate their emission time inside the ramp, and relative to the x-ray pulse. Data from
several pulses can then in principle be added with the correct time axis.

For this concept to work well, the absolute electric field responsible for the streaking needs to
be known, including the phase. This is very difficult when dealing with non-CEP stable sources
like the OPA available at LCLS currently. A clever solution was found when we first attempted
to detect both the photoelectrons and Auger electrons following K -shell ionization of Neon atoms.
The spectrometer that measured the streaked photoelectron spectrum with good resolution also
measured the Auger streaked spectrum, albeit with limited resolution. In spite of this limitation,
we are able to observe a correlation between the positions of the centers of the streaked spectra,
which exhibits the signature of the delay of peak emission of the Auger electrons relative to the
photoelectrons due to the Auger lifetime. This in turn allows for identifying both the slope and
the phase of the streaking field, allowing for selecting the shots that overlapped with streaking field
conditions providing optimum temporal resolution.

In our latest attempt, we were able to operate successfully two such spectrometers simultane-
ously, with a streaking laser wavelength of 17 um. We not only reproduced our early result, but
also demonstrated an even more powerful method of operation. Because the IR laser pulses have
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to be focused in order to obtain sufficiently strong electric fields to produce a significant streaking
effect, an additional, geometric phase is accumulated along the laser propagation direction as one
goes through the focus (this is called the Gouy phase). As a consequence, if the two spectrome-
ters are collecting electrons originating from different regions along the propagation axis, they will
essentially see a different phase of the electric field. When looking at the correlation map, the
effect of any delay between the emission times of the two types of electrons becomes much more
obvious. And the geometric phase effect can be calibrated by having both spectrometers look at the
photoelectrons simultaneously. Our study was limited to Neon atoms, and established the need for
a good characterization of the laser properties along the propagation direction, which was lacking
and is likely responsible for some unexplained behavior as the position of the two spectrometers
was varied. This is however very encouraging as far as the potential of the method is concerned,
and we hope to be able to extend it to electron dynamics in molecules.

Stimulated Raman adiabatic passage with two-color x-ray pulses
(A. Picén, J. Mompart,® S. H. Southworth)

Seeding techniques for x-ray free electron lasers (XFELSs) allow the generation of highly coherent,
intense x-ray pulses with time lengths on the order of femtoseconds. Here we explore the possibilities
of using such x-ray pulses to control matter based on coherence. First experiments using XFEL
pulses interacting with atoms, molecules, and clusters [39, 53, 54] show a complex multiphoton
response driven by strong electron correlation. Absorption by matter of an x-ray photon excites
an inner-shell hole state that rapidly decays on the timescale of a few femtoseconds to hundreds
of attoseconds either by an Auger process or by a fluorescent process. When matter is illuminated
by high-fluence XFEL pulses, the inner-shell hole-decay processes proceed concurrently with the
absorption of additional x-ray photons. Hence, the typical response to XFEL pulses is to produce
highly charged final states, and the extension of coherent quantum control techniques to the x-ray
regime is not trivial.

Recent developments in seeding techniques at XFELs [55, 56] have significantly increased the
quality of the pulse temporal coherence. In the optical regime, in which lasers have achieved a high-
degree of spatio-temporal coherence several decades ago, we find many quantum control techniques
for atoms and molecules based on coherence.

Figure 5: (a) STIRAP scheme for Ne using an 867-eV pump pulse between the ground state and 1s~!3p
core-excited state and an 850-eV Stokes pulse that connects the core-excited state to the 2p®3p valence-
excited final states. (b) Numerical simulations show efficient population transfers with the pulses partially
overlapped and the Stokes pulse preceeding the pump.
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Quantum control techniques have not yet been exploited in the x-ray regime. The extension of
quantum control techniques to high photon energies allows the combination of powerful techniques
to control population with the characteristic site-specificity of the x rays. We recently proposed a
theoretical scheme to perform stimulated Raman adiabatic passage in the x-ray regime by using
inner-hole excited states, and a paper on this research was published [27]. Numerical results in
two well-known systems, the neon atom and the carbon monoxide molecule, show a robust control
of population transfer. In the molecule, vibrational selectivity is achieved with femtosecond x-ray
pulses. This work supports the possibility of using two-color x-ray pulses for coherent control.

Figure 5 presents a three-level-lambda system for a Ne atom in which the lower state |i) is the
ground state, the intermediate state |e) is the 1s — 3p core-excited state, and the final states |f)
are the valence-excited states 2p°3p 'Sy and 'Ds. In our numerical simulations, both pulses were
modeled with 83-fs Gaussian line shapes and FWHM intensities of 1 x 10'® W em~2 (pump) and
1 x 10 W cm™2 (Stokes). We observe large population transfers, ~30%, and separation of the
two final state populations by tuning the x-ray energy of the Stokes pulse. We also observe strong
suppression of the Auger decay yield despite the short lifetime (2.4 fs) of the core-excited state.
This illustrates an advantage of STIRAP using x rays - population in the inner-shell intermediate
state is suppressed and avoids radiation damage.

4 X-RAY PROBES OF LASER INDUCED DYNAMICS

Time resolved spectroscopy of solution phase polycarbonyl ligated Mn complexes
(A. M. March, G. Doumy, S. H. Southworth, E. P. Kanter, L. Young, H. Cho,” N. Huse,'° R.
Schoenlein,'! T. Assefa,'? Z. Németh,'? C. Bressler,'? G. Vanké,'® and W. Gawelda'?)

Using our high-repetition-rate pump-probe setup at beamline 7ID-D at the APS we have ex-
plored the photoexcitation of [Mn(CO)s]2 (dimanganese decacarbonyl) in isopropanol. Along with
being an important reagent in organic synthesis, [Mn(CO)s]2 is an important model system in the
photochemistry of metal-metal bonds. From ultrafast visible and infrared spectroscopy, it is known
that upon photoexcitation two dissociation channels open up: 1) the photodetachment of one of
the CO ligands producing Mna(CO)g and 2) the formation of two identical radicals in their doublet
ground state, Mn(CO)s, which remain stable in solution until nongeminate recombination occurs.
The individual yields are wavelength dependent and for wavelengths >300 nm the Mn-Mn cleavage
is strongly favored. We carried out x-ray absorption spectroscopy measurements at the Mn K-edge
and x-ray emission spectroscopy measurements after excitation with both 266 nm and 355 nm
optical pump wavelengths. At these two pump wavelengths both photoproducts are present but
in different weights. Analysis is ongoing, exploring ways to determine the quantum yields of these
photoproducts from our x-ray measurements. The yields can then be used as input to extract the
transient structures of both species.

Visualizing transient electronic and structural changes of an iridium-based photosen-
sitizer for photocatalytic hydrogen generation

(A. M. March, G. Doumy, S. H. Southworth, L. Young, T. Assefa,'? A. Britz,'2 Z. Németh,!? C.
Bressler,'? G. Vanké,'® and W. Gawelda'?)

The catalytic splitting of water into hydrogen and oxygen with the aid of visible light is a de-
sirable approach for generating hydrogen fuel. A typical homogeneous photocatalytic system used
for hydrogen generation consists of a photosensitizer that absorbs visible light, a water reduction
catalyst, and a sacrificial reductant. The role of the photosensitizer is to provide a photo-induced,
long-lived, charge-separated excited state. This state typically undergoes a reductive quenching due
to the sacrificial reductant and the reduced photosensitizer can then transfer an electron further to
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the water reduction catalyst. The water reduction catalyst then transfers electrons onto aqueous
protons to give hydrogen. A key challenge is the design of new photosensitizer complexes that can
more efficiently harvest solar light and act as electron donor sources. Using our high-repetition-rate
laser-pump, x-ray-probe setup at 7ID-D we have studied a new iridium-based photosensitizer com-
plex synthesized by M. Beller and H. Junge from the Leibniz Institute for Catalysis. It is known
from femtosecond transient absorption spectroscopy that this complex undergoes an intersystem
crossing and relaxation into the lowest triplet state in less than 30 ps. The longer lived >MLCT state
was probed using HERFD XAS (High Energy Resolution Fluorescence Detected X-ray Absorption
Spectroscopy) at the Ir L3 edge which allowed for observation of spectral features with sharpness
greater than that due to core-hole lifetime broadening. This allowed for a precise deconvolution of
the absorption spectrum into the bound-bound transitions, and the ionization edge. In turn, an
absolute determination of the excited state fraction (10%) was obtained, allowing for reconstruct-
ing the exact excited state absorption spectrum. We also confirmed that the photosensitizer reacts
identically alone or in the presence of the water reduction catalyst and the sacrificial reductant,
albeit with the expected lifetime quenching. A manuscript is in preparation.

Elucidating the transient structure of a novel polypyridyl Fe(II) compound for solar
energy conversion

(A. M. March, G. Doumy, S. H. Southworth, E. P. Kanter, L. Young, H. Cho,” N. Huse,'° R.
Schoenlein,!! J. McCusker,'* E. Jakubikova,'® A. Britz,!2 T. Assefa,'? Z. Németh,'3 C. Bressler,!?
G. Vanké,'3 and W. Gawelda'?)

Analysis of our x-ray absorption and x-ray emission measurements of laser excited [Fe(dcpp)a]*+
has continued and revealed intriguing results. [Fe(depp)2)?* is a novel polypyridyl Fe(IT) complex
with a slightly modified structure to yield perfect octahedral symmetry. The complex seems to
exhibit very different energetics as compared to other intensely studied polypyridyl iron complexes
such as [Fe(bpy)s)?T or [Fe(terpy)s]?t. While O; symmetry permits both the *T; and the °Ts
states to form the lowest excited states for sufficiently high ligand-field splitting (favoring paired
electrons at the expense of spin pairing energy in the 'A; ground state), only Fe(II) compounds
with a Ty state as the lowest excited state have been observed so far. Electrochemical and excited-
state lifetime measurements indicated that [Fe(dcpp)2]?T may indeed be the first of a novel class
of Fe(II) compounds and if so, could have an impact in synthesized molecular systems for light
harvesting and catalytic conversion. Using our high-repetition-rate pump-probe setup at beamline
7ID-D at the APS we collected high quality time-resolved EXAFS measurements at the Fe K-edge
and K« x-ray emission measurements after 532 nm laser excitation. The laser triggers a sequence of
ultrafast photophysical processes, including a metal-to-ligand charge transfer (MLCT) and a sub-
sequent spin crossover (SCO) process. The resulting high spin state is that probed by the x-rays.
Analysis of the K« emission spectrum revealed that the high spin state is a quintet state, similar
to [Fe(bpy)s]?t or [Fe(terpy)s]?". Using this knowledge, the excited state fraction present during
our measurement could be extracted from the emission data. This value, 78%, was then used as
input for the EXAFS analysis. The EXAFS analysis revealed a rather asymmetric excited state
structure with R(Fe-N;) ~2.054 and R(Fe-Ng,) ~2.214 which is not in agreement with DFT cal-
culations for [Fe(dcpp)a]?t but is similar to the excited state structure of [Fe(terpy)a]?t. Yet, the
excited state lifetime of [Fe(dcpp)s]?™ is an order of magnitude shorter than that of [Fe(terpy)a]?*.
Further measurements to explore these discrepancies will be carried out with optical techniques by
the McCusker group.
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Tracking ligand exchange in solution phase ferrocyanide ions with x-ray spectroscopies
(A. M. March, G. Doumy, D. Moonshiram, S. H. Southworth, E. P. Kanter, L. Young, G. Vanké,!?
W. Gawelda'? and other collaborators)

We have continued studies of the model system [Fe(II)(CN)g]*~ (ferrocyanide) in an aqueous
solution after laser excitation using x-ray absorption spectroscopy (XAS) and x-ray emission spec-
troscopy (XES). We studied the system with 10 ps laser pulses at 355 nm, where the photoexcited
state is believed to evolve into the pentacyano-aquo complex [Fe(II)(CN);H20]3~ via ligand dissoci-
ation, and also at 266 nm where the excited state can also lead to photo-injection of an electron into
the solvent, concomitant to the oxidation state change of the iron center, yielding [Fe(III)(CN)g]>~.
Previously, we collected XANES data and XES K 3 3 (1s-3p) data at both wavelengths as well EX-
AFS data at 355 nm with good statistics. Initial analysis of the XANES and XES data indicated
that the spectra at 266 nm excitation are due to the presence of both [Fe(II)(CN)sH20]3~ and
[Fe(IIT)(CN)g]3~. By comparison of the spectra at the two excitation wavelengths, we were able
to quantify the contributions from each species and thus reconstruct the absorption spectrum of
the pentacyano-aquo complex intermediate. Further analysis has suggested that the reconstructed
pentacyano-aquo spectrum contains contributions from pentacyanide, which lacks the water ligand.

Continuing to take advantage of our high-repetition-rate pump-probe setup at APS 7ID-D, we
performed additional measurements tracking the time dependence of particular spectral features
following laser excitation in order to confirm our hypothesis that both [Fe(II)(CN)5H20]3~ and
[Fe(IT)(CN)5)3~ were present. We have also measured the evolution of the strength of the transient
signal as a function of incident laser fluence, in order to establish the linearity of the processes we
are observing. Preliminary results from these studies indicate that there are indeed at least two
species produced, with one decaying into the other over a few nanoseconds, and that there is a
good probability that two photons contributions represent part of the detected signal, especially
for the pentacyanide species. Further studies using a laser pump-repump, x-ray probe scheme are
planned to better understand those complex dynamics.

In addition, we have had the opportunity to study the process happening at 355 nm on a faster
time scale using the SACLA XFEL in Japan. We measured XAS, K 3; 3 XES and XDS in the first
20 ps following laser excitation. In the laser conditions present for the experiment, we confirmed
the immediate presence of the two photoproducts detected at APS. In addition, a XES transient
strongly suggestive of a spin change was observed. This is largely expected for the pentacyanide
product, even if DFT calculations are currently presenting difficulties in establishing the most likely
geometric and electronic configuration. Additional input from the diffuse scattering should help in
identifying the correct geometry. Further analysis is ongoing.

Observation of high-valent iron nitride catalyst formation using time-resolved x-ray
spectroscopies

(A. M. March, G. Doumy, S. H. Southworth, L. Young, G. Vanké,'® W. Gawelda'? and other
collaborators)

High-valent iron complexes, i.e. species containing the metal center at an oxidation state +IV
and higher, belong to a fascinating class of chemical compounds involved in numerous biochemically
and technologically relevant catalytic processes, including the biocatalytic activity involving heme
and non-heme metalloenzymes. In general, these are extraordinarily reactive and therefore very
difficult to detect during their catalytic action. Particularly intriguing are high-valent Fe complexes
featuring a terminal Fe-N multiple bond, the so-called nitridoiron complexes, which are considered
as prototypical surface binding motifs involved in industrial N fixation on metallic surface cata-
lysts. At the oxidation state +1V, the Fe-N multiple bond can be stabilized in trigonal-pyramidal
coordination geometry providing thermally stable samples to allow for a full crystallographic anal-
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ysis. In contrast, structures containing Fe(IV) and Fe(V) centers have never been detected under
biochemically and technologically relevant conditions, e.g. in liquid solution under ambient condi-
tions, until just last year, when a stable high-valent nitridoiron(V) complex has been reported in
trans-[(cyclam)Fe(III)(N3)2]PFg following UV photoexcitation. The formation of the high-valent
species was inferred from time-resolved IR detection of a vibrational label that was introduced
in trans-position to the photolabile azido ligand. Comparing the time-resolved IR spectra with
predictions from DFT indicated the high-valent nature of the fleeting nitridoiron species.

However, an independent and unambiguous determination of the oxidation state had not been
achieved. We have used time-resolved XAS and K 31 3 XES following excitation at 266 and 355 nm
wavelengths to capture the electronic and geometric structure around the Fe ion. The advantage of
using two different laser wavelengths is that it allows to better separate the expected contribution
of the high valent state from other competing processes, that include ligand substitution or even
ligand detachment. Strong transients have been observed, and are being compared with DFT de-
rived calculated XAS spectra. In particular, at 266nm, where the formation of the high valent state
is expected to be prevalent, a strong pre-edge feature is observed, in agreement with calculations.
The results obtained at the APS were the basis of a successful proposal at the SACLA XFEL,
where we were able to study the onset of formation of the high valent state during the first few
picosecond after 266 nm excitation, with a resolution around 100 fs after correction with a timing
tool recently implemented at SACLA.

Probing Ultrafast Electron (De)localization Dynamics in Mixed Valence Complexes
Using Time-Resolved X-ray Spectroscopies

(A. M. March, G. Doumy, S. H. Southworth, M. Khalil, R. Schoenlein, A. Cordones-Hahn, J. H.
Lee, T. Kim and other collaborators)

Cyanide-bridged transition metal mixed-valence complexes are a class of molecules, which ex-
hibit unique redox, spectroscopic, and charge transfer properties by virtue of bearing oxidizing
and reducing moieties. They are widely studied for their applications in magnetism and photo-
chemical energy conversion, and serve as model systems to probe the coupling between electronic
and vibrational motions during photoinduced ultrafast electron transfer reactions using equilib-
rium and transient spectroscopic techniques. A central question in the field of transition metal
mixed-valence complexes is the precise nature and extent of electron delocalization. XAS and XES
(including RIXS maps) can probe changes in the local electronic structure following metal-to-metal
charge transfer (MMCT) excitation with atomic specificity, tracking time-evolving spin-orbit cou-
plings, solvent rearrangement and metal-ligand interactions. Using crystal optics for a von Hamos
dispersive geometry developed in house by the APS optical group, we measured simultaneously
the Ko and K8 portions of the emission spectrum (including the Valence-to-Core) at both the Fe
K-edge and the Cr K-edge. For the two Fe-containing complexes, only static measurements were
performed since the back electron transfer rates are know to be too fast (100 fs) to be followed at
a synchrotron, but represent crucial building block for an upcoming XFEL time resolved measure-
ment. In contrast, the covalently linked electron acceptor Cr(III) in a Ru-Cr-Ru mixed valence
complex leads to remarkably long-lived charge-separated intermediates, attributed to the existence
of electronic states of different spin multiplicity that effectively inhibit back electron transfer. Tran-
sient XAS measurements identified the production of a unique photoproduct with a lifetime around
35 ns. Time-resolved XES spectra were recorded at a repetition rate of 1.3 MHz, and the K ex-
hibits a small transient signal consistent with the spin change associated with the MMCT. DFT
calculations, including molecular dynamics to take into account the effect of the solvent, are in
progress to complete the interpretation.
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Preliminary studies of light induced magnetic transitions in solid state samples
(A. M. March, G. Doumy, J. Freeland, D. Keavney and V. Stoica)

Sector 4ID-C at the APS is a soft x-ray beamline operating between 500 and 2000 eV, with great
polarization control. The opportunity exists to extend our time resolved x-ray spectroscopies to
the L-edges of first row transition metals, which are more readily sensitive to the valence electrons,
especially the 3d orbitals involved in the ligand field of transition metal complexes. Operating at
4ID-C involves bringing our own laser system and gated data acquisition system, and as a test
of capabilities, we brought the Duetto laser system and some of our FPGA based electronics to
perform some time resolved x-ray scattering measurements on magnetic materials that exhibit an
insulator to metal transition above a critical temperature. Using the laser to create a local, tempo-
rary temperature increase can drive the systems across the transition, and x-ray measurements can
be used to probe the dynamics and the properties of the transient phases. The sample used for this
first test was a Nickelate (NdNiO3) thin film. Performing x-ray reflectivity at the Ni L-edge after
excitation with the laser at the fundamental wavelength (1064 nm), we observed a distinct transient
signal in the absorption spectrum. This first attempt demonstrated the successful transport of the
laser system, therefore opening more opportunities for experiments at the APS.

Figure 6: The multimolecular hydrogen evolution system studied consisting of the macrocyclic cobalt
complex Co(III), an equimolar mixture of ascorbic acid/sodium ascorbate as buffer, and electron donor and
photosensitizers Ru[bpys]** as well as water solution cadmium telluride quantum dots.

Time-resolved x-ray absorption and emission spectroscopy of a cobalt-based hydrogen
evolution system for artificial photosynthesis
(D. Moonshiram, C. Gimbert-Surifiach,'® A. Guda,'” C. S. Lehmann, S. H. Southworth, A. Picén,
X. Zhang, G. Doumy, A. M. March, L. Young, and A. Llobet!®)

Production of cost-effective hydrogen gas through solar power is an important challenge of the
Department of Energy among other global industry initiatives. In natural photosynthesis, the oxy-
gen evolving complex (OEC) can carry out the four-electron water splitting reaction to hydrogen

16



Argonne National Laboratory

with an efficiency of around 60%. Although much progress has been carried out in determining
mechanistic pathways of the OEC, biomimetic approaches have not duplicated Nature’s efficiency
in function. Over the past years, we have witnessed progress in developments of light harvesting
modules, so called chromophore/catalytic assemblies. In spite of reportedly high catalytic activity
of these systems, quantum yields of hydrogen production are below 40% when using monochro-
matic light. Proper understanding of kinetics and bond making/breaking steps has to be achieved
to improve efficiency of hydrogen evolution systems. This project uses the timing implementa-
tion of ultrafast x-ray absorption (XAS) and x-ray emission spectroscopies (XES) to visualize in
“real time” the photo-induced kinetics accompanying a sequence of redox reactions in a macro-
cyclic cobalt complex. This complex was shown to have superior catalytic activity to that of the
cobaloxime-type catalyst that has also been used as a proton reduction catalyst in water [57].
Time-resolved XAS and XES in parallel with laser transient absorption spectroscopy of the cobalt
molecular catalyst (see Fig. 6) and [Ru(bpy)s]?>T as well as CdTe quantum dots photosensitizers
allowed us to identify two key intermediates. The intermediates are a reduced Co(II) species with
a bound water molecule and spin 1/2 as well as a square-planar Co(I) intermediate with spin 0.
XANES, XES and EXAFS analysis together with TD-DFT XANES calculations helped to ascertain
the oxidation states, the spin states of the species, and their coordination sphere. A manuscript on
the results of this research is in preparation [37].

X-ray absorption spectroscopy and density functional theory characterization of the
Ru(bpy)3-Ni(PP",N",),(CH3CN)]?*t multimolecular system

(D. Moonshiram, A. Guda,'” L. Kohler, C. S. Lehmann, S. H. Southworth, X. Zhang, A. Picon, G.
Doumy, A. M. March, L. Young, and K. Mulfort)

Production of carbon neutral fuels through solar energy is one of the most important global chal-
lenges. One efficient way to store solar energy is to convert it into chemical energy by fuel-forming
reactions such as water splitting into hydrogen and oxygen (2 HoO + 4hv = O2 + 2 Hs) and/or
reduction of COg to methanol or other carbon based fuels (2 HoO + CO2 + 6 hv = CH30H + 3/2
O2). The idea of using molecular hydrogen as a renewable fuel has motivated considerable research
in the development of cheap, abundant and first-row transition metals. Recently, Du Bois, Bullock
and co-workers pioneered the synthesis of a highly efficient and active nickel-phosphine water reduc-
tion catalyst of the general form Ni(P",N*"y)o(CH3CN)]?* [58]. Although there is an abundance
of information on the spectroscopic characterization of the nickel catalyst through electrochemistry,
UV-Vis spectroscopy, mass spectrometry and electron paramagnetic resonance, these techniques are
not sensitive to the formal oxidation state, coordination chemistry and the unoccupied electronic
states and spins of atoms surrounding the specific element. As such, there is no clear understand-
ing between performance and stability of the complex to its structure and ligand geometry. This
project combined the analysis of time-resolved x-ray absorption and laser transient absorption of a
chromophore/catalytic multimolecular assembly consisting of the Ni(PZ"9N%5)o(CH3CN)]?* cat-
alyst, [Ru(bpy)s]?t photosensitizer and ascorbic acid as electron donor. Time-resolved pump-flow
probe experiments showed formation of a Ni(I) reduced state active in the water reduction process
with a long lifetime of around 263 us. Interestingly from TD-DFT calculations, the Ni(II) ground
state complex was found to bind to the ascorbate in solution over time leading to deactivation of
the complex and reduction of the transient signal corresponding to formation of Ni(I). TD-DFT
calculations point towards a change of the XANES structure from a Ni(II) octahedral structure
with water bound to it to a trigonal pyramidal Ni(I) species with no bound water molecule. A
manuscript on the results of this research is in preparation [38].
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Development of efficient, high-resolution x-ray emission spectrometers
(S. H. Southworth, D. Moonshiram, C. S. Lehmann, G. Doumy, A. M. March, L. Young, A.
Kastengren, X. Shi, D. Casa, X. Huang, E. Kasman, M. Wieczorek, L. Assoufid)

X-ray emission spectroscopy (XES) is a powerful method for studying electronic structure, e.g.,
molecules with 3d transition metal centers. Understanding the photophysics and photochemistry
of such molecules is of high interest due to their roles in light gathering, intramolecular transfer
of charge, energy and spin, photocatalysis, and biological processes. High-resolution XES uses
crystal spectrometers with small acceptance solid angles that require high x-ray flux, particularly
the weaker valence-to-core transitions that are most sensitive to the oxidation state and chemical
environment of the transition metal center or ligand sites. Our high-repetition-rate laser at beamline
7ID-D allows us to use ~5-20% of the available x-ray flux for pump-probe experiments, which makes
time-resolved XES feasible but still challenging to conduct with high precision. To improve our
capability to perform time-resolved XES experiments, we are working with the APS Optics Group
to design and fabricate efficient x-ray analyzers. We have developed three types of analyzers -
cylindrically shaped for use with position-sensitive detectors in von Hamos geometry, spherical
analyzers in Johann geometry in which the Bragg angle and point detector are scanned, and a
prototype design that approximates the Wittry geometry. A stepped Wittry analyzer has been
fabricated that is expected to provide 4x larger solid angle with resolution similar to that of a
spherical analyzer.

Analyzer tests have been conducted at beamline 7BM that provides an intense, microfocused
beam that is ideal for creating point sources of x-ray fluorescence on samples. Several spherical and
cylindrical analyzers have been tested at 7TBM, and we recently tested the stepped Wittry analyzer.
Using a 1D array as the detector, we demonstrated that some imprecisions in the assembly of the
optic are resulting in different areas of the crystal diffracting at different spots on the detector,
but that the measurement can be corrected to retrieve an optimal resolution comparable to the
simple spherical analyzer with larger radius of curvature. Further measurements, including using
monochromatic beam, are planned in the near future, and this success is encouraging us to develop
a geometry using two or more such crystals simultaneously for efficient time-resolved measurements.
Meanwhile we have used both Johann and von Hamos analyzers for selected time-resolved pump-
probe measurements at 7ID-D. The measurements made include studies of low-spin to high-spin
transitions, resonant inelastic x-ray scattering (RIXS) in which the XES is measured vs. absorbed
x-ray energy near threshold, and a first measurement of valence-to-core XES of a laser-excited
transient [23]. Finally, we used another design with two wafers on the same cylindrical surface to
collect at the same time, on the same detector, both the Ko and K5 XES.

Design of a high x-ray flux microprobe optical system
(R. Reininger, Z. Liu, G. Doumy and L. Young)

An extension of our high repetition rate laser pump/x-ray probe setup implemented at 7ID-D,
specifically aimed at x-ray emission spectroscopy, which requires high x-ray flux but only limited
energy resolution such as offered with pink beams, is being developed. The x-ray microprobe
geometry is essential, since it allows completely clearing a fresh spot in the liquid jet at repetition
rates around 300 kHz. The small x-ray beam probes only the center of the laser spot where
excitation is maximal and uniform and yields high excitation fractions with modest laser pulse
energies. Conserving the microprobe concept with pink beam is essential, as is the ability to tune
the central photon energy and reject higher harmonics from the undulator radiation. Tunability
in the 5 to 10 keV range, where all 4 K-edges of first-row transition metals fall, separated by
500-600 eV, is necessary to keep the element specificity of hard x-ray spectroscopies that allow
for local probing around an active center. Harmonic rejection is also essential for the element
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specificity and to eliminate higher-order electronic excitations that would contaminate the signal.
The requirements of this experiment can be fulfilled with a relatively simple optical system based
on two cooled elliptical mirrors in a Kirkpatrick-Baez configuration.

One of the issues with this configuration is maintaining the focal spot dimension as the energy
of the undulator is varied, since this changes the heat load absorbed by the first optical element. Fi-
nite element analyses of the power absorbed by a side water-cooled mirror exposed to the radiation
emitted by an undulator at the Advanced Photon Source (APS) and at the APS after the proposed
upgrade (APS-U) reveals that the mirror deformation is very close to a convex cylinder creating a
virtual source closer to the mirror than the undulator source. Ray tracing calculations show that
a simple pitch correction is able to recover the small focus spot size with limited aberrations, and
with only a minor translation in the focal plane, easily recoverable by our experimental setup. A
report on this design study was recently published [24].

5 OPTICAL CONTROL AND X-RAY IMAGING OF NANOPARTICLES

X-ray diffraction from optically trapped nanoparticles
(Y. Gao, R. Harder, S. H. Southworth, J. Guest, N. F. Scherer,'® Z. Yan,!¥ L. Ocola, M. Pelton,’
and L. Young)

Coherent x-ray diffraction imaging (CXDI) is a sensitive microscopic method for imaging crys-
talline and noncrystalline objects at high spatial resolution. CXDI is particularly useful for mea-
suring strain patterns in nanoparticles that arise due to the large ratio of surface area to bulk
volume [59]. CXDI is highly developed for imaging the 3D structures of samples with microme-
ter and sub-micrometer sizes. In order to acquire a clear coherent diffraction pattern, the sample
must be held and aligned at sub-micron and milli-degree accuracy. A major barrier to applying
CXDI to free-standing micro- and nano-scale objects is their tendency to freely move within the
intense beam of synchrotron x rays. Typically such objects must be securely bonded to a substrate,
which can alter their internal structures. While the forces moving such particles are not completely
understood, we believe optical tweezers may be a solution to this problem.

Optical tweezers provide a unique method to control small particles, ranging from several mi-
crons to tens of nanometers. Using optical techniques, these laser trapped particles can be ma-
nipulated and forces on the objects in the trap can be measured. By utilizing phase modulation
techniques, optical traps with different geometries and polarization can be generated, resulting in
accurate orientation of anisotropic particles [60, 61].

We have designed an apparatus of dynamic holographic optical tweezers which is compatible
with the CXDI beamline 34-ID-C at the APS. Our optical tweezers utilizes a 1064 nm CW laser
to manipulate micron-scale particles. The phase of the beam is modified by a liquid-crystal spatial
light modulator to generate various trapping geometries, such as a line of trapping sites to hold and
rotate a ZnO nano-rod (~0.5 pm diameter, ~4 pm long). In order to achieve highly stable optical
trapping, we use two types of trapping geometries to compensate the scattering force from the laser:
trapping against the internal surface of the sample cell and dual-beam counterpropagating trap.
We use microfluidic sample cells fabricated by bonding a 100-um Si wafer between two 150-um
thick Pyrex cover slips. Anodic bonding and etching procedures are used to achieve the desired
geometry and bonding of the materials. The sample cell can then be held between the microscope
objectives of the optical tweezers for viewing the particles with a CCD camera while positioning
them in the x-ray beam for diffraction measurements.

We have trapped both ZnO tetrapods and single rods formed by broken arms of tetrapods. We
observed two Bragg peaks: the (002) peak from the ZnO rod and the (110) peak from one arm
of the tetrapod. Coherent 11-keV x rays were focused by Kirkpatrick-Baez mirrors to a 2-um x
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1-pm spot. Coherent fringes were recorded in the diffraction images, but higher trapping stability
is needed to record images that can be analyzed to extract detailed structural information on the
nanoparticles. For future experiments, we are developing a better trapping geometry that utilizes
the interference between counter-propagating beams to improve the trapping stability. A progress
report on this project has been submitted for publication [29].

Meso-scale magnetic dipolar resonances excited by optical vector beams
(U. Manna,'® Z. Yan,'® Y. Bao,'® J-H. Lee,'® Y. Weizmann,'® and N. F. Scherer!®)

In addition to participating in the optical trapping/x-ray diffraction experiments being con-
ducted by Drs. Yuan Gao and Stephen Southworth, Dr. Manna is creating and using focused
optical vector beams to conduct novel spectroscopic experimental studies of nano-meta materials.
Optical beams with azimuthally polarized light (this is entirely different than circularly polarized
light), where each part of the beams cross-cross section is polarized in a direction tangential to that
angular portion of the cross-section, results in focused light that has a tightly focused magnetic
field (B-field) with the E-field surrounding it as a halo. Such a beam has a curl in the E-field
and correspondingly the B-field is polarized along the optical propagation direction. By Faradays
law, the electrodynamically coupled electric dipoles of (plasmonic) metal nanoparticles arranged
on the surface of a dielectric core can be driven by a beam with a curl that results in a (collective)
magnetic dipole mode. The “nano-meta-material” and the scattering spectra from a single such
object are shown in Fig. 7. The longest wavelength feature is strongly enhanced by the focused
azimuthally polarized beam relative to the spectra of the identical nanostructure obtained with a
focused linearly polarized or radially polarized light. The spectra and enhancements also agree.
Such vector beams also have enhanced focusing and hence optical trapping capabilities that could
be employed in the optical trapping/x-ray diffraction experiments just described.

Figure 7: Spectroscopic study of single nano-meta-materials. (left) TEM image of a single nano-meta-
particle consisting of 35-nm dia. Au nanoparticles chemically attached to a 300-nm dia SiOy core. (scale
bar = 20 nm). (center) Spectra of 35-nm dia. Au nanoparticles in solution and spectra of an ensemble
of Au-based nano-meta-particles in solution (red curve). (right) Scattering spectra from the same identical
single nano-meta-particle obtained using linearly (black points), radially (blue points) and azimuthally (red
points) polarized light.

Femtosecond laser pulse driven melting in gold nanorod aqueous colloidal suspension:
identification of a transition from stretched to exponential kinetics
(Y. Li, Z. Jiang, X.-M. Lin, H. Wen, D. A. Walko, S. A. Deshmukh, R. Subbaraman, S. K. R. S.
Sankaranarayanan, S. K. Gray and P. J. Ho)

Many potential industrial, medical, and environmental applications of metal nanoparticles rely
on the physics and resultant kinetics and dynamics of the interaction of these particles with light.
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This is because these particles have strong optical interactions that depend on the size and shape of
the particles. The energy deposition process is dominated by the surface plasmon resonance (SPR),
which is a collective excitation of conduction electrons. In order to gain a better understanding of
the interaction of light with gold nanoparticles, a series of melting experiments were performed at
different peak laser fluences at APS. An aqueous colloidal suspension of nanorods 4560 nm long
and aspect ratio of 34.5 were exposed to laser pulses with peak fluence ranging from 14 to 116
mJ/cm2, with an accumulated laser fluence in each sample of up to 20 J/cm2. In situ small angle
x-ray scattering (SAXS) was used to track the rod-to-sphere morphological transformation of the
nanoparticles as the laser melting progresses. The experiments showed a surprising kinetics transi-
tion in the global melting of femtosecond laser-driven gold nanorod aqueous colloidal suspensions.
At low laser intensity, the melting exhibits a stretched exponential kinetics, which abruptly trans-
forms into a compressed exponential kinetics when the laser intensity is raised. It is found that the
relative formation and reduction rate of intermediate shapes play a key role in the transition.

Our theoretical effort confirmed the effectiveness of SAXS for monitoring the ensemble change.
Using atomic form factors obtained from the Hartree-Fock-Slater model, we calculated the x-ray
scattering patterns of an ensemble of gold nanoparticles, in which each nanoparticle is assumed
to be a collection of independent gold atoms. The ensemble was treated as a bimodal mixture of
spherical nanoparticles and nanorods with aspect ratio of about 3. We showed that the signals from
the SAXS depend sensitively on the actual fractions of the spherical nanoparticles and nanorods.
This predicted sensitivity was observed in experimental SAXS and confirmed in TEM images.
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J.R. Macdonald Laboratory Overview

The J.R. Macdonald Laboratory focuses on the interaction of intense laser pulses with matter for
the purpose of understanding and even controlling the resulting ultrafast dynamics. The
timescales involved range from attoseconds, necessary for studying electronic motion in matter,
to femtoseconds and picoseconds for molecular vibration and rotation, respectively. We continue
to harness the multi-timescale expertise within the Lab to further our progress in both
understanding and control. The synergy afforded by the close interaction of theory and
experiment within the Lab serves as a significant multiplier for this effort. To achieve our goals,
we are advancing theoretical modeling and computational approaches as well as experimental
techniques, for example by taking advantage of our expertise in particle imaging (using
COLTRIMS, VMI, MDI, etc.).

Most of our research projects have been associated with one of two themes: “Attosecond
Physics” and “Control”. These themes serve as broad outlines only, as the boundary between
them is not always well defined. A few examples from each are briefly mentioned below, while
further details are provided in the individual abstracts of the PlIs: 1. Ben-Itzhak, B.D. Esry, V.
Kumarappan, C.D. Lin, D. Rolles, A. Rudenko, U. Thumm, and C.A. Trallero.

Attosecond physics: Attosecond science is motivated by the idea of observing electronic motion
in atoms and molecules on its natural timescale. Light pulses whose durations approach this
timescale are a necessary component of this work, and we continued our efforts to produce and
characterize them. In addition to studies of electronic motion, attosecond-scale pulses can also
serve as very precise triggers or probes of the femtosecond-scale nuclear motion in molecules.
Moreover, the underlying high-harmonic generation (HHG) mechanism, used to create
attosecond pulses, provides essential information about the target and has been the focus of some
of our theoretical and experimental studies. Theoretical work from the Lab has shown, for
instance, that optimizing the waveform of the driving infrared pulse can improve HHG by orders
of magnitude. To that end, we continue to develop an intense light synthesizer. High harmonics
from aligned molecules have also been used to experimentally uncover information about the
orbitals involved in the process. Pump-probe measurements using EUV-pump pulses to initiate
molecular dynamics in ions have been extended to neutral molecules.

Control: Methods for controlling the motion of heavy particles in small molecules continue to
be developed. Theoretically, our work has shown that carrier-envelope phase (CEP) effects arise
from interference between different multiphoton pathways. We have conducted extensive
measurements of the CEP dependence of D’ production in strong-field dissociation of D, and have
extracted quantitative information from these measurements, such as the difference in photon
number between interfering pathways, which allows us to detect the presence of higher-order
effects. Work in the Lab has also led to the imaging of structural rearrangement in small
polyatomic molecules and to theoretical treatment of nuclear-dynamics imaging. Related work on
charge transfer following multiphoton ionization by X-rays has been conducted at the LCLS.
Significant steps to improve impulsive alignment of symmetric, and even asymmetric, top
molecules have been made in the Lab. Our ability to align molecules has also enabled molecular-
frame studies of ionization and fragmentation, as well as studies of rotational and electronic
wave packets in molecules.

Some of this ultrafast-laser research at JRML involves very productive collaborations, such as
with E. Wells from Augustana College and E. Poliakoff from Louisiana State University. In
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addition to our laser-related research, we have conducted some studies using our low-energy
ECR ion source in collaboration with visiting scientists, specifically the group of S. Lundeen,
which recently terminated their research project.

Like the visitors benefiting from the use of our facilities, we pursue several outside
collaborations at other facilities and with other groups (€.g., ALS, Arhus, FLASH, University of
Frankfurt, University of Jena, LBNL, LCLS, Max-Planck Institutes for Quantum Optics and
Kernphysik, the Ohio State University, Texas A&M, Tokyo, Weizmann Institute, and others).

On the personnel side, Daniel Rolles, who was hired from FLASH, Germany, last year, joined
us as an Assistant Professor in January 2015. His first measurements at JRML have focused on
ultrafast nuclear wavepacket dynamics in CHj3l molecules. The results were presented at
DAMOP soon after the data were taken.

Finally, it is worth mentioning the improved laser facilities available to researchers at JRML.
Our high-repetition rate laser, PULSAR, became the main laser system, while the old workhorse
laser, KLS, is still yielding high-quality results. The newest laser system, HITS, features high-
power pulses at tunable long wavelengths (6 mJ output combined signal and idler). The CEP of
HITS can be locked for extended periods — over 9 hours — thus enabling long measurements
with a locked CEP, a key ingredient for the synthesis of intense optical waveforms. The
university-funded renovation of one of our old experimental rooms contributed significantly to
the stability of the new laser system. Combining the experimental and theoretical expertise
within the Lab with the capabilities becoming available with the new laser facilities continues to
produce exciting physics.
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Structure and Dynamics of Atoms, lons, Molecules, and Surfaces:
Molecular Dynamics with Ion and Laser Beams
Itzik Ben-Itzhak, J. R. Macdonald Laboratory, Physics Department, Kansas State University,
Manhattan, KS 66506, ibi@phys.ksu.edu

Scope: The goal of this part of the JRML program is to study and control molecular dynamics
under the influence of ultrashort intense laser pulses. To this end, we typically study molecular
ion beams and have a close collaboration between theory and experiment.'

Carrier-envelope phase (CEP) control over molecular dynamics, M. Zohrabi, B. Berry, U.
Ablikim, Nora G. Kling, T. Severt, Bethany Jochim, K.D. Carnes, Y. Wang, J.V. Hernandez, S.
Zeng, B.D. Esry, and I. Ben-Itzhak — The phase between the carrier and the pulse envelope has
been used in recent years to control, for example, photoionization (Refs. [1,2] and Pub. [8,13])
and molecular dissociation (Refs. [4-5] and Pubs. [5,9,17]). In the latter case, studies have
focused mainly on spatial asymmetries along the laser polarization — a symmetry broken by the
CEP, ¢, in broadband FTL (Fourier Transform Limited) pulses approaching single cycle.

Taking advantage of technology advancements — CEP-tagging [2,6] of sub-5-fs FTL pulses from
our 10 kHz PULSAR laser — we were able to perform demanding CEP-dependent measurements
on an H," beam (see Pub. [9] and B.D. Esry’s abstract). In addition, we have measured the CEP
dependence of D" (i.e. D(nl) with n>1) formation upon dissociation of D5 in intense broadband
laser pulses. With its high density of Rydberg states, it is practically impossible to treat this
process from first principles. Therefore, it is an excellent test of the general predictions of the
photon-phase CEP formalism of Esry's group, which requires no computation. A Fourier
transform of the measured data reveals the predicted [7,8] odd and even frequencies associated,
respectively, with asymmetry and yield oscillations with CEP, as shown in Fig. 1. Note the
contributions of high-order interfering paths, also shown in the figure.

The CEP-dependence of D” production vanishes, as expected, when the pulse duration is long.
The question is why — is it because of the pulse duration or the associated broad bandwidth? The
framework of Esry’s theory predicts that it is the latter, as a broader bandwidth leads to
increased interference between dissociation paths involving different photon numbers. As
predicted, our measured CEP oscillations in asymmetry and yield, shown in Fig. 1 (bottom),
persist in pulses chirped up to 21 fs (all with the same bandwidth).

Figure 1. Right: CEP-dependence measurements of (a)
normalized spatial asymmetry 4 and (b) normalized yield Y
of D" fragments from D, dissociation in an 8x10"*-W/cm?, 5-
fs, 730-nm laser pulse. The power spectrum of the Fourier
transform showing the odd and even frequencies for (c) 4
and (d) Y, respectively, as expected from the photon-phase
analysis . (High frequency marked by red box). Bottom: CEP-
KER map for 5-fs, 800-nm FTL pulse and chirped pulses
(left-negative, right—positive) with the same bandwidth and
peak intensity (1.8x10"*-W/cm?). (Adapted from Mohammad
Zohrabi PhD thesis, Kansas State University 2014).
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Strong-field dissociation of CO*" and CS** driven by a pump-dump-like mechanism, 7.
Severt, M. Zohrabi, U. Ablikim, K.J. Betsch, Bethany Jochim, B. Berry, K.D. Carnes, Tereza
Uhlikovd, B.D. Esry, and I. Ben-Itzhak — The target CS** beam “cools” vibrationally in flight to
the interaction region, since states above v=7 in the X °IT ground state predissociate. A single
photon absorption may excite the CS** to the A’Y state as depicted in Fig. 2(a), leading to
dissociation into C'+S" with KER values centered around 5.6 eV — the dominant peak, labeled
lo, in Fig. 2(b). The KER of the peak labeled Ow matches the expected values for unimolecular
dissociation of the metastable v=0—7 vibrational levels. However, the tunneling rates of these
states are much too small to produce a peak of this magnitude, as are the rates of predissociation
caused by the X—A spin-orbit coupling. A two-photon process resulting in a net zero photon
absorption, namely absorption followed by stimulated emission, depicted by the up and down
arrows on Fig. 2(a), provides a better explanation of the observed data.

This two-photon process is somewhat similar to the pump-dump control scheme suggested by
Tannor and Rice [9], where a first pulse excites the system and the second de-excites it to the
desired final state. In our case, a single pulse is used, and soon after the CS*" is excited to the
vibrational continuum of the A’L and stretches, stimulated emission becomes energetically
forbidden because of the shape of the X “II potential. However, stimulated emission is allowed
beyond the Condon point. Alternatively, one can think of this two-photon process as a delayed
Raman transition [10], where the deexcitation transition is delayed during the motion above the
wide potential barrier for the reasons describe above until the Condon point is reached or passed.
Both views suggest that the KER is given by the energy difference between the initial vibrational
state and the dissociation limit with shifts constrained by the laser bandwidth.

Our measured CO*" KER spectrum, shown in Fig. 2(d), exhibits a similar 0w peak, which
indicates that this two-photon mechanism is due to the shape of the metastable potential and not
to the shape of the excited state, as the latter is repulsive for CO*" and metastable for CS*" [see
Fig. 2(a,c)]. Therefore, we expect this two-photon process to be common in many molecules
having similar metastable potentials. Finally, we note that the magnitude of the O®w and 2m-ATD
peaks relative to the main 1o peak seem to depend on the properties of each molecule — an
observation calling for further work.

Figure 2. The lowest two triplet
potentials (a) of CS** [this work and
Sedivcova et al. J. Chem. Phys. 125,
164308 (2006)], and (c) of CO**
[from Sedivcova et al. J. Chem.
Phys. 124, 214303 (2006)]. The
measured KER spectrum (b) of CS**
dissociation into C'™+S* in a 25-fs,
790-nm, 1x10"-W/ecm® pulse, and
(d) of CO*" dissociation into C'+O"
in a 40-fs, 790-nm, 1.4x10">-W/cm’
pulse.

Future plans: We will continue to probe molecular-ion beams in a strong laser field, specifically
exploring challenging two-color, pump-probe and CEP-dependence experiments. We will carry
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on our studies of more complex systems, including simple polyatomic molecules. In addition, we
are upgrading our setup to enable measurements of negative and neutral molecular beams.
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" In addition to the close collaboration with the theory group of Brett Esry, some of our studies are done in
collaboration with others at JRML and elsewhere.
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Program Scope

A main component of my program is to quantitatively understand the behavior of simple benchmark systems

in ultrashort, intense laser pulses.

As we gain this understanding, we will work to transfer it to more

complicated systems. The other main component of my program is to develop novel analytical and numerical
tools to more efficiently and more generally treat these systems and to provide rigorous, self-consistent
pictures within which their non-perturbative dynamics can be understood. The ultimate goal is to uncover
the simplest picture that can explain the most —ideally, without heavy computation being necessary.

Carrier-envelope phase control over pathway interference in strong-field

dissociation of Hj

Recent progress

As part of our effort to achieve quantitatively
good agreement between theory and experiment, we
investigated the carrier-envelope phase (CEP) de-
pendence of dissociation of H. For this bench-
mark system, dissociation can be calculated nearly
exactly [R1]—as long as ionization is negligible —
and kinematically complete momentum imaging mea-
surements can be performed [R2]. While there
was general agreement between the time-dependent
Schrédinger equation (TDSE) calculations and the
measurements, the agreement was not nearly as good
as it should be for this supposedly simple system.

These results appeared in Pub. [P4] slightly after
a similar measurement from Paulus’ group in Jena
appeared in Pub. [P5]. Our group provided theory
support for both the experimental efforts involved in
this friendly rivalry. In fact, both of the experimen-
tal groups will be joining the theory group in a longer
follow-up paper [R3] that, in part, seeks to uncover
the sources of the remaining disagreement. Unfortu-
nately, many of our improvements to the calculations
actually tend to worsen the agreement, leaving the
path to better agreement somewhat unclear.

The theoretical calculations included in Pub. [P4]
were performed for a 5-fs Gaussian laser pulse
and included Franck-Condon and intensity averag-
ing. The peak intensity, however, was limited to
1x10* W /cm? to avoid incurring large errors due to
our neglect of ionization (see Refs. [R1,R4] for details
of the calculation). The trivial 27-periodicity [R5,R6]
of the normalized spatial asymmetry

A:Pup_Pdown
Pup+Pdown

was, of course, reproduced. Remarkably, the relative
phases of the low- and high-energy sinusoids shown in
Fig. 1(b) were also well reproduced. The magnitude
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of A at these two energies, however, was not — theory
underestimated it in both cases.

Although the level of agreement we obtained
meets or exceeds most any found in the strong-field
literature, we wanted to resolve these discrepancies
and obtain truly good quantitative agreement—as
should be possible for this simple system. In our
follow-up paper [R3], we seek to address the biggest
remaining differences between the theoretical and ex-
perimental conditions: (i) the greater intensity used
in the experiment and (ii) the deviation of the exper-
imental pulse from Gaussian.

Figure 2(a) shows the magnitude of A calculated
for a Gaussian pulse to higher peak intensities than
in Pub. [P4]. Since including ionization in a code
that already treats nuclear vibration and rotation is
a challenge not yet met by anyone, we put our effort
into including more electronic channels and estimat-

Figure 1: (a) The normalized asymmetry A(E,¢). (b) The
asymmetry parameter integrated over the indicated energy re-
gions, fit to sinusoidal curves (see the text). (From Pub. [P4].)
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ing the theoretical error bars at these higher inten-
sities [R3]. It is clear from the figure that the error
bars grow rapidly, but it is also clear that the degree
of asymmetry does not grow monotonically with in-
tensity. Therefore, while performing the calculation
at the correct intensity is important, it does not ex-
plain the greater asymmetry seen in the experiment
and actually makes the agreement worse. The full
energy-dependent A in Fig. 2(b), however, shows def-
inite qualitative agreement with the experiment (up
to an overall constant shift in the CEP ¢).

To address the second point above, we used a
more realistic pulse in the TDSE. Unfortunately, only
the experimental pulse’s power spectrum was avail-
able. Assuming a flat spectral phase, we computed
the time-dependent field £(¢) to use in the TDSE.

Figure 2: (a) The calculated magnitude of A as a function of
the peak intensity Iy of a Gaussian laser pulse under the condi-
tions of the experiment in Fig. 1. The two curves denote KER
integrations to match Fig. 1. The error bars represent the esti-
mated theoretical errors [R3]. (b) The full energy dependence
of A at Ip=4x10'* W/cm?2. (Adapted from Ref. [R3].)

Figure 3(c) shows that the pulse was indeed not Gaus-
sian. The other panels in the figure show the the-
oretical observables for this pulse. The significant
changes seen in Figs. 3(b) and 3(d) upon comparison
with Fig. 2 reveal that A is very sensitive to the exact
shape of the laser pulse. The intensity dependence of
the magnitude of A is still not monotonic, but the
error bars are smaller. In the end, though, we cannot
escape the fact that making the theory more faithful
to the conditions of the experiment has, in fact, made
the agreement with experiment worse.

Future plans

Obviously, substantial gaps in our understanding
of even this simple system remain and more work is
required to fill them in. We will work with the exper-
imentalists to obtain better characterizations of the
experimental conditions, and we will work to improve
the calculations themselves.

Figure 3: Calculations using a more realistic pulse. (a) A at
Ip=1.6x10"* W /cm? for the low-energy (LE) and high-energy
(HE) KER cuts to match experiment (same as in Fig. 2). (b)
The full energy dependence of A at the same Ip as (a). (c) The
pulse’s electric field £(t) calculated from the measured power
spectrum assuming a flat spectral phase and ¢=0. (d) The
Ip dependence of the magnitude of A in the two energy cuts.
(Adapted from Ref. [R3].)

Post-pulse alignment and the axial recoil approximation

Recent Progress

In understanding the fragmentation dynamics of
molecules in strong fields, it is very often assumed
that the fragmenting nuclei do not rotate about their
common center of mass. This appoximation, the ax-
ial recoil approximation, is valid when the radial ki-
netic energy is much higher than the rotational ki-
netic energy. In many strong-field processes, however,
this condition is not fulfilled or only marginally met.
Given its widespread use, it is therefore important to
test its limits more quantitatively.

We had investigated the axial recoil approxima-
tion previously [R7] for Hj +nw—p+H in 800-nm

pulses, concluding that it can indeed fail as quantified
by the change in (cos? §)(t) from the end of the pulse
tot — co—i.e. A{cos?@). The failure was especially
acute for short pulses due to impulsive alignment of
the dissociating fragments.

We recently revisited this question [R4] to
see whether the conclusions change for longer
wavelengths.  We found, for example, that for
Hi (v=9,J=0) in a 1600-nm, 3-cycle (~15-fs) pulse,
that post-pulse rotation is significant with a nearly
15% relative change in A{cos?#). Of course, HJ is
the lightest molecule and thus rotates most easily. To
test the impact of mass on the results, we increased
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the mass in the calculations while keeping the elec-
tronic structure fixed to isolate the effect of mass. We
also chose the initial vibrational state to keep the ini-
tial energy as constant as possible. We found that
the relative change in A(cos?f) actually increased
with mass through the three physical isotopes before
slowly decreasing through the unphysical isotopes—
not until the mass increases 35x to the “Cly” case
does A{cos? §) drop to 10%.

Given that (cos? ) is an average quantity, how-
ever, its change does not give the whole story. We
thus show in Fig. 4 the angular distributions of the
fragments in a few cases at the end of the pulse
(t = ty) and at the detector (¢t — o0). While
there is correlation between A({cos? §) and the change
in the angular distribution, the angular distribution
can show even more dramatic changes, especially for
1600 nm where strongly directional features both ap-
pear and disappear in time after the pulse. Thus, ap-
plying the axial recoil approximation in these cases
could certainly lead to incorrect conclusions.
Future Plans

We will continue to explore the limits of the axial
recoil approximation in strong-field processes — how
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it depends on the electronic structure, whether there
are any experimentally measurable signatures of its
breakdown, and how we can more accurately predict
its breakdown in general. This is not a high-priority
project for us, however, but it does serve as a good
warm-up project for a new group member.

Figure 4: Angular distributions at the end of the pulse
(t = ty) and at the detector (¢ — oo) of the p+H fragments
produced from H;L by 3-cycle pulses at 800 nm and 1600 nm
at the intensity 5x 10 W/cm?. (Adapted from Ref. [R4].)

Strong-field coherent control over charge exchange

Recent Progress

Alkali-halides have long been studied in ultra-
fast chemistry [R8] in large part because they have
a simple—but intriguing—structure. For most IR-
driven coherent control purposes, only their lowest
two Born-Oppenheimer potentials need be consid-
ered. But, as shown in Fig. 5(a) for LiF, these po-
tentials have a characteristic avoided crossing at rela-
tively large distances between the ionic and covalent
channels that is ideal for controlling the non-Born-
Oppenheimer transitions—and thus the branching
ratio of the products.

We have carried out pump-probe calculations for
LiF with precisely this goal in mind [R9]. In these
exploratory calculations, we solved the TDSE ne-
glecting rotation, but including the full non-Born-
Oppenheimer coupling between the channels. Our
14.1-fs, 8.2-eV, Gaussian pump pulse promoted the
ground vibrational state to the excited electronic
channel via a one-photon transition. The resulting
wavepacket passed through the avoided crossing at
~13.5 a.u. after ~66 fs, leading to 86% returning to
Li+F with the remaining 14% as LiT+F~. Most of
the wavepacket thus underwent a nonradiative tran-
sition at the crossing.

We probe the dissociating wavepacket with a two-

Figure 5: (a) Lowest two adiabatic potential energy curves for
LiF. Symbols: values calculated by Werner and Meyer [R10];
solid lines: the fit we constructed. (b) Branching ratios of dis-
sociation into Li+F (black) and Lit+F~ (red) as a function
of the delay T between the two colors (789 nm and 811 nm)
of the probe pulse which arrives 66 fs after the pump pulse.
(Adapted from Ref. [R9].)

color, 14.1-fs, 1x10'2-W/cm?, Gaussian pulse 66 fs
after the pump while the wavepacket is at the cross-
ing. Since calculations with a single-color probe pulse
convinced us that Raman transitions were primar-
ily responsible for controlling the branching ratio, we
chose the two colors to be A1=789 nm and A\y=811 nm
since their difference would then lie within the pump-
pulse bandwidth—and thus within the energy distri-
bution of the wavepacket—providing ample oppor-
tunity for interference between quantum pathways.
Moreover, the delay 7 between the two colors pro-
vided the means to control their relative phase. The
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results, shown in Fig. 5(b), are that we can indeed
exert significant control over the branching ratio.
Specifically, we can effectively reverse the branching
ratio from the no-probe case and force the system
to favor the Lit+F~ channel more than 80% of the
time. We can thus control charge exchange in the
strong-field regime.

Future Plans

We will repeat these calculations with nuclear ro-

References

tation included to confirm that the degree of control
we obtained is not an artifact of the reduced dimen-
sionality. To gauge whether this control will be possi-
ble experimentally, we will also need to average over
intensity and possibly over the initial rotational dis-
tribution for this relatively heavy system. We will
also work with Ben-Itzhak’s experimental group—
since they can potentially perform a kinematically
complete measurement of this process—to identify
experimentally convenient pulse parameters.
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Controlling rotations of asymmetric top molecules: methods and applications

Vinod Kumarappan
James R. Macdonald Laboratory, Department of Physics
Kansas State University, Manhattan, KS 66506
vinod@phys.ksu. edu

Program Scope

The goal of this program is to improve molecular alignment methods, especially for asymmetric
top molecules, and then use well-aligned molecules for further experiments in ultrafast molecu-
lar physics. We use multi-pulse sequences for 1D alignment and orientation and 3D alignment of
molecules. We have identified a single metric for 3D alignment of molecules and used it to exper-
imentally demonstrate a multi-pulse scheme for 3D alignment of asymmetric top molecules [P3].
By using two-pulse alignment and cold molecules for high harmonic generation, we have shown
that a Cooper minimum and shape resonance in nitrogen can clearly be identified in the HHG
spectrum of nitrogen [P1, P2]. In this experiment we were able to extract the complete angle-
dependence of the photo-ionization cross section of the molecule over a range of ~20-65 eV. We
have also demonstrated experimentally a multi-pulse technique (proposed by Zhang et al. [1]) for
orienting polar molecules [P4]. Our main focus now is to further develop our method for extracting
orientation-resolved information from rotational wavepacket dynamics, particularly for asymmetric
top molecules.

Recent progress

Orientation-resolved measurements with asymmetric top molecules:

Traditionally, two broad classes of methods are used to make orientation resolved measurements
for asymmetric top molecules. In the first, molecules are aligned using external fields so that their
orientation in space is preselected before the measurement is made. These pre-selection techniques
have been widely used in the ultrafast AMO community with both impulsive and adiabatic align-
ment of molecules using intense, non-resonant laser fields. The second type of measurement involves
determining the orientation of every individual molecule after the fact using the momentum dis-
tribution of molecular fragments. Such measurements require coincident detection of fragments
and, in many cases, electrons. Both techniques have been used extensively, especially for linear
molecules.

For asymmetric top molecules, both pre-selection and post-selection techniques have significant
limitations. Alignment of asymmetric tops, particularly under field-free conditions, is still difficult.
Moreover, even 3D alignment only allows the variation of only one Euler angle because the molecules
can only be rotated in the polarization plane of the laser pulses. Coincidence techniques, on the
other hand require multi-particle measurements and reliance on the axial recoil approximation to
determine the orientation a molecule completely. These requirements are often not met—high
harmonic generation and non-dissociative ionization are important examples.

We have recently developed a third method for orientation resolved measurements that ex-
ploits the evolution of a rotational wavepacket and is particularly useful for asymmetric top
molecules. We first applied this technique to characterizing HHG from a linear molecule [P2].
Mikosch et al. [2] and Spector et al. [3] have used closed related approaches for analyzing
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strong-field ionization and HHG, respectively.
Briefly, a short pulse launches an impul-
sive rotational wavepacket in rotationally cold
molecules, which causes the molecular axis dis-
tribution to evolve with time after the align-
ment pulse is gone. A probe pulse then drives
an orientation dependent process and the delay-
dependent yield of a product (the molecular
ion yield in the case of non-dissociative ioniza-
tion by the probe, for instance) is measured.The
measured signal is a convolution of the orienta-
tion dependence of the process and the time-
dependent molecular axis distribution. By ex-
panding the orientation dependence in a ba-
sis of Wigner functions, and evaluating the ex-
pectation values of these basis function using
a rigid-rotor TDSE code, we construct a basis
for the delay dependent signal. A least-squares
fit to the data then provides us with the coef-
ficients that determine the orientation depen-
dence of the probe process. By varying the ex- Figure 1: The algorithm for extracting the the an-
perimental parameters in the TDSE calculation gle dependence of an observable S from a pump-probe
(laser intensity, pulse duration and gas tem- measurement following a non-resonant pump that
perature), we determine the time-dependent launches a rotational wavepacket. The wavepacket it-

molecular axis distribution as well. An outline self is determined by the pump pulse duration and
of the algorithm is shown in Fig. 1 intensity, and the rotational temperature. The angle

. . . dependence of S is expanded in a Wigner function ba-
This technique has several unique advan- . . . .
. ) ) ] sis, and the expansion coefficients are determined by a
tages. First, it provides the complete orien-

least-squares fit to the delay-dependent data S(t).

tation dependence of the probe process in two

Fuler angles without requiring 3D alignment.

Second, there is no need to break up the molecules; the axial recoil approximation is not required.
Finally, the molecular axis distribution is fully characterized in the same experiment. We have used
this technique to characterize the orientation dependence of harmonic generation from nitrogen and
of strong -field ionization and fragmentation of ethylene. The experimental HHG and strong field
ionization rates can be used with the qualitative re-scattering theory to obtain angle and energy
resolved photoionization cross sections.

Orientation-resolved high-order harmonic spectroscopy:
(in collaboration with Carlos Trallero)

Our first application of the rotational wavepacket method was an HHG experiment, in which
we aligned nitrogen molecules with a two-pulse sequence and then generated harmonics with a
well-aligned target (at peak alignment, (cos? ) was estimated to be 0.83) [P2]. The analysis of
the delay dependent HHG signal agreed well with angle-dependent measurements in which the
pump polarization was rotated with respect to probe polarization. The experiment showed clear
signatures of both the shape resonance (at ~30 eV and a Cooper-like minimum at ~55 eV in the
energy and angle resolved HHG spectrum. One limitation of this measurement was that it was
necessary to assume that the phase of the harmonics did not depend on the angle. This assumption
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Figure 2: (a) Momentum distribution of I ions measured with a VMI spectrometer. (b) pbasex fit to the
data shown in (a). (c) The delay dependence of the L = 8 in the Legendre polynomial expansion of the
angular of the high energy channel.

is not unreasonable for HHG from the HOMO in nitrogen, but is expected to be a limitation in
general.

In order to overcome this limitation, a two-source experiment that measures both phase and
amplitude of the harmonics is in progress. Initial results for HHG from ethylene are promising,
and we expect that we will be able to extract both angle-dependent phase and amplitude from the
data. HHG measurements from ethylene without phase information yield either a poor fit (when
a uniform phase is assumed) or do not provide a unique solution (when phase is included in the
fitting).

Momentum distributions in the molecular frame:

A more complex and information-rich application of the wavepacket method would to to analyze
the momentum spectra of ions or electrons. With photoelectron momentum spectra measured as
a function of delay after a pump pulse, we aim to extract molecular frame photoelectron angular
distributions from such measurements. We have developed an algorithm for analyzing the data and
carried out preliminary experiments for both electron and ion momentum spectra using a velocity
map imaging spectrometer. The electron measurements for nitrogen molecules and used either
an 800 nm or a 1300 nm pulse for ionization. The ion momentum measurements were done with
methyl iodide, where the momentum distribution o I'" fragments were recorded.

In both cases we Abel-invert the 2D momentum spectra and reconstruct the axially-symmetric
3D momentum spectrum using the pBasex algorithm [4], which uses a radial and angular basis
set for the 3D momentum distribution. Each coefficient in this expansion can then be analyzed
using the same fitting procedure we use for the ionization measurement. An example is shown in
Fig. 2. The top panels show measured momentum spectrum of I ions from methyl iodide and the
pBasex fit. The bottom panel shows delay dependence of the L = 8 coefficient of the Legendre
polynomial expansion the high energy channel in the image (at k& = 50-65 pixels). By analyzing
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such data using the algorithm shown in Fig. 2, we expect to be able to extract molecular frame
angular distributions of ions as well as electrons.

Future plans:

We believe that extracting angular information from rotational wave packets is a powerful new
tool, particularly when applied to asymmetric tops. We plan to continue our efforts to apply
this technique to a wider range of experiments, including molecular frame photoelectron angular
distribution measurements. These experiments have the potential to provide us fully orientation
resolved measurements of photoelectrons from asymmetric tops.

Publications from DOE-funded research:
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Strong field rescattering physics and attosecond physics

C.D. Lin
J. R. Macdonald Laboratory, Kansas State University
Manbhattan, KS 66506
e-mail: cdlin@phys.ksu.edu

Program Scope:

We investigate the interaction of ultrafast intense laser pulses, and of attosecond pulses, with
atoms and molecules. Most notable accomplishments in the past year are: (1) Waveform synthesis
for optimizing high-order harmonic generation towards the water-window region; (2) Imaging
polyatomic molecules using laser-induced electron diffraction; (3) Benchmark attosecond pulses
characterization. Additional results and plans for the coming year will be summarized.

Introduction

When an atom or molecule is exposed to an intense infrared laser pulse, an electron which was
released earlier may be driven back by the laser field to recollide with the parent ion. The
recollision of electrons with the ion can be described by the quantitative rescattering theory
(QRS) established in 2009 under this program. The QRS theory has been the backbone of our
theoretical tools for studying rescattering phenomena in strong field physics. Below are specific
progress made in the last year.

1. Waveform synthesis for optimizing high-order harmonic generation

Recent progress

Bright, coherent light sources over a broad electromagnetic spectrum are always in great
demand for physical sciences. Today such sources are available only at large synchrotron and
free-electron X-ray lasers facilities. Through high-order harmonics generation (HHG), a
broadband coherent light can be generated with intense infrared or mid-infrared lasers, but the
conversion efficiency of HHG is quite small. In the last two years we have devoted great effort at
addressing efficient ways to enhance high-harmonic yields as well as extending harmonics
towards the water-window region. The harmonics are enhanced by using two- or three-color
lasers where the intensity and phase of each color are optimized to achieve highest yields for a
predetermined spectral range. The optimization method was first introduced in a paper in Nature
Communications (Pub. A10) where it was shown that proper choices of laser parameters would
allow the enhancement of harmonics by two orders. As a follow-up, in a report in Sci. Rept.
[Pub. AS], we addressed the optimal route to achieve highest harmonic yields by using an intense
long-wavelength laser and a small amount of its third harmonic. We have also investigated
conditions for optimizing phase-matching of harmonics inside a gas-filled hollow fiber, in a
paper published in Phys. Rev. Lett. [Pub. A2], such that harmonics generated are well-focused
along the propagation direction. Such harmonics are useful directly for experiments since no
refocusing is needed. In this paper, we also illustrated how phase matching is achieved in a
delicate way through diffraction and dispersion compensations.

We have also demonstrated that waveform synthesis is an extreme example of coherent control
where harmonics can be dramatically manipulated by changing the electric field of the laser
pulse. We demonstrated in Pub. A7 that it is possible to adjust the relative phase, the chirp and
the relative intensity of each color in a three-color synthesized pulse consisting of 800nm laser
and its second and third harmonics, such that only one single harmonic is primarily generated.
This has applications when a table-top, near-monochromatic intense high harmonic is needed for
applications.
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Ongoing projects and future plan

Efficient waveform synthesis requires lasers with very stable phases. A number of experimental
groups are making good progress on this front, including the one at JRM. We will work closely with
experimental groups to provide optimal parameters for their experiments. In the coming year, we will
optimize the generation of single attosecond pulses with two- or three-color pulses. In Pub. A9 we
have already shown that longer pulses can be used to generate single attosecond pulses. This would
reduce the demand for experimentalists to use extreme short pulses and enable them to generate
stronger single attosecond pulses. Another possible method to generate intense single attosecond
pulses is to use high pressure gas with high laser intensities. While plasma defocusing may reduce the
cutoff energies, the plateau harmonics yields are increased and harmonics are greatly blue-shifted.
This may lead to continuum spectra that would appear as single attosecond pulses.

2. Laser-induced electron diffraction from aligned polyatomic molecules
Recent progress
The basic theory of laser-induced electron diffraction (LIED) was established in our earlier paper
[Xu et al., Phys. Rev. A82, 033403 (2010)] where we have established the condition for self-
imaging interatomic separations of a molecule with mid-infrared lasers. The first proof-of-
principle experiment was reported in 2012 [Blaga et al, Nature 483, 194 (2012)] for diatomic N,
and O, molecules using 2 um lasers at Ohio State University. For larger molecules where the
ionization potential is smaller, even longer wavelength lasers are needed to fulfill the condition.
In the last year and half, we have been collaborating with the experimental group of Professor
Jens Biegert in Barcelona. Using 160 kHz, 3.1um laser and COLTRIM, they have been able to
generate high-energy photoelectron spectra of acetylene (C,H,) which are prealingned or anti-
aligned. The COLTRIM allows them to measure high-energy photoelectron spectra in
coincidence with the molecular ions. Based on the coincidence data of C,H,", the bond lengths of
C-C and of C-H have been extracted which are in good agreement with the known equilibrium
distances. It is interesting to mention that the scattering data were accurate enough to retrieve the
C-H distance, a unique feature of LIED since lower-energy backscattered electrons are used to
take the diffraction image. This work has been published in Nature Comms. [Ref. A3].

The recent success of LIED from aligned polyatomic molecules motivated us to place greater
emphasis on developing better tools for retrieving molecular structures from aligned complex
molecules. During this period, working with a visiting graduate student Chao Yu from China, a
method similar to what was used by Martin Centurion’s group for retrieving molecular bond
lengths from partially 1D aligned molecules in conventional electron diffraction (CED) was
developed. With this method, 2D information about the molecules can be obtained from 1D
aligned symmetric polyatomic molecules. The method has been tested based on diffraction
images generated from theoretical calculations. A manuscript submitted to Sci. Report has been
accepted for publication [Pub. A1].

Ongoing projects and future plan

We are waiting for LIED experiments from 1D aligned symmetric polyatomic molecules and
our collaborators in Barcelona definitely will get into it. At this stage, the collaboration has been
devoted to analyzing additional data from previous C,H, experiments that result in C,H + H".
Analysis so far supports a stretched C-H bond but with the C-C bond remains nearly the same.
Additional molecules such as CS, have also been taken and analysis of these data are still going
on. More LIED experiments are coming out. In fact, we are collaborating with Professor Ueda’s
group in Japan on benzene targets now.
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3. Benchmarking methods of attosecond pulses characterization

Recent progress

Last year we began to examine methods of characterizing single attosecond pulses (SAP) that
are in use today. The methods are typically based on measuring photoelectron spectra (by the
XUYV attosecond pulses), called spectrogram, of atoms in the presence of a delayed IR or NIR
laser pulse. The often-used one is called FROG-CRAB, which is a generalization of FROG used
for ultrashort femtosecond lasers. However, the FROG-CRAB is based on the assumption that the
spectrogram can be described by the strong field approximation (SFA) for describing laser-
dressed photoionization. However, it is well-known that SFA fails to describe photoelectron
momentum spectra. In addition, in FROG-CRAB, photoionization cross sections are assumed to
be constant within the spectral range of the SAP. An alternative method called PROOF was
proposed by Zenghu Chang’s group. This method is also started with SFA, and was supposed to
be applied to shorter attosecond pulses (or broadband). For PROOF the IR intensity is assumed to
be weak such that only the first-order correction from the IR is considered. Both FROG-CRAB
and PROOF intrinsically are approximate theories, thus the retrieved SAP pulses, including phase
and amplitude, have errors that have never been evaluated.

Our conclusion on FROG-CRAB is that the method is reasonable accurate if the dipole matrix
element in the spectral region of the SAP is relatively smooth, such as in Ne, and the pulse is not
highly chirped. The method cannot be applied to regions where the photoelectron energy is a few
eV’s above the ionization threshold. The PROOF method does not work well in general, but a
scattering wave based PROOF, called swPROOF works well, if the IR intensity is held below
10" W/em?, see Pub. A4.

Ongoing projects and future plan

If the phase of the SAP is accurately retrieved, then both FROG-CRAB and sw-PROOF in
principle can be used to extract the phase of the transition dipole moment. This is the underlying
method for extracting the so-called time delays in photoionization. We have examined the
accuracy of this procedure. The conclusion so far shows that the accuracy of such retrievals is
limited, causing the so-called time delays reported in experiments so far questionable. Further
investigations are underway to see if we can find another method such that atomic dipole phase
can be accurately retrieved. If this is possible, the method may be generalized to extract the phase
of a wave packet. The phase retrieval so far has been limited to XUV photons with energies
below 100 eV. In view of attosecond pulses with photon energies in the 200-400 eV region are
coming out, we will test the retrieval methods for such pulses in the coming year.

Publications

A. Published and accepted papers (2014- present)
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A2. Cheng Jin, Gregory J. Stein, Kyung-Han Hong and C. D. Lin,” Generation of Bright,
Spatially Coherent Soft X-Ray High Harmonics in a Hollow Waveguide Using Two-Color
Synthesized Laser Pulses”, Phys. Rev. Lett. 115, 043901 (2015).
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B. Papers submitted for Publications

B1. Anh-Thu Le, Hui Wei, Cheng Jin, and C. D. Lin, “ Strong field approximation in high-order
harmonic generation with mid-infrared lasers”, Submitted to J. Phys. B (Tutorial article).
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Ultrafast Imaging of Molecular Dynamics with Lasers, Free-Electron Lasers,
and Synchrotron Radiation

Daniel Rolles
J.R. Macdonald Laboratory, Physics Department, Kansas State University,
Manhattan, KS 66506, rolles@phys.ksu.edu

Program Scope: This program focuses on imaging nuclear and electronic dynamics during
photochemical reactions by means of femtosecond pump-probe experiments with laboratory-based
laser sources complemented by experiments with free-electron lasers and 3™ generation
synchrotrons. The aim of these experiments is to study exemplary reactions in gas-phase molecules
with the goal of clarifying their reaction mechanisms and pathways.

Recent Progress: Since joining the Physics Department at Kansas State University as a new
assistant professor at the beginning of this year, my newly founded research group has concentrated
on three main projects. We have set up and performed a pump-probe experiment with ~25 fs IR
pulses in a COLTRIMS setup to investigate ultrafast nuclear wave-packet dynamics in CHsl
molecules. We have studied the UV-induced dissociation of halogentated benzenes in a time-
resolved experiment at the FLASH free-electron laser in Hamburg. And we have investigated the
fragmentation dynamics of halomethanes after inner-shell ionization by performing photoelectron-
ion coincidence experiments at the Advanced Light Source (ALS) in Berkeley. All of these projects
were performed in close collaboration with other experimentalists at JRML and, in the case of the
FLASH and ALS experiments, also with a number of outside collaborators.

1) Ultrafast nuclear wave-packet dynamics in CHsl molecules, Y. Malakar, B. Kaderiya, F.
Ziaee, W.L. Pearson, K.R. Pandiri, M. Zohrabi, |. Ben-Itzhak, A. Rudenko, and D. Rolles.

Using an interferometric pump-probe scheme at JRML's 10-kHz PULSAR femtosecond laser
system combined with a COLTRIMS ion momentum imaging setup, we studied the dynamics of
bound and dissociating nuclear wave packets in strong-field ionized CH3I molecules via time-
resolved Coulomb explosion imaging. The evolution of different dissociation pathways was
observed by measuring the kinetic energies and emission angles of coincident ionic fragments as a
function of time delay between two 25-fs, 800-nm pump and probe pulses.

Figure 1 shows the delay-dependent kinetic energy release (KER) spectrum for CH3" + I" ion-ion
coincidences, where both bound and dissociating nuclear wave packets can be clearly
distinguished. A delay-dependent structure that moves towards lower KER at longer delays
originates from the Coulomb explosion of dissociating molecules with increasing internuclear dis-

Fig. 1: Delay-dependent KER spectrum
recorded for the CHs* + I* channel. The
intensity was 1.5 x 10 W/cm? for both, pump
and probe pulses. In addition to the descending
curve corresponding to the dissociating wave
packet (WP), an oscillatory structure
(highlighted by the red box) is seen that
corresponds to vibrational motion of the bound
wave packet.
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tance. In addition, an oscillatory feature in the bound wave packet is observed that slowly fades
with increasing delays [1]. The frequency of the oscillation corresponds to C-I stretching vibrations
in the lowest cationic state. Interestingly, the oscillation shows a dephasing at larger delays,
possibly due to coupling to different degrees of freedom (e.g. the “umbrella mode") or due to
frequency differences within the vibrational wave packet.

We have since employed the same experimental technique to study nuclear wave-packet dynamics
in diiodomethane (CHzl2), and are currently setting up for an new measurement on CH3l, where
we will use the third harmonic of the PULSAR laser beam at 266 nm as a pump in order to excite
the molecules into a neutral dissociative state which we will then probe with an intense 800-nm
pulse as described above.

2) Three-color pump-probe experiments at the FLASH free-electron laser, E. Savelyev?, R.
Boll!, C. Bomme!, B. Erk, S. Techert!, J. Kuipper!, M. Brouard?, A. Rouzee®, N. Berrah? R.
Moshammer®, H. Stapelfeldt®, A. Rudenko, and D. Rolles; !DESY, Hamburg, Germany; 2Oxford
University, UK; 3Max-Born-Institut, Berlin, Germany; “University of Connecticut; *Max Planck
Institute for Nuclear Physics, Heidelberg, Germany; ®Arhus University, Denmark.

Combining time-resolved photoelectron and ion imaging with an adiabatic molecular alignment
technique, we have studied the UV-induced dissociation of 2,6-difluoroiodobenzene (DFIB) using
the FLASH free-electron laser (FEL). The goal of the experiment was to observe the iodine-carbon
bond cleavage by recording fragment ion momentum images and inner-shell photoelectron angular
distributions in the frame of the aligned molecules as a function of pump-probe delay between the
266-nm UV-pump and the 11-nm FEL-probe pulse.

The DFIB molecules were introduced into the vacuum as a pulsed molecular beam, adiabatically
aligned with nanosecond Nd:YAG laser pulses, dissociated with femtosecond UV pulses, and then
ionized with the 11-nm FEL pulses from FLASH. The photoelectrons and fragment ions produced
by the FEL pulse were measured in a double-sided velocity map imaging (VMI) spectrometer as
sketched in Fig. 2.

Fig. 2: Left panel: Experimental setup for our time-resolved photoelectron fragment-ion imaging
experiment at FLASH. Right panels: I (top) and F* (bottom) fragment ion images for 1-D aligned DFIB
molecules. The polarization direction of the alignment laser pulse is horizontal.
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When the DFIB molecules are aligned, the iodine-carbon axis is fixed along the polarization
direction of the Nd:YAG laser pulses, and the I" fragments produced by the FEL pulse are thus
emitted along this axis and can be used as a diagnostics for the degree of alignment that was
obtained in the experiment [2]. Since the second molecular axis, i.e. the plane of the benzene ring,
is not aligned when using linear Nd:YAG laser pulses, the F" fragments are emitted into two
doughnut shaped distributions around the iodine-carbon axis [3].

We are currently analyzing the I(4d) photoelectron angular distributions that were measured
simultaneously with the ion images shown in Fig. 2 with the goal to retrieve structural information
on the changing molecular geometry during the UV-induced dissociation via femtosecond
photoelectron diffraction [4,5].

3) Investigating the fragmentation dynamics of halomethanes after inner-shell ionization, U.
Ablikim, B. Kaderiya, A. Rudenko, V. Kumarappan, C. Bomme!, E. Savelyev!, T. Osipov?, H.
Xiong®, N. Berrah®, and D. Rolles; 'DESY, Hamburg, Germany; ?LCLS, SLAC National
Laboratory; 3University of Connecticut.

We have studied the fragmentation dynamics of halomethanes after inner-shell ionization by
conducting photoelectron-photoion coincidence experiments with synchrotron radiation at the
ALS. For this purpose, we have developed an instrument based on a double-sided velocity map
imaging spectrometer equipped with two delay-line detectors that allows us to perform
photoelectron-photoion coincidence experiments in the ALS multi-bunch operation mode.

From the momentum correlations between the ionic fragments that are detected in coincidence (see
Fig. 3), we can draw conclusions about the sequence of the bond breaking. For the case of a
concerted fragmentation, we can then link the measured angles to the initial geometry of the
molecule with the help of Coulomb explosion simulations assuming pure Coulomb repulsion
between point-like charges [6]. The dependence of the recoil-frame photoelectron angular
distributions, which are recorded simultaneously, on the molecular geometry is currently under
investigation.

Fig 3: Left panel: Newton diagram for CH,"-1"-CI™ triple coincidences recorded after I(4d) photoionization
of CHICI at 107 eV photon energy. Right panel: The corresponding angle between the momentum vectors
of I and CI* ions (right).
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Future Plans:

With the light sources and techniques that we now have at our disposal, we can study the reaction
dynamics of gas-phase molecules with an unprecedented spatial and temporal resolution. We will
further exploit these possibilities to investigate various exemplary reactions of chemical relevance,
while continuing to improve existing methods and to develop new schemes for imaging molecular
dynamics with femtosecond and sub-femtosecond resolution. To this end, we are planning further
pump-probe experiments with PULSAR using both, 800 and 266 nm pulses as a pump and 800 nm
pulses as a probe in order to study isomerization reactions in halomethanes and haloethanes. In
parallel, we will set up the instrumentation and explore the possibilities for using JRML’s high-
repetition rate XUV source, XUUS, for similar pump-probe studies. We will also continue our
FLASH, LCLS, and ALS experiments and have approved beamtime scheduled at all three facilities
in the coming year. These experiments also aim at investigating ultrafast reaction dynamics but
focus on utilizing the complementary capabilities of the X-rays provided by these facilities as
compared to the ultrafast laser sources available at JRML.
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Program scope: The main goals of this research are (i) to understand basic physics of (non-linear) light-matter
interactions in a broad span of wavelengths, from terahertz and infrared (IR) to XUV and X-ray domains, and (ii)
to apply the knowledge gained for real-time imaging of ultrafast photo-induced reactions. These goals are being
pursued using both, lab-based laser and high-harmonic sources, and external free-electron laser facilities. The
program aims at studying light-induced phenomena in systems of increasing complexity, from isolated atoms to
small and mid-size molecules, recently extending to the nanoscale particles

Recent progress:

1. X-ray interactions with matter: multiphoton ionization and charge transfer phenomena
(in_collaboration with D. Rolles and Argonne National Lab group)

The development of high-intensity, short-pulsed XUV and X-ray radiation sources promises revolutionary new
imaging techniques in diverse scientific fields, approaching angstrom spatial and femtosecond (or even sub-
femtosecond) temporal resolution. The basic prerequisite for designing these experiments is understanding the
response of individual atoms, and tracing electronic and nuclear dynamics in the vicinity of the atom that absorbed
X-ray photon(s). In extended systems this sheds light on basic mechanisms of local radiation damage, and is also
vital for novel phase retrieval methods at high intensities. Addressing these issues, we have recently performed a
series of experiments comparing multiphoton multiple ionization of isolated atoms and similar atoms in molecular
systems by intense soft X-ray (1.5-2 keV) radiation. We found that intermediate resonant excitations are crucial
for our understanding of extremely high charge states observed at certain wavelengths [P2-4,15]. Applying the
technique of coincident ion momentum imaging, we observed the signatures of efficient ultrafast charge
redistribution from the absorbing atom to its neighbours in molecular systems [P5,6]. Since then, we performed a
series of dedicated laser-pump — X-ray probe [P12,13] and XUV pump —XUV-probe [P14,P20] experiments aimed
at studying the mechanisms of this charge rearrangement, in particular, electron transfer. Main developments
within the last year focused on extending similar single pulse experiments into hard X-ray domain and ultra-high
intensities, and on employing novel pump-probe schemes, including time-resolved photo- and Auger electron
spectroscopy, and X-ray pump — X-ray probe schemes.

Since XFEL imaging experiments mentioned above ideally require angstrom wavelengths and extreme
intensities (> 10?° W/cm?) to reach atomic resolution, there is a strong need to extend basic experiments on
individual atom / small molecule response into this parameter regime. Recently we have accomplished first steps
in this direction by studying ionization of rare gas atoms and small polyatomic molecules by ultra-intense X-ray
radiation at 5-8 keV photon energy range. The experiments were performed using the nanofocus of the coherent
imaging beamline (CXI) at LCLS. Focusing few mJ, 40 fs hard X-ray LCLS pulses to a spot size less than 250 nm
in diameter, we were able to reach the intensities exceeding 102 W/cm?, unprecedented for this photon energy
range. Under these conditions we were able to strip all electrons from argon atoms, all but two 1s electrons from
krypton, and reached the record 48+ charge state for xenon ionization at 8.3 keV. Even though the highest charge
states is reached at the highest photon energy (8.3 keV), the wavelength dependence of the spectra shows
significant overall enhancement in the production of charge states from Xe** to Xe** at the intermediate photon
energies (~ 6.5 keV). Comparing the data with the simulation based on the XATOM model of R. Santra’s group,
we conclude that the simple sequential ionization picture needs to be modified to include resonant excitations to
explain the obtained results, although the resonant effects are not as extreme as in the soft X-ray regime [P2,3].

Following the approach we developed earlier for the XUV and the soft-X-ray domains, we compared the
ionization of isolated xenon atoms and iodine atoms embedded into molecular systems, and obtained first
experimental results on ultrafast charge rearrangement in small and medium-size molecules. In contrast to our
results in the soft X-ray regime [P5,6], the presence of molecular partners does not significantly reduce the highest
charge state observed for high-Z elements in small systems. We observed I*’* ions from iodomethane (CH5I) at
8.3 keV (compared to Xe**"). The most likely reason for this is a limited amount of electrons available from the
neighbouring atoms, and very large photon density allowing for further ionization of partially neutralized iodine.
To verify this, we collaborated on similar experiments on Xe / CHslI at the Japanese XFEL facility SACLA, which
were also performed at hard X-ray photon energies, but at much lower intensities [P18]. There, the outcome was
rather similar to earlier results in the soft-X-ray domain, confirming that this is the high photon densities on target
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which results in higher ionization of molecules. However, for larger systems like iodobenzene (CgHsl), the
maximum charge state observed even at highest intensities is ~ I*°*, indicating that the charge transfer from the
neighbouring atoms still plays an important role if enough electrons are present. The highest charge state of carbon,
which does not directly absorb X-ray photons (C*') is in good agreement with the prediction of our charge transfer
model developed in [P12,14].

Furthermore, in order to reveal the effect of the spectral and temporal shape of the X-ray pulses on X-ray
induced multiphoton processes, we compared the results obtained with the regular LCLS pulses generated by the
SASE scheme and with the self-seeded X-ray pulses. Whereas for isolated atoms (Xe) we observe reduced
production of the highest charge states for seeded pulses, which we attribute to the suppression of resonant effects,
the results on CHsl molecules demonstrate the opposite trend (higher charge states of I), most likely because of
different charge transfer dynamics resulting from narrower temporal profile of the seeded pulses.

Figure 1. lodine M-shell Auger electron spectra at
730 eV photon energy. Lefi: the results from the
LCLS experiment on CH3I for two different delays
between the UV pump and X-ray probe pulses.
Right: Measured synchrotron spectrum for CHsl
(courtesy of T. Marchenko and M. Simon, UPMC
Paris) compared to the calculated distribution for
the atomic iodine Performed by M. Pattanen
(Synchrotron Soleil)

Whereas the ion measurements described above and employed in recent pump-probe measurements [P12-
14,20] yield direct information on the distance dependence of the electronic rearrangement processes, they do not
allow one to disentangle local Auger decay followed by the valence charge transfer from interatomic Auger-type
processes. This would require measuring the channel-selective Auger electron spectra. As a first step in this
direction, we measured molecular Auger spectra in CH3I and CH3F molecules dissociated by a 266 nm pulses as
a function of the internuclear distance, which can be reconstructed from the ion measurements similar to earlier
experiments. Fig. 1 displays the measured Auger electron spectra for iodine M-shell ionization. As can be seen
from the right panel of the figure, the Auger spectrum of the CH;3I molecule clearly differs from the distribution
simulated for the isolated iodine atom (slightly shifted peak positions, different relative intensities of the peaks).
The LCLS CH3sl pump-probe spectrum at zero UV / X-ray delay (black line in the left panel of Fig. 1) closely
resembles the synchrotron data, i.e., the spectra for the intact molecule. If, however, the molecule is dissociated
by the 266 nm pulse (1000 fs delay, red line in Fig. 1 left), the branching ratio of different peaks changes towards
the ones simulated for the atomic iodine, reflecting the transition towards the ionization of the isolated iodine atom.

As a next step in this direction, we performed 266 nm pump — XUV probe experiments at FLASH employing
photoelectrons from I 4d ionization as an observable (effort led by D. Rolles). Furthermore, in order to get more
insight into the dynamics following the inner-shell absorption in the X-ray domain, we participated in a recent
two-colour X-ray pump — X-ray probe experiments at LCLS led by the Argonne National Lab group.

2. Imaging of nuclear wave packets and structural rearrangement dynamics triggered by single-photon and
strong-field ionization (in collaboration with V. Kumarappan, D. Rolles and I. Ben-Itzhak)

This part of the program aims at visualizing, understanding and controlling fundamental photo-induced nuclear
dynamics in small molecules, with the focus on the comparison between strong-field-induced and single photon-
induced dynamics. These studies rely on coincident momentum imaging of ionic fragments combined with
channel-selective Fourier spectroscopy, and employ both, IR-IR and VUV-IR pump-probe schemes. A detailed
understanding of the nuclear wave packet motion gained in such experiments are also an essential prerequisite of
the studies employing X-ray probes described above.

An illustrative example of such laser-triggered wave packet dynamics is given by the so-called scissors motion
of halomethanes. An outcome of a pump-probe experiment revealing the details of the scissors motion in CH2I 2
molecule is shown in Fig. 2. In Fig. 2a the delay-dependent yield of I,* elimination is shown, which exhibits a
pronounced oscillation of ~ 300 fs period, which approximately corresponds to the period of the scissors motion.
The fast Fourier transform of'this yield plotted in Fig. 2b reveals a pronounced peak at the corresponding frequency
(~120 cm™). It appears natural that the new I-I bond is more likely formed for the minimum distance between the
two I atoms. However, a second, less pronounced peak appears at 4 times higher frequency, matching well the
known spectroscopic value for the frequency of the C-I, symmetric stretch.

As an example of single-photon induced nuclear wave packet dynamics, we study the dissociative ionization
of molecular oxygen employing the 11™ harmonic of 800 nm as a pump. The molecule excited into the the a*Il,,
ionic state was dissociated by the IR pulse, and the reaction was probed by measuring the yield and kinetic energy
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Figure 2: (a) The yield of the I.* molecular ion produced from the CH2I> molecule as a function of the delay between the two
800 nm, 25 fs laser pulses. (b) Fast Fourier transform (FFT) of the yield shown in (a).

spectrum of the created O™ ions as a function of the VUV-IR delay. The results are summarized in Fig. 3, where
the delay-dependent KER spectrum of O" ions (a) and the delay dependence of the yields of individual channels
(b) are plotted. The low-energy channel results from the absorption of a single IR photon. However, the one-photon
coupling between the a*Il,, and the dissociative f 4Hg states occurs at rather large R, hence a slower rise time for
this channel in Fig. 3b. The high-energy channel results from the net two-photon absorption. However, the direct
two-photon transition between the a*Il,, and f 41'[g states is forbidden by the dipole selection rules. Thus, this
channel results from the three-photon transition and subsequent stimulated emission of one photon, similar to well-
known 1w and 2w in H,"™ dissociation. As the three-photon coupling occurs nearly at the Franc-Condon region of
the neutral O, resulting in a faster rise time of this channel. However, at larger VUV-IR delays, most of the wave
packet propagates towards larger R and does not return to the region of 3-photon coupling near Frank-Condon
region of VUV absorption, explaining subsequent decrease of the high KER O™ yield.

Figure 3. @) The KER spectrum of O™ measured as a function of the VUV-IR delay. b) The measured delay-dependent yields
of the low- and high-energy channels (KER below and above 0.6 eV, respectively).

Future plans

We plan to continue the research activities in both areas outlined above, and increase the internal cross-links
between them. In particular, the HHG setup capable of ionizing iodine 4d shell has been built up at JRML, and
will be used for the pump-probe experiments on charge transfer following the 4d absorption, which can be
performed at high rep. rates and with much better time resolution compared to the FEL-based experiments.
Moreover, based on the outcome of the laser-only measurements described in the previous section, we also
proposed a series of experiments aimed to study the correlation between the electronic rearrangement / charge
transfer processes and the bound wave packet motions. The experiments at FLASH and SACLA facilities are
scheduled for the end of 2015 / beginning of 2016, and the corresponding LCLS proposal has been submitted.
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A. XUV double ionization (DI) of He

Project scope: To examine - with atomic resolution in time - correlation effects, photoexcitation, and
photoemission mechanisms during the ionization of He atoms and H, molecules exposed to intense short XUV
and IR pulses.

Recent progress: Photo-DI of helium is a convoluted process where photon-electron, electron-nucleus, and
electronic interactions compete. Accordingly, the detailed scrutiny of measured and calculated double-ionization
data requires highly differential emission probabilities (or cross sections). We therefore focussed on specific
values of the energy sharing between the two emitted electrons and investigated joint angular distributions
(JADs) in coplanar emission geometry [1,2] . We considered XUV pulses with photon energies between 30 and
99 eV, covering the non-sequential and sequential DI regimes, and examined DI in ultrashort XUV pulses that
spectrally overlap both regimes [3].

Example 1: Single-photon XUV DI. We continued to validate our new finite-element discrete-variable-
representation code [1] for solving in full dimensionality the TDSE for two-electron atoms exposed to time-
dependent external electric fields. We applied this ab intio code to the time-propagated calculation of DI of
helium by up to three XUV photons and compared our numerical results with published experimental and
theoretical triply differential cross sections (TDCSs) for single-XUV-photon DI data [2] (Fig. 1).

Fig. 1: TDCSs for single 99-eV-photon DI of He and fixed
detection angles of one electron (a,b) ®;=0°, (¢) 60°, and (d)
30°, indicated by the back arrows.

The black dots with error bars are absolute experimental
TDCSs from Briauning et al. [R1]. E; and E, denote
asymptotic electron energies. Our calculated results (red
dashed lines) are normalized to the experimental data.

(a,c) Equal (E\=E,) and (b,d) unequal energy sharing.

The green dotted lines show theoretical results of (a) Huetz
et al. [R2] and (b-d) Kheifets and Bray (as given in [R1]).
(c,d) The solid blue lines show TDCSs calculated by
Palacios et al. [R3].

Example 2: Few-photon XUV DI. Figure 2a shows our calculated JAD for DI as a result of the absorption of
two 45 eV photons. The four distinct peaks correspond to back-to-back emission. Selection-rule-prohibited
features in single-photon sequential DI (back-to-back and conic emission) are dominant for two-photon DI [1].
The JAD for three-photon DI in Fig. 2b is similar to the single-photon JAD, with the same dominant nodal lines.
In either case, back-to-back, conic, and side-by-side emission are prohibited, all in compliance with known
selection rules.

Example 3: Sequential contributions to two-photon DI in ultrashort XUV pulses. For long XUV pulses,
sequential and non-sequential two-photon DI are distinguishable by the central XUV photon energy fiwx. If Zimyx
is above the second ionization potential (54.4 eV), DI proceeds sequentially, otherwise non-sequentially [1]. For
ultrashort XUV pulses, this distinction becomes less obvious if their spectrum overlaps the sequential and non-
sequential regimes [3]. We therefore introduced the emission asymmetry in JADs (ranging from -1 to 1 for
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emission into opposite and the same hemispheres), as a measure that allows us to quantify "'sequential” and
“"non-sequential" contributions to DI in linearly polarized ultrashort XUV pulses that spectrally overlap both
regimes. Figure 3 displays the "effective sequential DI (SDI) yield" and DI emission-asymmetry dependence on
the XUV-pulse duration. Comparison with our ab initio calculation (stars) confirms that the effective SDI yield
(blue solid line) factorises into the effective interaction time (proportional to the pulse duration) and the
integrated XUV -pulse spectral intensity for iy >54.4 eV [3]. The SDI contribution reaches a maximum value at
650 as pulse duration, due to the competition between increasing temporal and decreasing spectral pulse widths.

Fig. 2: (a,b) Calculated normalized JADs at equal
energy sharing by (a) two 45 and (b) three 30 eV
photons in 1 fs, 10" W/cm® XUV pulses.

(c,d) Corresponding conditional DI angular
distributions for the emission of one electron along
the XUV polarization direction (®,=0°) by (c) two 45
and (d) three 30 eV photons.

Contributions to the DI yields from individual
allowed total angular momenta L are shown as dashed
and dotted lines.

Fig. 3: Heuristic effective SDI yield for 10" W/cm®
XUV pulses centered at 50 eV as a function of the
XUV pulse duration. The stars are results of our ab
initio TDSE calculation of the emission asymmetry at
extremely unequal energy sharing.

The inset displays a typical XUV-spectral intensity,
the blue area indicating the spectrum above the
second ionization potential.

Future plans: (i) We plan to extend these studies to laser-assisted DI with variable delays between ultrashort
XUV and IR pulses in order to resolve in time DI by sequential and non-sequential emission mechanisms. We
further intend to (ii) calculate time-resolved IR Stark shifts for He, for comparson with recent and emerging
transient absorption measurements, and (iii) search for ideal laser parameters for the observation, with sub-IR-
cycle resolution, of IR level shifts in delay-dependent DI. We envision (iv) to compute the laser-dressed
autoionization of He and to compare our ab initio results with our heuristic model for the decay of laser-coupled
autoionizing states [R4,R5] and (v) to extend this line of work to H, (in fixed-ion approximation).

B. Complementary imaging of the nuclear dynamics in molecular ions
Project scope: To develop conceptual, analytical, and numerical tools to (i) predict the effects of strong IR-
laser, XUV, and X-ray fields on the bound and free electronic and nuclear dynamics in small molecules and (ii)
image their laser-controlled nuclear and electronic dynamics.

Recent progress: When photoionizing heavy diatomic molecules, intense pump pulses tend to populate several
intermediate excited electronic states of the molecular ion. By comparing characteristic features of simulated
kinetic-energy release (KER) spectra (vibrational periods, wave-packet revivals, and quantum-beat frequencies),
that result from the nuclear motion on individual adiabatic potential curves of the molecular ion, with measured
spectra, we developed a scheme for identifying intermediate ionic states that are relevant for the dissociation
process [4]. We recently applied this method to examine van-der-Waals-bound noble-gas dimers [5,6] and (ii)
test the accuracy of O, molecular potential curves [7].
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Example: Scrutinizing molecular potential curves with XUV-pump - IR-probe experiments. We simulated the
dissociative photoionization of O, in support of a kinematically complete XUV-IR pump-probe experiment in
which charged fragments and photoelectrons were detected in coincidence [7]. The experiment employed 30 fs,
760 nm, 3x10"?W/cm® IR pulses that were split to generate higher harmonics with energies between 17 and 40
eV to compose XUV pulses. Experiment and numerical simulation revealed a pump-probe delay-dependent yield
of very low energetic O" ions with an ocillation period of 40 fs (Fig. 4).

Fig. 4: O yield as a function of the pump-probe
delay. Probed by resonant absorption of a single IR
photon to the weakly repulsive O,"(f 4l_[g) state, this
yield images the motion of a vibrational wave packet
in the binding 0,"(a *I1,) state.

Experimental data (top) and simulated spectra using a
Morse potential as well as the potential-energy curves
calculated in [R6] (here labeled as “[1]”) and [R7]

“121".

By comparison of the experimental KER and quantum-beat spectra with numerical simulations, we could
distinguish published adiabatic O," potential-energy curves from different authors (Fig. 4), finding, in general,
good agreement between experimental and simulated KER and quantum-beat spectra. However, using these
potential curves, our calculations did not reproduce all features in the experimental data. In contrast, adjusting a
Morse potential to the experimental data, most characteristics of the experimental spectra could be well
reproduced by our simulation. This comparison demonstrates the sensitivity of the used pump-probe coincidence
experimental method to small changes in the shape of the binding potential.

Future plans: We plan to (i) refine the simultaneous analysis of measured and simulated KER spectra in both,
time and energy domains in order to better understand the ro-vibrational nuclear dynamics following the
ionization of diatomic molecules by short laser and XUV pulses and to (ii) apply this method to larger molecules
(e.g., dissociation along valence coordinates of CO, [R8] and the CH;-I stretch mode in CH;I [R9]).

C. Time-resolved photoelectron (PE) spectroscopy
Project scope: To numerically model and understand IR-streaked (and IR side-banded) XUV PE emission and
Auger decay in pump-probe experiments with atoms, molecules, and more complex targets.

Fig. 5: Measured [R10], classically [R10], and quantum-
mechanically [10] calculated streaking time delays relative
to Mg(2p) emission for CB and W(4f) photoelectrons as a
function of the Mg coverage on a W(110) substrate for 118
eV XUV pulses.

We employ measured and calculated MFPs and an IR skin
depth of 2 A [8]. We describe the dispersion of CB
electrons inside the substrate by adjusting the effective
electron mass (0.86 a.u.). We assume free propagation of
CB electrons in the adsorbate and for electrons released
from Mg(2p) and W(4f) CLs, to match the measured
photoemission delay between CB and W(4f) PEs for the
adsorbate-free W(110) surface.

Recent progress: We developed a quantum model to simulate streaked PE emission from adsorbate-covered
metal surfaces, incorporating the effects of energy-dependent electron mean-free paths (MFPs), properties of
initial states, photoelectron energy dispersion, and screening of the streaking field [8,9]. Our simulations [10]
reproduce recently measured streaked photoemission spectra with ultrathin Mg adsorbate films on a W(110)
substrate [R10] that revealed a monotonic dependence on the adsorbate thickness of the relative photoemission
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time delay between W(4f) and Mg(2p) core-level (CL) PEs and a non-monotonic dependence of the relative
photoemission time delay between conduction-band (CB) and Mg(2p) CL PEs (Fig. 5).

Future plans: We intend to further improve our modeling of (i) photoemission from atoms and (ii) the transport
of photoreleased electrons inside complex targets. We will collaborate with experimental groups to explore the
feasibility of and ideal parameters for the observation of dielectric response (plasmonic) effects during and after
the XUV-pulse-triggered release of PEs from metal surfaces and nanoparticles.
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Scope
The main scope of my research is to measure time dependent molecular structure with ultrafast time reso-
lution. As a complement of this goal I'm developing novel ultrafast optical sources.

1 High harmonic generation spectroscopy

1.1 Towards a photoionization experiment with high harmonic generation spec-
troscopy with A. Starace

Experimentally, it is easy to measure the harmonic yield with elliptically polarized field when the ellipticity
7 is small. The harmonic yield as a function of ellipticity in Ar is shown in Fig. 1. The yield for each
harmonic is shown normalized to the yield at linearly polarized light. From the figure it is very easy to see
that the harmonic yield decreases with ellipticity in the same manner for all harmonics in the plateau except
for harmonics that are in the vicinity of the Cooper minimun of Ar which occurs at around harmonic 33 or
51 eV. We measured the harmonic yield as a function of n for various macroscopic conditions by changing
the focus position of the laser respect to the gas jet and at different laser intensities. A major challenge
however is to theoretically describe the generation of harmonics with ellipticaly polarized light. We show
here how the harmonic generation can be parametrized in similar equation as that used for weak field XUV
photoionization.

These experiments and the collaboration with
Frolov and Starace was facilitated by an EPSCoR
grant. The DOE JRML grant supported the laser
and infrastructure.

From the theoretical point of view the most im-
portant result is that we were able to parametrize
the harmonic yield generated with an elliptically
polarized field in a form similar to that used in
photoionization spectroscopy. In particular, for an
atomic system with p-state optical electron gives ac-
cess to the whole parameters which describe the pho-
torecombination cross section:

o —an? o 1-73/2
YétHg o e M g(Eq,0°) (1 +f(772)ﬁ/> ,

1+8
(1)

where f(n?) oc n? for small  , o = Fy&y/(F1,), and
g(E7 6= ()) is the PICS as a function of energy along Figure 1: Normalized harmonic yield as a function of elliticity
the field polarization. The exponential decreasing of and harmonic order (hv = 1.55eV’). The yield of each harmonic
HHG vield 1 Uinticity i di q is normalized to it’s respective yield for linearly polarized light
yield as laser e 1pt1.01ty 1pcreases was predicte (n = 0).

before based on the semiclassical model.

This last expression Eq. 1lis extremely important as it provides a parametrization that is very similar in
functional form to the well know photoionization equation in terms of the 8 parameter. This equation can
further be decomposed to arrive to the following equation relating the harmonic yield, cross section and (8

parameter,

Y (Eq,n=0) x EWP x 0(Eq)[1 + B(Eq)]. (2)

1.2 Interferometric studies with higher order harmonic generation with V. Kumarap-

pan
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One of the main benefits of using HHG as a spec-
troscopic tool is the possibility of providing hetero-
dyne measurements. Therefore, one of our goals is
to extract, not only the absolute value of the pho-
toionization dipole moment but also it’s phase. We
make use of an interferometric setup to extract the
phase of different harmonics relative to a reference. Figure 2: Interferometric HHG setup. S1 is a source of
In particular, we attempt to extract the phase of ur.laligned harmopics whﬂ? S2 is source of harmonics. that are
. . . aligned. Harmonics emerging from S1 and S2 overlap in the far
each harmonic as a function of molecular alignment ¢ creating and interference pattern.
angle relative to an unaligned sample. Experimen-
tally, we generate harmonics from two sources that are close to each other but without overlap (S1 and S2
in the figure). The experimental setup is shown in Fig. 2. Harmonics emerging from each focus position
interfere in the far field (the detector plane) creating an interference pattern similar to the one shown in the
figure. We then rotate the molecular alignment angle by changing the polarization of the pump beam in S2
and record the interference pattern as a function of angle. Afterwards, we perform a Fourier transform of
the interference pattern for each harmonic. The phase of the first Fourier component is the relative phase
between harmonic emerging from S1 and S2.
As a check we first performed measurements in
N2. In this case, the delay between the pump and
probe in S2 was 8.2 ps, the delay at which we reach
maximum alignment. A comparison between the ex-
perimentally measured theoretically calculated rel-
ative phases for harmonics 13, 15 and 17 is shown
in Fig. 3. While the agreement between the exper-
iment and theory is not extremely good, they both
agree in the trends. We also performed several scans
around the first J-type revival in C3H, , correspond-
ing to a delay between pump and probe of 7 to 12

ps.

2 Strong field ionization of
molecular isomers with A-. T. Le

Recent results of HHG from isomer molecules indi-
cate show large differences in the harmonic yield for
different isomers of the the same molecular specie.
In particular, studies of the isomers cis- and trans-
1,2-dichloroethylene (DCE) and cis- and trans-2-
butene suggest that the difference in the ioniza-
tion yields for the cis-1,2-DCE is 7-9 times h}gher Figure 3: a) Relative phase of harmonics 13, 15, and 17 as a
than for the trans-1,2-DCE, and a factor of 5 higher function of delay for N retrieved from experiment. b) Theoret-
for the cis-2-butene compared to the trans-2-butene. ically calculated relative phases for the same harmonics.
Later results claim that the difference in ionization
is only a factor of 2 between the cis and trans isomers. Besides the implications for HHG-based spectro-
scopic, such hypothesis are important because it also involves a comparison between polar (cis) and non-polar
molecules. Our goal is to test the Keldysh interpretation of strong field ionization by comparing ionization
yields from polar and non-polar which are isomers from each other and therefore have the same ionization
potential. Since our last report we have improved our experimental setup and now have access to single-shot
measurements of the ionization yield and the laser power fluctuation. This improvements have allowed us
to decrease the error in the measurements, in particular at lower intensities.

The ratio, trans / cis, of the normalized ionization yield as a function of intensity for the first ion
of 1,2-DCE can be seen in figure 4. Error bars in the graphs were calculated by the standard deviation
over fifty plus scans. The range of intensities shown here are at the low end, where there the appear-
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ance of secondary fragments is negligible. This range of intensities is also far from the saturation regime,
which is observed at two to three times the shown values. The first feature observed in the data is that
both ratios remain almost constant for the shown range of pulse energies. Closer to saturation intensi-
ties, this trend changes. More relevant to this study is the fact that the ratio between isomers is very
close to 1. It should be noted that we are not suggesting that the ionization ratios are constant. It is
clear that they change gradually with intensity and molecular orientation respect to the laser polarization.

The relatively low differences might indicate that
molecular ionization has only a small dependence on
atomic configuration with the same atomic compo-
sition. Such observations lead to the conclusion that
for randomly aligned molecules, the Keldysh param-
eter is still the characteristic parameter for strong
field ionization.

EHH{HHIH'H'H"H{ 3 Optics development

The most recent laser installed in the lab (HITS)

was purchased from KMLabs through an NSF-MRI

grant and it’s specifications were reported last year.

It is to date one of the highest energy-per-pulse CEP

2 3 4 5 6 stable systems worldwide. Besides the high energy

. 2 13 per pulse the CEP noise represents one of the best

, .IntenSIty (W/cm ) X 10 to date in terms of long term stability [1]. Because
Figure 4: The ratio of trans-1,2- and cis-1,2-dichloroethylene . . .

using the ionization yields of the first ion of each sample at low the laser will be used in atomic and molecular ex-

intensities. periments the environment for this scans was not

controlled. All the turbo pumps and other equip-

ment were running as needed in true experimental conditions. Parts of the CEP development was done

jointly between KMLabs and the JRML and continue to be developed.

The laser is used to pump a high energy, white-light-seeded high energy optical parametric amplifier
(OPA) with 18 mJ of the 20 mJ available from HITS, producing a maximum of 6 mJ of energy in the signal
plus idler. It should be noted that even at the extremes of the of tunning curve (1100 nm for the signal
and 2550 nm for the idler) the energy per pulse is still in excess of 1 mJ at 1KHz repetition rate. Thus this
HE-OPA is perfectly suited for strong field physics experiments in a wide range of wavelengths.

Ratio (Trans / Cis)

3.1 Towards the synthesis of intense optical waveforms

The synthesis of ultrabroadband optical pulses will
allow for arbitrary control of sub-cycle features at
the fs time scales. Achieving this however requires
the generation of multiple octaves of bandwidth as
well as very fine control of the CEP over the en-
tire spectral range. As discussed above the OPA is
white light seeded and thus the relationship between
the signal, idler and pump is well defined. We de-
vised a method to use the depleted pump emerging
from the OPA to generate few-cycle pulses from all
three beams simultaneously. Because pulse broaden-
ing occurs via self-phase-modulation (SPM), which
is also a parametric process, the relative CEP be-

tween all pulses is maintained. . ) )
I der to have sub-cvele laser pulses. the pum Figure 5: The broadened spectrum of pump, signal and idler.
norder ub-cy SCI PUses, PUD  The sum of the three pulses yields more than 2.5 mJ of energy

beam (800 nm) and the 6 mJ S+I beam need to per pulse and 2.4 octaves of bandwidth.
be spectrally broadened and then synthesized. Any
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small CEP drifts can also be corrected by rotating a pair of glass plates in the OPA with a piezo motor.
Furthermore, the idler output is known to have passive CEP stability. Therefore, if the time separation of all
three pulses can further be precisely stabilized and delayed, mJ level sub-cycle synthesized laser pulses could
be realized. In our case this stabilization should be realizable since we are using the depleted pump out of
the OPA together with the signal and idler. Only in the last step of recombining the three pulses is were
we should be concern about the interferometric stability of all frequency components. Usually the depleted
pump of the OPA was discarded as the spatial mode is not a Gaussian but rather resembles a bagel in the
sense that it is depleted in the center. However we demonstrated that SPM to broaden the depleted pump
simultaneously with the signal is possible to generate few-cycle pulses. Since then we have also demonstrated
that the same can be achieved with the signal and idler.

Using this technique, we were able to obtain more than 2.5 mJ of energy per pulse in the broadened
pump, signal and idler [1]. By adding all three broadened spectra, we obtained the multi-octave spectrum
shown in Fig. 5. Both the energy per pulse and the broadening represent lower limits of what is possibly
achievable, yet we have been able to achieve almost three octaves of bandwidth and multi-mJ energies. Such
achievements emphasize the strength of our method. We need to point out that at this stage we haven’t
compressed the broadened pulses at the same time, nor recombined them.
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Objective and Scope: The AMOS program at LBNL seeks to answer fundamental
guestions in atomic, molecular and chemical sciences that are central to the mission of
the Department of Energy’s Office of Science. The essential strategy is to apply a broad
span of existing and currently emerging tools such as synchrotron radiation, lasers,
laboratory-based extreme ultraviolet sources, and low-energy electron beams together
with state-of-the-art experimental techniques including momentum imaging, coincidence
techniques, electron and x-ray absorption spectroscopy, scattering, and transient
absorption, in combination with the development of advanced theoretical methodologies,
to studies across a broad range of time scales and systems. This approach will provide
deep insight into the chemistry and physics of the fundamental interactions that drive key
chemical processes in simple molecules, complex molecular systems and molecules in
complex environments. The current emphasis of the program is in three major areas with
important connections and overlap: inner-shell photo-ionization and multiple-ionization
and dissociation dynamics of small molecules; time-resolved studies of charge dynamics
involving molecules in the gas phase, in condensed phase and at interfaces using a
combination of attosecond to picosecond x-rays and laser pulses; and low-energy electron
impact and dissociative electron attachment of molecules. The theory component of the
program focuses on the development of new methods for solving from first-principle
complex multi-atom and multi-electron processes that play a key role in these systems.
The theory and experimental parts of the program are closely coupled. They are designed
to work together to tackle problems of scale that are otherwise inaccessible without a
strong and continuous collaboration and interaction.

The program at LBNL, recently reorganized to combine the former activities of the
AMO base program and those of the former Ultrafast X-ray Sciences Laboratory into a
single, integrated, AMOS program, consists of three subtasks:

1. Photon and electron driven processes in atoms and simple molecules.

2. Photon and electron 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 an effort in which experiment and theory are tightly integrated.
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Subtask 1: Photon and electron driven processes in atoms and simple
molecules.

Thrust 1: Photon driven processes in atoms and small molecules.
A. Belkacem, O. Gessner, D. J. Haxton, C.W. McCurdy, D. M. Neumark, S. R. Leone,
T. N. Rescigno, D. S. Slaughter, and Th. Weber.

Femtosecond extreme ultraviolet (XUV) transient absorption spectroscopy (O.
Gessner, S.R. Leone, D.M. Neumark)

Femtosecond extreme ultraviolet (XUV) transient absorption spectroscopy is used to
explore ultrafast dynamics in molecular systems in the gas phase. XUV transitions are
element specific, which is exploited to monitor molecular dynamics from the viewpoints
of specific reporter atoms. Several technical improvements enabled the extension of
previous experimental campaigns on atoms and small molecules toward more complex
systems and, in particular, aromatic compounds. Three molecules have been explored:
selenophene, ferrocene, and 1,2-dibromoethane (DBE). In a first series of experiments on
these systems, strong field ionization (SFI) by an intense near infrared (NIR) pump pulse
initiated molecular dynamics that were probed by femtosecond XUV absorption at
variable time delays.

Fig. 1: a) Femtosecond time-resolved XUV transient absorption spectra of selenophene recorded at
delays of t=0 (blue) and t > 250 fs (red) relative to a strong NIR pump pulse. b) Time-dependent
yields of the three spectral features labeled A, B & C in a).

Selenophene is a selenium analogue of thiophene and furan with the selenium atom
providing readily accessible 3d inner-shell orbitals for probing molecular dynamics.
Photo-induced dynamics in these heterocyclic aromatic molecules are of particular
interest with respect to the mechanisms that underlie ring-opening reactions. Fig. la
shows XUV absorption spectra at pump-probe delays t = 0 fs (blue), and t > 250 fs (red).
Three spectral features A, B, and C are clearly visible. Their spectral fingerprints in
combination with their distinct temporal evolutions as shown in Fig. 1b provide an
atomic-scale view of the molecular dissociation process: The depletion of the molecular
ground state (feature B) marks the moment of ionization at zero pump-probe delay.
Simultaneously, a new, transient species appears (feature C) corresponding to excited
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selenophene ions whose yield decays on a 100-150 fs timescale. Decomposition of the
molecule leads to the elimination of bare Se* ions, which give the sharp atomic lines of
feature A and which appear on a very similar timescale as the parent ion decays.
Interestingly, no signature of an intermediate configuration between the parent ion and
the free Se” ion is detected, indicating that cleavage of two bonds occurs essentially
simultaneously within only ~150 fs.

Another very fast dissociation is detected for the classic organometallic sandwich

compound ferrocene. This molecule is composed of a central iron atom located between
two aromatic hydrocarbon rings. XUV transitions involving the 3p orbitals of the central
iron are used to monitor the dissociation dynamics. We find that following SFI, complete
dissociation occurs to give free Fe* ions in only 250 fs. Intriguingly, only double ring loss
is observed, and no evidence for a fragment with only one ring detached is recorded.
As the molecules are excited by very strong laser fields, and therefore the amount of
deposited energy may be large, it is perhaps not too surprising that decomposition occurs
all the way to atomic ions and that intermediate species are not observed. However, in
contrast to the direct, single-step dissociation observed for aromatic compounds, the
seemingly less complex model system 1,2-dibromoethane (DBE) exhibits apparently
richer dissociation dynamics. Using transient XUV absorption at the Br 3d edge, the
release of a Br* fragment by the excited DBE parent ion is detected within 40 fs after SFI.
The remaining monobromoethane radical, however, is unstable and decomposes to give a
neutral bromine atom and an ethylene co-fragment within 220 fs. The femtosecond XUV
transient absorption technique provides the unique possibility to track this 2-step
dissociation reaction through its simultaneous sensitivity to both neutral and ionic
reaction products.

Attosecond dynamics (S.R. Leone, D.M. Neumark)

The attosecond dynamics subgroup uses the exceptional time and energy resolution
characteristic of attosecond transient absorption to study electronic dynamics directly in
the time domain. In this effort, tunable isolated attosecond pulses are synchronized with
a moderately intense few-cycle near infrared (NIR) pulse to study time-resolved changes
in coherent electronic superpositions of states excited by the attosecond pulse.

Recent experiments obtained XUV pulses in the 11 to 17 eV energy range to study
the dynamics of valence electrons in atoms and small molecules. In contrast to previous
work on the n=3 states of neon, larger n Rydberg states can be addressed in argon close to
the first ionization potential (15.75 eV) and more complicated dynamics arise from the
high state density and large polarizability near the ionization limit. In addition to
substantial level shifting and broadening, periodic modulations are observed in the
absorption of various states as a function of XUV-NIR time delay; a 1.3 fs oscillation in
the unresolved [?P° 1,]6s/4d states at 15 eV (circled in fig.2(b)) and 5-10 fs oscillations in
the Rydberg states near the ionization limit (dashed line in fig.2(b)) are observed. These
quantum beats correspond to two distinct population transfer pathways that occur in this
system, lambda and ladder type transitions. An analytical model has been developed to
describe the relative contributions of perturbative energy shifts and resonant population
transfer processes in the observed dynamics.
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In a related experiment, a coherent
superposition is created in krypton near
the first ionization potential at 14 eV, and
this wavepacket also includes spin-orbit
autoionizing states that are spectrally
resolvable due to the large spin-orbit
splitting. Few-femtosecond quantum
beats are observed in these states despite
the short (<100 fs) autoionization
lifetimes of some of the states, and the
unique decaying contributions to the
wavepacket dynamics are the subject of
investigation. In addition, the magnitude
of the observed quantum beating is
dependent on the NIR polarization,
offering the possibility to determine the
specific coupling pathway, as well as the
potential for coherent control of
population transfer processes.

Fig. 2: Transient absorption measurement of Future work will focus on applying the
wavepacket dynamics in atomic argon. (a) Partial knowledge gained from the atomic
data set, covering photon energies from 14.6 to systems to the study of small molecules

16 eV. The color scale represents optical
density. (b) Fourier transformation along time
delay axis of (a) reveals NIR laser coupling

such as oxygen and nitrogen. Preliminary
results in nitrogen show wavepacket

between bound Rydberg states resulting in behavior that is strikingly similar to
multiple wavepacket oscillation frequencies. atomic argon for the high n Rydberg
states built on the A state ion core, and
complicated vibrational-electronic

coherences in the b’ valence state. The current technique holds promise for revealing
dynamics induced by nuclear-electronic coupling, such as vibrationally-resolved
predissociation and autoionization, in molecular excited states.

Non-Born-Oppenheimer dynamics in molecules studied by few-femtosecond XUV
pulses (A. Belkacem)

This effort aims to follow electronic excitations with state specificity to look at
model molecular systems exhibiting non-adiabatic dynamics. The role of low-lying
Rydberg states in ultrafast dynamics of valence excited molecular systems has been a
growing topic of both theoretical study and experimental work. Embedded in the valence
structure of molecule, such states can be transiently populated on ultrafast time-scales
following valence electronic excitation. In ethylene, population of the n3s Rydberg state
following excitation to the r* state has been predicted theoretically. UV light generated
via High Harmonic Generation is used to both pump to the valence state and
subsequently ionize the system. Using velocity map photoelectron imaging we measured
the resultant photoelectron kinetic energy spectrum, which reveals transient population of
this low-lying Rydberg state.
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We have performed the first experimental time resolved study on the lowest lying
electronically excited states of carbon dioxide (Fig. 3). In this experiment we use a two
photon 4.77 eV pump to excite to a neutral manifold containing many degeneracies , and
probe using a combination of the 14.3 eV and 11.1 eV photons. This set up reveals two
primary channels. The first is the direct dissociation of the state pumped by the two 4.77
eV photons. We measure this to be less than our pulse resolution and it represents over
half the signal. The second effect is a longer lived channel measuring over 200 fs in
duration. By analogy to previous experiments performed in the isoelectronic molecule
carbon disulfide, and from the theoretical predictions about the multiple degeneracies in
the vicinity of the pumped state, we conclude that this long lived channel is the mixing of
other states with the optically pumped state creating a delay in the dissociation. One of
the previous studies on carbon disulfide also revealed vibrational wave packet dynamics
with a period of about 80 fs. In the higher kinetic energy release CO" fragments we
measure oscillations with a period of 133 fs and a characteristic decay time of 160 fs.

Fig. 3: Time resolved photoion kinetic energy spectrum (left) for two-photon VUV excitation (pump)
XUV ionization (probe) of CO,. Photoelectron image for CO, ionized only by the XUV photons.

Reaction Microscopy (Th. Weber, A. Belkacem, C. W. McCurdy, T. N. Rescigno)

In this branch we investigated and controlled the mechanisms and dynamics of
photochemistry at the atomic and molecular level of small systems by combining
microscopy and spectroscopy to visualize and understand their kinematics and dynamics
in fragmentation processes.

We have studied the molecular-frame photoelectron angular distributions (MFPADS)
for carbon K-edge photoionization of C;Hg, CF4 and C,HyF; at photoelectron energies
below 10 eV applying our COLTRIMS technique. The measurements agree rather well
overall with the predictions of our theory group (Trevisan, McCurdy, and Rescigno)
using complex Kohn calculations. The MFPADSs, when integrated over all directions of
the photon polarization, yield shapes consistent with the symmetry point group of the
target molecule. For C;Hg, that shape also images the shape of the molecule, with lobes
showing preferential ejection along the C-H bonds. For CF, a contrasting “anti-imaging”
effect is found, with photoelectrons preferentially ejected in directions between the C-F
bonds. A set of measurements and theoretical investigations for C,H,F, was also carried
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out. As this molecule comprises two energetically non-degenerate carbon K-edges, the
emission center of the photoelectron can be chosen by considering the photoelectron
kinetic energy, yielding distinct differences in the MFPADs. Consistent with what we
saw for ethane and carbon tetrafluoride, the MFPADs for C,H,F, shows a combination of
both behaviors. A “simple man’s” picture for this important bond imaging/anti-imaging
effect (first seen in our work in Phys. Rev. Lett. 108, 233002 (2012) and J. Phys. B 45,
194002 (2012)) remains elusive.

In the second project we isolated conical intersections and investigated their
influence on the electron and ion dynamics in the fragmentation process of hydrocarbon
molecules. Exploiting our coincident recoil-ion and Auger electron 3D-momentum
imaging scheme we were able to probe the multi-dimensional potential energy surfaces of
the ethylene dication after K-shell ionization followed by subsequent Auger decay. The
PIPICO spectra helped us to distinguish three different fragmentation channels

Fig. 4a: Energy correlation map: Auger electron energy ~ Fig. 4b: MFAAD: Auger electron angular

as a function of KER for the symmetric breakup channel  distribution for the symmetric breakup channel

of C,H, after core ionization with linear polarized light. of ethylene (for island 111 in the energy map to
the left). The molecular axis is horizontal (not
shown).

(deprotonation, symmetric breakup, and molecular hydrogen ion elimination). The
branching ratios allowed us to classify the most probable double ionization decay
mechanisms. Moreover, energy correlation maps representing the kinetic energies of the
Auger electrons as a function of the KER (see fig. 4) in combination with the PESs from
our theory group (D. Haxton) using the multi-configuration self-consistent field method
enabled us to identify the most likely electronic states involved in the fragmentation
pathways. We found no hints of core-hole localization or diffraction in the deprotonation
channel; all molecular frame Auger electron angular distributions (MFAADs) showed a
symmetric emission pattern. However, in case of the symmetric channel, we find strong
evidence of multiple scattering of the outgoing Auger electron. For very low kinetic
energy release of the symmetric breakup we found a highly structured Auger electron
angular distribution (see fig. 4) similar to the Auger decay of N, which suggests an
entangled Auger and photoelectron pair facilitated by two conical intersections. The
conical intersections between the two excited states and the ground states (i.e. S3-S; and
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S,-Sp) result in degenerate electronic states which give rise to the mix of interference
patterns of Auger electrons emitted from gerade and ungerade orbitals.

To further understand conformation changes we studied the non-dissociative and
dissociative photo-double-ionization of 1,1-difluoroethylene using single photons of
energies ranging from 40 to 70 eV applying our COLTRIMS technique. We could isolate
the branching ratios of the six reaction channels identified in the experiment. We also
could study the influence of selection and propensity rules and precise threshold energies
of double ionization could be extracted, which hint to the involvement of different
manifolds of states. Electron-ion energy maps and relative electron emission angles are
used to distinguish between direct and indirect photo-double-ionization mechanisms. Our
measurements suggest direct (TS1) and indirect (molecular Auger) ionization processes
responsible for the production of metastable dications, while additional contribution from
the autoionization in the dissociation is possible only for the direct ionization channels. In
some of these direct ionization channels, namely, HF* + C,HF" and CF" + CH,F", we
have observed intriguing phenomena of bond rearrangement involving the migration of
constituent hydrogen and fluorine atoms. To our surprise the hydrogen elimination
channel CoF," + H," was very much suppressed (1%) compared to the Hy" emission in
C,H4 which we studied earlier and which suggested a concerted scissoring and stretching
motion of the two protons at one end of the molecule, circumventing a potential barrier to
direct dissociation while finding a conical intersection which facilitated this conformation
change on an ultrafast time scale.

Thrust 2: Electron driven processes in atoms and small molecules.
A. Belkacem, D. J. Haxton, C. W. McCurdy, T. N. Rescigno, D. S. Slaughter, and
Th. Weber.

Detailed investigation of dissociative electron attachment dynamics in fundamental
systems (D. S. Slaughter , A. Belkacem, D. J. Haxton, C. W. McCurdy, T. N. Rescigno,
Th. Weber)

Understanding dissociative electron attachment (DEA) dynamics in gas phase
systems is essential to understanding the chemistry of various diffuse media, such as
interstellar clouds, planetary atmospheres and plasmas. With Ann Orel and Nicolas
Douguet at University of California, Davis, we recently studied the anion dynamics of
three competing dissociation pathways of a doubly-excited T, Feshbach resonance in
methane. Molecular-frame scattering calculations using the complex Kohn variational
method were used to determine the electron attachment entrance amplitude, giving the
3D angular dependence of electron attachment in the molecular frame. These calculations
were compared with the results of momentum imaging experiments using the dissociative
electron attachment reaction microscope, through which we could distinguish each of the
different fragmentation channels, their kinetic energy release and angular distributions.
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We found that this broad anion resonance exhibits both dissociation and bond

formation dynamics in the production of CH, and H; at 8 eV electron attachment energy,
where 3-body breakup is energetically forbidden. We found good the agreement between

the measurements and predicted angular distributions of the CH, fragment and the 3-

body breakup channel H + H + CH, (Fig. 5), where the latter were calculated using a
modified axial recoil approximation (ARA) derived from the entrance amplitude (Fig. 6).

Fig. 5: Theoretical and experimental angular distributions, relative to the incident electron direction at 0°,
for the main dissociation channels of methane and fully deuterated methane. Our experimental results for
CD, (red triangles) and for CH,4 (orange squares) are presented with the data of Krishnakumar et al. (green
dots) for CH,4. The theoretical angular distributions calculated at the equilibrium geometry using the ARA
(black dotted-line) and also averaged over a cone around the main dissociation axis to model breakdown of
the ARA (blue solid-line). The electron energy is shown in the bottom of each panel.

For the H™ + CHj3 channel the agreement was less satisfactory and a clear isotope effect
was apparent between experiments on methane and it’s isotopologue CD4. In both cases a
breakdown in the ARA is apparent, leading to a nearly isotropic broadening of the
dissociating nuclear wavepacket that is somewhat suppressed in CD,. In this case a more
detailed calculations of the excited state potential energy surfaces are needed for a
complete understanding of the non Born-Oppenheimer anion dynamics.

We are currently investigating detailed dynamics in small model systems such as

Fig. 6: Schematic representation of the main molecular distortion responsible for the experimentally
observed CH, fragment (left) and associated 3-D attachment probability (right), with the corresponding
asymptotic dissociation axis (green arrow).

ammonia, formamide, methanol and formic acid. These molecules have immediate
relevance to atmospheric and interstellar chemistry and posses key functional groups that
play important roles in larger systems.
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Subtask 2: Photon and electron driven processes in complex molecular
systems and molecules in complex environments.

Thrust 1: Photon driven processes in complex molecular systems and molecules in
complex environments.
A. Belkacem, O. Gessner, M. Head-Gordon, S. R. Leone, D. M. Neumark, and
R. W. Schoenlein.

Non-Born-Oppenheimer excited state dynamics in multielectronic systems following
resonant photoexcitation (A. Belkacem)

Aromatic molecules like nitro-phenols play an important role in atmospheric
chemistry and are good model systems to study photochemical dynamics in relatively
large molecules. They have a high absorption cross section in the ultraviolet (UV) where
excitations lead to a variety of fragmentation pathways involving non-radiative internal
relaxation processes. These pathways lead to elimination of the hydroxyl and nitro
groups, isomerization and even
formation of new bonds between the
different functional groups before
elimination. Very few studies have
looked at these systems, especially in
the time domain.

Fig. 7: Ground state geometry of o-nitrophenol
(left) and one possible transition state geometry
following UV photoexcitation (right).

We are investigating these complex
processes by time-resolving them on
femtosecond time scales. We use 25 fs

Ultraviolet (~ 4.7 eV) and Vacuum
Ultraviolet (~ 8 eV) pulses obtained from high harmonic generation to pump and probe
neutral excited states in o-Nitrophenol (Fig. 7). Measurements from time-resolved
photoion and photoelectron spectroscopy are combined to develop an understanding of
the different processes at play in this system. We plan to further explore this system by
introducing an additional wavelength tunable femtosecond laser pulse in a ‘pump - re-
pump - probe’ scheme, focusing on the role of doubly excited states near the ionization
threshold in breaking bonds that eventually results in the opening of the ring and
fragmentation of the chain.

Control of Intermolecular Coulombic Decay in small hetero-nuclear clusters (Th.
Weber)

The recently observed Interatomic Coulomb Decay (ICD) between atomic or
molecular neighbors is one of the most effective ones chemical key processes associated
with radiation chemistry, environmental chemistry, and chemical synthesis. The decisive
next step is to go from observation of ICD to control of this decay process and its
consequences for the environment. Controllability through environmental changes can
make this inter-molecular decay even more significant for life sustaining applications.
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The goal of our project in this subtask was hence to demonstrate control of ICD for the
first time experimentally by changing the pH value of the environment. ICD strongly
depends on the energy levels in the cluster and on the internuclear distance of the atoms
participating in the decay. Thus the composition and structure of the cluster have a direct
influence on relatively general quantities, such as the fragmentation rates, the energy
spectrum of the emitted ICD electrons and the kinetic energy release of the ionic
fragments.

We chose to examine the decay of ammonia clusters in a water environment. This
system is of particular interest because of the possibility to protonate/deprotonate
ammonia clusters to allow investigating the response of ICD to changes of pH value on a
fundamental level. After the removal of an inner-valence electron, an isolated NH3
molecule, like many other molecules, cannot relax by emitting another electron for
energetic reasons. In contrast, both the H-donor and H-acceptor molecules in the
ammonia dimer can decay electronically after inner-valence ionization. One can expect
that much less effort is needed to detach electrons from the deprotonated systems. That is
because the single- and double-ionization potentials of the deprotonated dimers (and
trimers) are noticeably lower than those of the normal clusters. That way the inner-
valence vacancy of any ammonia molecule in the deprotonated clusters now has plenty of
new open decay channels at its disposal so that electronic decay of this vacancy speeds
up considerably compared to the normal clusters. Protonation is expected to have the
opposite effect on the ammonia clusters than deprotonation; it switches ICD off because
the single- and double-ionization potentials of the protonated clusters are higher than
those of the normal ones.

Fig. 8a: PIPICO spectra for the (NHs), (top) Fig. 8b: KER for the (NH3), (top) and NH3-
and NH3-H,0 clusters (bottom). H,0 clusters (bottom).
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In our ongoing project we isolate and investigate ICD processes of pure ammonia
dimers and compare them to water-ammonia clusters (i.e. ammonium hydroxide) for
different concentrations of the solution. We have performed four particle coincidence
experiments where we measure the 3D-momenta of the photo- and ICD electron and two
fragment ions of the cluster simultaneously. We isolated the ICD process in (NH3), and
NH3-H,0 clusters via Photolon Photolon Coincidence (PIPICO) spectra and we able to
derive the respective KER’s (Fig. 8).

In the next step we will demonstrate its control by protonation/deprotonation for
different compositions and concentrations of the clusters. Moreover, the measured photo
electron energies will be analyzed as a function of the KERs in particle energy correlation
maps, which will effectively probe the potential energy surfaces and give insight to the
dynamics of the fragmentation pathways.

Ultrafast EUV and X-ray studies of dynamics in clusters (O. Gessner, S. R. Leone,
and D. M. Neumark)

Helium nanodroplets are unique systems that exhibit quantum behavior on length
scales between the few-atom and macroscopic limits and are widely used as cryogenic
spectroscopy matrices. Our research explores the fundamental properties of these systems
on two different fronts using laboratory- and accelerator-based ultrafast X-ray light
sources. High harmonic generation (HHG) based experiments employ ultrafast extreme
ultraviolet (EUV) photoelectron and ion imaging to study the electronic dynamics of both
pure and doped helium nanodroplets. These experiments in the weak field limit are
complemented by free electron laser (FEL) based experimental campaigns that exploit
extreme X-ray peak powers available at light sources such as the Linac Coherent Light
Source (LCLS). Ground state droplet dynamics are imaged through coherent scattering
and extreme non-equilibrium dynamics of embedded nanoplasmas are studied by both
scattering and time-resolved ion mass spectrometry.

The diffraction patterns of
isolated helium droplets provide
direct access to the sizes and
shapes of the superfluid systems.
In particular, shape distortions
that correspond to rotation-
induced flattening of the (ideally)
spherical droplets are a measure
of the droplets” rotational
excitation. The detection of this
phenomenon has been one of the
highlights of this project and the
subject of considerable interest
due to the quantum nature of the

Fig. 9: Experimentally determined angular momentum of nano- t_O mlcromgter sized rotors.
rotating helium nanodroplets as a function of droplet size. A detailed modeling, however, of

the mechanisms that induce the
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rotation of the isolated droplets, is still outstanding. We are currently developing tools to
perform an automated statistical analysis of the extensive image data sets in an effort to
understand the origin of the droplets’ vorticity and how it correlates with the
hydrodynamics that govern the droplet generation processes in the breakup of a liquid
helium jet. Fig. 9 shows a preliminary result from these efforts. The histogram displays
total angular momentum distributions (vertical axis) of droplets with different sizes
(horizontal axis). The color patterns represent the statistical distribution of angular
momenta as a function of droplet size. The white markers and error bars indicate the
respective means and standard deviations. A clear systematic trend is apparent that may
provide a first steppingstone to connect the isolated superfluid droplet dynamics with the
normal fluid dynamics in the droplet generation region of the experimental setup.

In our most recent LCLS experiment, isolated Xe clusters and Xe clusters embedded
in He droplets were exposed to a pair of intense X-ray pulses separated by a tunable time
delay. In addition to the diffraction pattern, time-delay dependent ion time-of-flight
(TOF) spectra were recorded that give access to the kinetic energies released in the
ejection of ions as illustrated for pure Xe cluster targets in Fig. 10. A series of TOF
spectra recorded for the mixed He/Xe systems for different X-ray pulse delays indicate
unexpectedly complex dynamics beyond existing standard models for the interaction of
homogeneous noble gas clusters with intense X-ray pulses. The quantitative
interpretation of these results will provide new insight into the dynamics of core-shell
hybrid systems in intense X-ray fields and, potentially, the application of helium droplets
as tamper materials to mediate Coulomb explosion effects during FEL imaging
experiments.

Fig. 10: Time-of-flight spectrum of isolated Xe clusters exposed to a pair of intense X-ray pulses
with tunable delay. The two black rulers indicate kinetic energies of low (Xe*) and highly (Xe?**)
charged species.

Great strides have been made in extending the laboratory-based experiments on
ultrafast electronic dynamics in pure helium nanodroplets toward the study of energy-
and charge-transfer mechanisms such as Penning ionization in doped droplets.
Experimentally, this required a significantly increased sensitivity of the HHG setup and
the addition of a new beam path in order to generate the 14™ harmonic of the 800nm
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driver pulse that can directly access the prominent droplet 1s2p absorption band centered
at 21.6eV. Nanodroplets containing 10* to 10° helium atoms doped with small
contributions (< 10) of noble gas atoms (Xe, Kr, Ne) have been excited to the 1s2p
Rydberg band and several transient photoelectron images have been recorded.
Preliminary results indicate that energy transfer processes between the droplets and Kr
dopants may be reflected in the photoelectron spectra. The experiments will be further
improved to enable time-resolved measurements that will provide new information about
the dynamic timescales and relaxation channels that govern solvent-solute interaction in
the superfluid environment.

Ultrafast X-ray studies of condensed phase molecular dynamics (Robert W. Schoenlein)

The objective of this subtask is to advance our understanding of solution-phase
molecular dynamics using ultrafast X-rays as time-resolved probes of the evolving
electronic and atomic structure of solvated molecules. Time-resolved XANES provide
detailed information about dynamics of the valence charge structure, while time-
dependent EXAFS provides information about changes in the local atomic structure.
X-ray measurements thereby reveal important new information about reactions including:
charge transfer processes, changes in oxidation states, formation/dissolution of bonds,
and conformational changes. This subtask exploits picosecond time-resolved X-ray
beamlines at the ALS (soft X-rays BL 6.0.2, hard X-ray BL6.0.2), beamlines 7-ID and
11-ID at the APS, and ultrafast instruments SXR and XPP at the LCLS X-ray free
electron laser, complemented by table-top ultrafast optical spectroscopy studies.

Fig. 11: Left: [Ru(bpy).(dppp2)]** “light-switch” complex with proximal and distal metal to ligand
charge-transfer states, MLCTP™ and MLCT® respectively. Center Bottom: Differential XANES
spectrum at the Ru Ls-edge, of the transient excited state at a delay of 250 ps following
photoexcitation. Center Top: Reconstructed spectra of the ground state (*:GS) and *MLCT excited state
at 250 ps. Solid lines are fits using TD-DFT (ORCA simulation). Right: Molecular Structures of 'GS
and transient *MLCT and representative TD-DFT calculated electron densities related to pre-edge
features at 2,837 eV (A’), at 2,841 eV (B, B’) and at 2,851 eV (D, D’).

One area of present focus is on solvated transition-metal complexes exhibiting strong
coupling between molecular structure, charge transfer, and electronic properties arising
from the ligand field and solvent environment. These include transition-metal polypyridyl
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compounds, metal-porphyrins, metal-carbonyls, and bridged heteronuclear metal-metal
compounds. Understanding the fundamental dynamics in these classes of compounds is
relevant for solar energy conversion schemes, photo-catalysis, and related processes.

Charge-transfer Dynamics in Ru- polypyridyl Complexes: We have initiated new
studies in a Ru- polypyridyl complex with extended ligands (Fig. 11), the so-called
“light-switch” complex [Ru(bpy)2(dppp2)]** which exhibits photo-induced charge-
transfer processes that are poorly understood, and yet are central for solar energy
conversion (e.g. dye sensitized solar cells) and photo-catalysis. Ru-dppp2 exhibits two
triplet excited states proximal and distal to the Ru center, and the branching and charge
localization are highly dependent on the solvent environment. Time-resolved XAS at the
Ru L-edge (ALS BL6.0.1) captures these transient excited states, and detailed
comparison with TD-DFT analysis provides quantitative information on the transient
excited intermediate valence charge distributions *MLCT HOMO). Complementary
studies at APS 11-1D have focused on EXAFS at the Ru K-edge, and studies at ALS
BL6.0.2 provide a “ligand-view” of the charge dynamics via time-resolved XANES at the
N K-edge.

We are conducting related studies of the photochromic Ru-complex
[Ru(bpy)2(pyESO)]** which exhibits photo-driven isomerization that is predicted to be
mediated by conical intersections. Time-resolved XAS at the Ru L-edge and S K-edges
(ALS BL6.0.1) provide complimentary views of the isomerization dynamics, and yield
the first experimental evidence of a metal-centered intermediate state.

Porphyrin-based Donor-z-Acceptor Complexes based on 3d transition metals employ
a “push-pull” architecture to facilitate e-h separation, and are new candidates for efficient
dye-sensitized solar cells. Collaborating with F. Himpsel and co-workers, we have
initiated time-resolved XAS studies, combined with TD-DFT simulations, in order to
visualize the initial photo-excited valence charge distribution and its evolution.
Picosecond soft X-ray studies at ALS will provide a foundation for future femtosecond
studies (e.g. of the electron-hole separation) using the SXR instrument at LCLS.

Thrust 2: Electron driven processes in complex molecular systems and molecules in
complex environments.
A. Belkacem, D. J. Haxton, C. W. McCurdy, T. N. Rescigno, D. S. Slaughter, and
Th. Weber.

Investigation of dissociative electron attachment dynamics in biologically relevant
molecules (D. S. Slaughter, A. Belkacem)

Low energy free electrons have presented unique capabilities to break covalent
bonds at sub-ionization and sub-excitation energies via the formation of transient anion
resonances. Resonant anion states decay by electron autodetachment and/or dissociation
while typically exhibiting strong coupling between the electronic and nuclear degrees of
freedom. The bond- and site-specificity of these resonant processes play a significant role

72



Lawrence Berkeley National Laboratory

in understanding and modeling radiation damage and ultimately could be exploited to
control chemical processes with exquisite precision and high energy efficiency.

In a combined experimental and theoretical study with Vince McKoy and Carl
Winstead at Cal Tech, we determined that dissociative electron attachment (DEA) in the
gaseous RNA base uracil at 6 eV electron collision energy leads to ring-breaking and loss
of CO + H with a total translational kinetic energy release greater than 1-2 eV.[1] The
experiments employed anion fragment momentum imaging consisting of a tunable low-
energy electron gun, an effusive molecular beam from a hot oven, a COLTRIMS-type ion
momentum imaging spectrometer and a time- and position sensitive ion detector. In the
laboratory frame defined by the incident electron direction, the angular dependence of the
fragments from this fragmentation channel is isotropic, in contrast to the competing N-H
breaking channel at the same resonant electron energy, which broadly resembles the axial
recoil prediction. The latter was determined by single-excitation configuration interaction
electronic structure and Schwinger multichannel scattering calculations. Recent
experiments on the DNA base thymine (5-methyl-uracil) show that the addition of the
methyl group has little if any influence on the DEA dynamics; preliminary results from
these experiments are presented in Fig. 12.

Fig. 12: Measured angular distributions (upper -left) of H- fragments following N1-H break in
thymine (as labeled in the schematic, lower-left) and N1-H break in uracil[1], compared with the
axial recoil prediction derived from ab initio calculations of the electron attachment entrance
amplitude to a 6 eV Feshbach resonance. The corresponding momentum image of H- (upper-right)
and that for the anion remaining after ejection of CO + H from the molecule (lower-right), for 5.8 eV
electron attachment energy.

Prospects for future work on dissociative electron attachment dynamics in systems of
biological and technological importance We will investigate correlations between the
bond- and site-specific fragmentation in DEA and the dynamics of the dissociating anion
for the molecular subunits of DNA and other systems that will help improve our
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understanding of radiation damage in biological systems. This work will be extended to
investigate solvation effects on the DEA dynamics of these molecules when they are
incorporated in clusters with water or other solvents.

We will examine the role that functional groups such as OH, NOy, NHy and CHj play
electron driven processes in relatively large multielectronic systems such as
biomolecules, alcohols and acids. This will lead us to understand and ultimately control
the dynamics in transient anions for other systems of interest to existing and emerging
technologies. Some current examples include dimethyl carbonate, dimethyl sulfoxide,
diethyl carbonate used in battery technologies and cobalt tricarbonyl nitrosyl used in
focused electron/ion beam induced processing.
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Subtask 3: First-principles theory of dynamics and electronic structure.
D. J. Haxton, M. Head-Gordon, C. W. McCurdy, T. N. Rescigno

MCTDHF Calculations on Atomic Transient Absorption (C. W. McCurdy, D. J. Haxton)

Using the LBNL Multiconfiguration Time-Dependent Hartree Fock (MCTDHF) capability
developed by Dan Haxton, we performed a study on transient absorption of neon at photon
energies above the ionization potential. These calculations allowed us to suggest a method for
using transient absorption spectroscopy above the ionization threshold to directly measure the
polarization of the continuum induced by an intense optical pulse as shown in Fig. 14. In this
way transient absorption measurement can be used to probe sub-femtosecond intense field
dynamics in atoms and molecules. The method is based on an approximation to the dependence
of these spectra on time-delay between an attosecond XUV probe pulse and an intense pump
pulse that is tested over a wide range of intensities and time delays by all-electrons-active
calculations using the MCTDHF method. The basis of this approximation is the observation that
the polarizations at frequencies corresponding to energies in the continuum induced by the
intense pump and weak XUV probe pulses are almost exactly additive over a range of intensities.

Fig 14: Left: transient absorption spectrum of neon above the ionization threshold using a weak XUV
probe pulse (1.6 x 10*° W/cm?) of 1 fs duration centered at 23.13 eV with various time delays, as shown
in the inset, and an intense 12-fs long pump pulse centered at 266 nm (10 W/cm?). Right: time
dependent polarization at frequencies in the continuum extracted from the transient absorption spectrum
using the proposed method of extraction.

MCTDHEF calculation of absorption signals for polyatomic molecules (D. J. Haxton)

An extension to the LBNL MCTDHF capability based on Cartesian DVR grids (as
opposed to the prolate spheroidal grids we used for diatomics) has been developed and
preliminary results using it have been obtained. We have demonstrated that the LBNL-
MCTDHF code is capable of calculating all-active electron dynamics of polyatomic
molecules and have begun to calculate absorption signals for applications including
transient absorption. A preliminary result for the benzene photoabsorption cross section
(with a configuration interaction representation capable of double core hole physics) is
shown in Fig 15. Also shown is an experimental result [Feng et al, Journal of Electronic
Spectroscopy and Related Phenomena 123, 199 (2002)]. The comparison at this
preliminary stage is favorable except for the spurious peak below 5eV. The immediate
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Fig 15: Left: MCTDHF calculation of photoabsorption of benzene using cartesian grid implementation.
Right: Absolute oscillator strength measurement of Feng, et al., Journal of Electronic Spectroscopy and
Related Phenomena 123, 199 (2002).

goal is to use this capability to calculate transient absorption signals for polyatomic
molecules.

Development of a New Grid-based Complex Kohn Computational Method (C. W. McCurdy,
T. N. Rescigno)

Fig. 16: Schematic of overset FEM-DVR grids for
the grid-based complex Kohn variational method.
Single-particle scattering functions are represented
on a grid of Discrete Variable Representation
functions constructed in each subgrid and the
“ubergrid” that overlaps and includes the subgrids.

In collaboration with Prof. Robert Lucchese of Texas A&M University, also funded
by the DOE AMOS program, we have begun the development of a new Complex Kohn
Variational method for electron-polyatomic molecule scattering and photoionization
problems. The Complex Kohn variational method developed over decades by the LBNL
group solves for the scattering wave function and scattering amplitudes in a close-
coupling expansion over channels, I, of the full many-electron solution,

Y=Y wi(rry)ec(ry.,).  This new implementation will eliminate the use of
Gaussian basis functions and spherical Bessel functions to represent the single particle
scattering solutions, gor(r,\,ﬂ), with outgoing scattering boundary conditions that appear

in the close-coupling expansion. The key to method is the representation of the scattering
orbitals on a Discrete Variable Representation (DVR) grid over points using “overset
grids” as shown schematically in Fig. 16. In early work this year we have discovered
that very rapid convergence by making use of a particular Krylov series of functions in

the Arnoldi solution of the Kohn linear equations for the values of gor(r,\,ﬂ) on the grid
that involves repeated application of the known free-particle Green’s function on the grid.
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The long-range objective is the development and application of new complex Kohn
computer codes for the study of electron-molecule collisions and molecular
photoionization. The proposed theoretical and computational developments will lead to a
modern, easy-to-use, and general electron-molecule collision code, parallelized with
OpenMPI that will be made available to other users and will support experiments planned
at LBNL in dissociative electron attachment, X-ray photoionization, and high harmonic
generation.

Dissociative Electron Attachment (T. N. Rescigno, C. W. McCurdy)

The fundamental importance of dissociative electron attachment in electron-driven
chemistry as well as the chemistry of various diffuse media, such as interstellar clouds,
planetary atmospheres, and plasmas, provides an impetus for understanding the
mechanism of DEA. Our work in this area has focused on the study of ion fragment
angular distributions; in the favorable case of prompt dissociation, characterized by the
existence of predominant dissociation pathways, electron-molecule scattering
calculations can tie the observed angular distributions to specific dissociation
mechanisms. We have found that the combination of electronic structure calculations on
the relevant diabatic resonant anion states and electron scattering calculations to compute
the entrance amplitudes (attachment probabilities) offers a useful and practical alternative
to a complete dynamical treatment of DEA involving time-dependent wave-packet
propagation on complex potential energy surfaces, which becomes prohibitive for
complex polyatomic targets.

Fig. 17: 3-D electron attachment probabilities for the principal dissociation channels in methane:
(left to right) H + CH3, H, + CH,', H + H + CH, .with the corresponding asymptotic dissociation
axes (green arrows).

We have focused our efforts over the past year on two systems: methane and
ammonia. Methane’s dissociation mechanisms presented something of a mystery. DEA to
methane is characterized by a broad dissociation peak centered near 10 eV which gives
rise to three principal dissociation channels, namely, H + CHs, H, + CH,, H + H + CH,.
Our calculations have shown that DEA proceeds through a single, triply degenerate T,
Feshbach resonance and that Jahn-Teller splitting through molecular distortions in this
2T, state induce dissociation into the three different break-up channels. Entrance
amplitudes obtained from theoretical electron-methane scattering calculations, shown in
Fig. 17, along with reasonable assumptions about the dissociation dynamics deduced
from structure calculations, gave angular distributions in good agreement with
experiment. In the case of ammonia, experiment shows two broad peaks near 6 and 10

77



Lawrence Berkeley National Laboratory

eV. The lower peak feeds both H + NH; and NH, + H, while the upper resonance
produces predominantly H + NH,. The ground state H- + NH, and NH," + H asymptotes
are quasi-degenerate, differing in energy by only 0.02 eV. The conventional view is that
the 6 eV peak is associated with a non-degenerate ?A; resonance that can only correlate
with H™ + NH. (*B1), while the upper 10 eV resonance state can cross the lower state at

large distances and correlates with NH, production. Our calculations confirm that the 6

eV resonance is a doubly excited Feshbach state that does indeed correlate with H + NH,
(®By) and give angular distributions close to what has been measured for that channel.

The lowest NH, + H asymptote, on the other hand, does not correspond to resonance but
rather becomes an NHj3" virtual state at small N—H internuclear separation. At large N—
H separations, it parallels the ?A; resonance and thus NH, can be formed by charge
exchange with the resonance state. Our calculations also show that the 10 eV resonance is
in fact a doubly excited “E state which splits into dissociative and non-dissociative
components and that the dissociative component correlates diabatically with H +
NH.*(?A1). Our computed angular distributions again confirm this assignment.

Molecular-Frame Photo-Electron Angular Distributions (MFPADSs) (T. N. Rescigno, C. W.
McCurdy)

Fig 18: Comparison of computed (left) and measured (right) C-1s MFPADs for C,H,F,. The carbon
being ionized is on the H; side. Photoelectrons are seen to be preferentially ejected toward the
hydrogens and away from the fluorines.

MFPADs are sensitive probes of molecular structure and initial electronic state, but
observing them at high resolution requires accurate orientation in the gas phase of the
molecule from which the electron is ejected. The most accurate orientation has been
accomplished in the cases of core or inner-shell ionization by detecting the photoelectron
in coincidence with positively charged fragments that emerge following prompt Auger
decay and dissociation of the molecule. Our unexpected discovery that, for a class of
molecules containing a single heavy atom and several hydrogen atoms (CH4, H20, NHjs),
the K-shell MFPADs at relatively low photoelectron energies, when averaged over all
photon polarization directions, effectively image the geometry of the molecule has
prompted us to study this phenomenon in molecules with two or more equivalent heavy
atoms. In particular, we wished to investigate whether the imaging effect was specific to
hydrogen-containing molecules, since we had earlier seen an anti-imaging effect in
carbon 1s ionization of CF,4. In a collaborative theoretical/experimental effort involving
calculations by Prof. Cynthia Trevisan of the California Maritime and a series of ALS
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experiments by Thorsten Weber of LBNL and the research group of Prof. Reinhard
Dorner in Frankfurt, we showed, using C-1s ionization from C,H,F, as an example, that
imaging and anti-imaging effects could be seen in the same molecule as shown in Fig. 18.

Studies were also undertaken to see if imaging effects could be used to detect the
creation of localized core-holes in molecules with symmetry-equivalent atoms. Typically,
such localization effects are rather small, as evidenced by asymmetry in the MFPADSs on
the order of a few percent. Our studies revealed two striking exceptions to this finding.
Using acetylene (HCCH) as an example, we showed that by first using an X-ray photon
to excite a carbon 1s electron to a discrete ©* level below the carbon K-edge, the core-
vacancy created would rapidly localize on one of the carbon atoms, so that subsequent
ionization of the w* state by a second photon would produce an MFPAD with a
pronounced asymmetry. In another study on flourine K-shell ionization of CF4, we
discovered an interesting phenomenon. An attempt to reproduce a measured MFPAD at 5
eV photoelectron energy with delocalized orbitals failed to reproduce the measured
angular distribution. When the calculation was repeated assuming a localized F 1s orbital,
the agreement with experiment was excellent, as shown in Fig 19. Our finding was that,
although the probability of ionizing a F 1s electron is the same for all four fluorine sites,
the atomic site where the hole is created corresponds to the C-F bond that breaks. As that
bond is broken, the dissociating F ion, because of its large electonegativity, withdraws an
electron from the CF3 fragment to form a CF3" ion and a F atom with a filled 2p shell and
the subsequent Auger decay is from the core-excited F atom (1s2s°2p°). Our calculations
predict that effect should be observable in other molecules with symmetry-equivalent
halogens, such as C,F;, or CCl,.

Fig 19: Recoil frame photoelectron angular
distributions for F-1s ionization in CF, at 5 eV

.:.-'--' '--'-_z‘ photoelectron energy. Vertical indicates

polarization direction, aligned with dissociation
A axis. Left: unpublished ALS measurements;
-’v ~r center: calculated with localized hole; right:

calculated with delocalized hole.

Atomic Two-Photon Double lonization (T. N. Rescigno, C. W. McCurdy)

The group 2a atoms offer an interesting contrast to the much studied case of two-
photon double ionization of helium. The threshold for sequential 2-photon double
ionization actually proceeds through excitation-ionization of the mono-cation as the first
step (hv + A(ns?) > A'(np) + €), reflecting the importance of the correlating
configuration np? in these atoms. In contrast to helium, the window where non-sequential
double ionization alone can occur is very small (0.44 eV in the case of Be). The
consequence is that, for finite pulses, sequential double ionization produces two
continuum electrons with very closely spaced energies in a single broad peak via
excitation-ionization, and more widely spaced energies when proceeding through ground-
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state single ionization. We have completed a theoretical study of this process in the case
of Be in collaboration with Frank Yip of the California Maritime Academy. An
interesting feature we find is that the electrons produced by sequential double ionization
via excitation-ionization are still highly correlated, as reflected by a back-to-back angular
ejection pattern for equal-energy sharing, while those produced via ground-state
sequential ionization show a more characteristic uncorrelated behavior as found in
helium.

Molecular Double lonization (T. N. Rescigno, C. W. McCurdy)

We have made progress in our efforts to develop a robust, hybrid numerical method
that combines Gaussian molecular orbital technology with grid-based, exterior complex
scaled finite-element DVR methodology to overcome the computational obstacles
involved in treating photo-double and electron-impact ionization studies to complex
molecular targets. This work is being done in collaboration with Prof. Frank Yip of
California Maritime Academy. The viability of the approach was demonstrated last year
in a study that showed how the hybrid methodology could be used to efficiently calculate
singly ionized continuum states for the cases of NO and O,", an essential step toward
application to problems involving a double continuum. Our planned efforts will be
directed at carrying out the first calculations of DPI on O, and N,.

Electron-Molecule Scattering (T. N. Rescigno)

In a follow-up to our recent study of non-resonant dissociative excitation of water,
we extended our study to electron collisions with methanol. This study was done in
collaboration with Prof. Ann Orel and the Caltech/CSU Fullerton group under Profs.
Morty Khakoo and Vincent McKoy.

As was the case with water, the analysis of the electron energy loss spectra is
complicated by the fact that the low-lying electronic states of methanol are dissociative
and the profiles of the individual states are broad and strongly overlapped, making it
difficult to extract a unique set of cross sections. In the case of water, the overlapping
singlet and triplet transitions could be reliably separated by using photoabsorption
profiles to characterize the corresponding singlet excitation profiles. This procedure was
less successful in the case of methanol, because the corresponding transition dipoles are
much weaker. On the whole, the trends we found are similar to what we found for water,
although the theoretical results (our complex Kohn and the Schwinger variational results
from the Caltech group) were in better agreement with each other than either were with
experiment.
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Molecular Excited States and Applications to Multielectronic Excitations. (M. Head-
Gordon)

Multi-electron excited states are an area where standard electronic structure methods
perform poorly and there is a need for new approaches. They are important in ultra-fast
electron dynamics, the probing of valence electron dynamics by core excitations, and also
the often poorly characterized low-lying excited states of systems that exhibit strong
electron correlations. Under this program, we pioneered a new and very promising class
of methods that combine the well-known active space approach (as in the Complete
Active Space methods) for describing strongly correlated methods, and the spin-flip
method. We have applied the resulting method to the very topical problem of singlet
fission (the generation of two triplet excitations from absorption of a single photon) in
solid pentacene, using a pentacene dimer model embedded in a molecular mechanics
model of the extended crystal. This research identified a new singlet fission mechanism
based on surface hopping between bright one-electron and dark two-electron excited
states.

Our recent focus has been development of a new tool for multi-electron excited
states that we first considered several years ago: non-orthogonal configuration interaction
(NOCI) for excited states. Our very recent work on this problem has yielded a very
general implementation of NOCI that for the first time can treat either real or complex or
general orbitals as required for spin-frustrated systems, and other molecules that exhibit
strong correlations. The important advantage of NOCI is that applications to
multielectron excited states in very large molecules are possible. The main limitations
are that it is not obvious other than by physical understanding of the states desired how
many and which configurations should be included. To illustrate that the advantage is
real, and that the limitations are not critical, we have treated excited states of long
polyenes, including beta carotene itself, with very promising results.

We have completed a particularly important extension of the general NOCI method,
which is to combine it with our spin-flip complete active space (SF-CAS) approach, to
define the SF-
NOCI method.
The point of the
combination §
that a high spin
single  reference
defines an active
space whose
orbitals can be
localized and then
frozen. Each
configuration  of

Fig. 20. The potential curves obtained via SF-CAS and SF-NOCI for the LiF

molecule in the identical (2,2) active space defined by the high spin triplet the resulting SF-
reference, using the cc-pVTZ basis. SF-CAS yields virtually no binding, CAS can then
which SF-NOCI yields 75 kcal/mol of binding, in good agreement with the have its doubly
experimental value of 82 kcal/mol. occupied core

relaxed
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independently to define the SF-NOCI method. The power of the SF-NOCI approach
comes from several factors. First, whilst relaxing the core only may sound limited (and,
in a variational sense it is), those relaxations allow ionic configurations to be lowered in
energy relative to the covalent configurations which are energetically favored by the
(covalent) orbitals of the high spin single reference configuration. The great
improvement of SF-NOCI relative to SF-CAS is shown in Fig. 20 for the ionic-covalent
interaction that yields the LiF molecule. Second, the individual core relaxations are well-
conditioned because the active orbitals are frozen, and therefore the omnipresent NOCI
threat of variational collapse is rendered null and void. This is probably the first really
usable NOCI method, and is a feasible way to generate qualitatively correct
wavefunctions for multielectron excited states as well as ground states.

We are in the process of developing second order perturbation theory corrections to
NOCI reference functions to include the dynamic correlation effects necessary to achieve
quantitative accuracy. This poses interesting theoretical challenges because there is no
well-defined partition of the orbital space into doubly occupied and virtual subspaces
after the NOCI relaxation.

Simulations of Helium Cluster Dynamics in Excited States and a New Approach for
Larger Clusters. (M. Head-Gordon)

To complement recent experimental
studies of helium cluster dynamics in
excited states, we have conducted ab
initio trajectory studies exploring the
dynamics of photoinduced dissociation.
Using small He; clusters  for
computational tractability, we have
investigated their fate by ab initio
molecular dynamics after excitation into
the n = 2 manifold. On the 1 ps timescale
of the simulation a large majority (90%)
of the trajectories exhibit full dissociation | Fig- 21. Attachment/detachment densities for a

: dimer forming trajectory, evolving from a
to 6 ground state atoms and 1 excited delocalized 2p type state to localize onto a dimer

atom,  with kin?tic energy r9|ea_se at 240 fs, which becomes a dissociation product.
commensurate with the blue shift

discussed above. A small fraction (3%) of

the trajectories yield bound excited dimers, as (He,)* is bound and acts as a (Hey)" core
and an outer Rydberg electron, as is evident in the trajectory visualization shown in Fig.
21. An even smaller fraction (< 0.5%) of trajectories result in trimers. In addition, the
dissociation timescale, the kinetic energy release, and the range of products all bear
interesting and suggestive similarities to the experimental results for n = 3,4 excitations
in clusters 4 orders of magnitude larger.

To lay the groundwork for future studies of much larger clusters, we have also
formulated an excited state method that retains a number of amplitudes that scales only
linearly with the size of the cluster. This method employs absolutely localized molecular
orbital (ALMO) with single excitation configuration interaction method using non-
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orthogonal occupied and virtual orbitals. In contrast to NOCI above, ALMO-CIS uses the
same orbitals for all configurations to enable the Hamiltonian to be explicitly constructed
and directly diagonalized to yield the large numbers of states necessary to describe
absorption and dynamics in large clusters.

A first production version of the implementation has been completed and applied to
clusters as large as 485 atoms, to yield 4850 excited states, which is about 10 times larger
than we could previously simulate. This is made possible because the method scales as
the cube of the number of atoms in the cluster, whilst giving a representation of a cluster
band of states whose number increases linearly with the cluster size. We are currently
working on new theory to correct the ALMO-CIS model for neglected charge transfer
contributions (which are small but not negligible in the He cluster n=2 excitations), as
well as to interface the approach with a semi-classical method for propagating
nonadiabatic dynamics.

HHG Simulations in Atoms and Molecules. (M. Head-Gordon)

There has been a large gap between the methods of bound state quantum chemistry,
and numerical approaches used to simulate high harmonic generation spectra. We have
begun to bridge this gap with the first calculations of molecular HHG spectra using
bound state quantum chemistry methods. We have also obtained insights into both the
advantages and limitations of this approach by carefully analyzing the HHG spectrum of
the H atom, and H, molecule, and assessing the contribution of both bound and
continuum levels to the HHG signal.
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Early Career: Ultrafast X-ray Studies of Intramolecular and Interfacial
Charge Migration

Oliver Gessner

Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720
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Program Scope: At the heart of many emerging sunlight-to-fuel and molecular
photovoltaic concepts are interfacial processes that require an optimized, concerted flow
of charge and energy on a molecular level. This program is focused at developing and
applying time-domain X-ray spectroscopy techniques that enable an atomic-scale
understanding of the fundamental mechanisms underlying interfacial electronic and
chemical dynamics. In particular, ultrafast dynamics at interfaces between molecules,
molecular domains, and semiconductors are studied by time-resolved X-ray
photoelectron spectroscopy (TRXPS) and time-resolved X-ray absorption spectroscopy
(TRXAS) techniques, which are deployed at the Linac Coherent Light Source (LCLS)
and the Advanced Light Source (ALS).

Recent Progress and Future Plans: Picosecond TRXPS has been used to monitor
photo-induced electronic dynamics in a variety of systems of interest for next generation
energy solutions. Experiments have been performed on thin films of transition metal
complexes, semiconductor nanocrystals, molecular heterojunctions, molecule-
semiconductor interfaces, as well as buried molecule-semiconductor and semiconductor-
semiconductor interfaces.”® The ALS based studies complement our femtosecond

Fig. 1: Picosecond time-resolved XPS (TRXPS) study of photo-induced charge transfer at a
molecular heterojunction.” a) Schematic of CuPC-Cg bilayer model system for organic
photovoltaics. CuPC is the chromophore for visible light absorption. Exciton splitting into separate
charge carriers proceeds predominantly at the interface between the CuPC domain and the Cg
domain, which serve as electron donors and acceptors, respectively. b) TRXPS spectra in the range
of the C1s photolines of CuPC (A,C) and Cg (B). Absorption of a visible pump pulse leads to a
transient shift (green and black curves) of the Cqo photoline (B) to higher kinetic energies while the
CuPC peaks (A,C) are virtually unaffected by the photo-induced charge dynamics.
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TRXPS efforts at the Linac Coherent Light Source.>® A particularly successful study
demonstrated the site-specific probing of photo-induced charge-transfer dynamics in a
model system for organic photovoltaic devices (Fig. 1).” The system consists of a bilayer
of Ceo electron acceptors deposited on top of a multilayer of copper phthalocyanine
(CuPC) chromophores (Fig. 1a). Optical excitation of the CuPC domain leads to a clear
time-dependent shift of the C1s inner-shell photoline associated with the Cgy domain
relative to the C1s photoline of the CuPC domain at optical pump / X-ray probe time
delays of 200 ps and beyond (Fig. 1b).

The proof-of-principle experiment has important technological and scientific
implications. To the best of our knowledge, it represents the first demonstration of the
feasibility of ultrafast X-ray spectroscopy studies on a “soft” condensed phase sample
consisting of two molecular domains rather than, for example, “hard” samples such as
bulk semiconductor crystals or replenishing liquid and gas phase samples. The careful
characterization and mediation of sample damage effects developed within this project is
a critical enabling factor that opens the route toward the study of a large range of
technologically pertinent interfacial systems that have long been considered too radiation
sensitive for ultrafast X-ray studies. Scientifically, the clear site-specific fingerprint
enabled by the exquisite element specificity and chemical sensitivity of time-domain X-
ray spectroscopy techniques opens the route for a better understanding of the
fundamentals of photo-induced intramolecular and interfacial charge dynamics that form
the basis for chemically engineered photovoltaic and photocatalytic devices.

A major effort has been initiated to complement the time-resolved XPS studies with
ultrafast transient X-ray absorption spectroscopy (TRXAS) studies. A new TRXAS setup
for the study of “soft” condensed phase samples has been designed, constructed, and
commissioned at the ALS. It employs a similar picosecond time-stamping principle as the
TRXPS setup and enables TRXAS studies with >100 kHz optical and 500 MHz X-ray
pulse repetition rates, making it applicable in both two-bunch and multi-bunch operating
mode of the ALS. The scientific driver for this activity is to complement the excellent
sensitivity of XPS to surface dynamics and transient electronic band structures with the
bulk sensitivity of X-ray absorption techniques, which are particularly well suited to
advance experimental techniques toward in operando studies. First results strongly
indicate the capability of the new technique to enable picosecond TRXAS studies in
complex interfacial systems including operating photoelectrochemical devices.
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Early Career Project: The Multiconfiguration Time-Dependent Hartree-Fock Method for
Interactions of Molecules with Ultrafast X-Ray and Strong Laser Pulses

Daniel J. Haxton

Lawrence Berkeley National Laboratory
1 Cyclotron Road, MS 2R0100
Berkeley, CA 94720

djhaxton@Ibl.gov

Program scope / definition

The mission of Basic Energy Sciences (BES) is to support fundamental research to understand, predict,
and ultimately control matter and energy at the level of electrons, atoms, and molecules. DOE is
investing considerable resources into the development of ultrafast, coherent X-ray lasers and high
harmonic generation in order to excite and probe electronic excitations in molecules and materials.

To accompany these experiments, we need the ability to calculate arbitrary, nonperturbative, many-body
electronic and nuclear dynamics of molecules and other quantum systems. This project directly addresses
this need. It is based upon the development, implementation, and distribution of an open-source computer
code for solving the nonrelativistic Schrodinger equation for atoms, diatoms, and polyatomic molecules,
subject to arbitrarily strong laser fields. It is a first-principles implementation, including correlated wave
functions.

The final goal of the project is a fully nonadiabatic treatment of polyatomic molecules, including
electronic and nuclear degrees of freedom.

Recent progress

The polyatomic method with fixed nuclei is now implemented including parallelization of both the Slater
determinant all-electron representation and the single-electron orbital representation, and ionization. We
are now calculating all-electrons-active time-dependent wave functions for polyatomic molecules in
intense laser fields, using millions of Slater determinants and millions of basis functions for the time-
dependent orbitals.

1) With major help from the SciDAC (Scientific Discovery through Advanced Computing) initiative of
the DOE, we have parallelized the representation of the orbitals using a Cartesian product sinc functions.
Using a cube of points n on a side, the number of basis functions N=n".

A linear algebraic method using fast Fourier transforms accelerates the matrix-vector multiplication
operation that is required to construct mean fields and two-electron matrix elements. The task of
parallelizing the construction of mean fields and two-electron matrix elements consists of parallelizing a
three-dimensional fast Fourier transform. Using this linear algebraic method, the operation takes order-(N
log N) time, not order-N?. We have performed LBNL-AMO-MCTDHF calculations using a number of
primitive sinc basis functions N greater than 100 million. A paper on the method has been submitted for
publication and can be seen at

http://arxiv.org/abs/1507.03324
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2) The implementation allowing restricted configuration spaces — that is, not full configuration
interaction, spaces of Slater determinants like those used in quantum chemistry such as configuration
interaction with singles and doubles (CISD) — has been published in Ref. (3) below. Explicit working
equations for MCTDHF with restricted configuration spaces, for the MacLachlan and Lagrangian
stationary principles as well as an ad-hoc method based on the single-electron density matrix, were
derived and presented for the first time. Conditions under which the stationary principles are inequivalent
were specified for the first time.

3) We have published a paper on two-color stimulated X-ray Raman within the NO molecule; this is Ref.
(1) below. We demonstrated 40% population transfer to valence excited states, using this two-color setup.

4) Rational software development and distribution of the code to the public using git and GitHub.com
https://commons.lbl.gov/display/csd/L BNL-AMO-MCTDHF

https://github.com/LBNL-AMO-MCTDHF/
http://danhax.us/Research/LBNL-AMO-MCTDHF.html

These websites were created in the past year. They provide the public space through which we are
distributing this code for solving the time-dependent Schrodinger equation for a polyatomic molecule to
the AMO physics community and beyond. Also, git and GitHub.com provide a tool for code development
and version control, for our team of software developers.

5) Treatment of ionization for polyatomics

Coordinate scaling, or more specifically smooth exterior complex coordinate scaling and stretching,
permits the accurate treatment of ionization. Rigorous complex coordinate scaling is already part of the
atomic and diatomic codes. This allows us to accurately represent AC stark shifts in the continuum, decay
of metastable states such as Auger decay, and other continuum physics. There is now a polyatomic
implementation of coordinate scaling that is more primitive, and incomplete, but it gives what look to be
good results, at a preliminary stage. A result calculated for absorption of benzene, above the ionization
potential, is shown below. Although this result is caused by valence excitation and ionization, it was
calculated using a representation capable of double-core-hole physics.
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Figure: absorption cross section of Benzene. Left: experimental result [R. Feng et al., J. Electron
Spectroscopy and Related Phenomena 123, 199 (2002)]; right, first result from polyatomic code, giving

good overall agreement except for spurious low-energy peak.
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6) Example directories available to the AMO community

In the distribution package available on GitHub.com, we have several examples that can be used by
members of the AMO community to perform interesting calculations. We have a Diels-Alder example, a
Helium-Neon interatomic Coulombic decay example, and others.

7) Study of dissociative photoionization using diatomic code with nonadiabatic nuclear motion

To test the implementaton for diatomics with nuclear motion, we attempted to calculate a difficult
problem for the simplest molecule: dissociative ionization of H,". We published the results in Ref. (2)
below. The results are generally accurate except in the region of onset. For photon energies near onset,
the method produces spurious steps in the cross section.

Future plans

1) The proposal “Advanced Computational Methods for the Quantum Mechanical Many-Body Problem
in Physics and Chemistry” has been funded by the Peder Sather institute, which provides funding for
scientists to travel between Berkeley, USA and Oslo, Norway. One of the main goals of this proposal is
to implement S. Kvaal’s method

Simen Kvaal. Multiconfigurational time-dependent Hartree method to describe particle loss due to
absorbing boundary conditions. Phys. Rev. A 84, 022512 (2011)

within LBNL-AMO-MCTDHF. With this method, we will be able to rigorously calculate multiple
ionization physics. For instance, we can calculate the dipole response of an atom undergoing total
photoionization.

2) Calculating nonlinear optical signals the primary priority at this time. We want to chart the paths
though which energy flows in a molecule, in terms of time, frequency, and symmetry.

In general, we want to decompose the signal from a nonlinear laser experiment into its contributions from
different numbers of photons absorbed and emitted from each laser used in the experiment.

We are focusing on interpreting the results of transient absorption experiments.

We have developed a generalization of the method of Domcke and coworkers [L. Seidner, G. Stock, and
W. Domcke. J. Chem. Phys. 103, 3998 (1995)] for calculating phase matched signals for nonlinear wave
mixing experiments. With this generalized method we may distinguish the signal due to absorption of
two photons and emission of one, from that due to absorption of one photon alone, for instance. Using
this method, we will be able to provide new insight into nonlinear laser experiments.

Below the transient absorption spectrum of helium, left, calculated with LBNL-AMO-MCTDHF is
partially decomposed. The total XUV transient absorption signal, left, is separated into its components
due to different numbers of IR photons absorbed and emitted. The right panel shows the component due
to zero IR photons absorbed and zero IR photons emitted. It is featureless, equal to the IR-free result,

as desired. Additional programming is required to rigorously obtain the other components, but
preliminary results are promising.
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3) D.J. Haxton and C. W. McCurdy. Two methods for restricted configuration spaces within the
multiconfiguration time-dependent Hartree-Fock method. Phys. Rev. A 91, 012509 (2015).

2) D.J. Haxton, K. V. Lawler, and C. W. McCurdy. Qualitative failure of a multiconfiguration
method in prolate spheroidal coordinates in calculating dissociative photoionization of H,". Phys.
Rev. A 91, 062502 (2015).

1) D.J. Haxton and C. W. McCurdy. Ultrafast population transfer to excited valence levels of a
molecule driven by x-ray pulses. Phys. Rev. A 90, 053426 (2014).
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1. Program Scope

Chemically synthesized semiconductor nanocrystals (NCs), known also as nanocrystal quantum dots (QDs), have
been extensively studied as both a test bed for exploring the physics of strong quantum confinement as well as a
highly flexible materials platform for the realization of a new generation of solution-processed optical, electronic
and optoelectronic devices. Due to readily size-tunable emission, colloidal NCs are especially attractive for
applications in light-emitting diode (LED) displays, solid-state lighting, lasing, and single-photon sources. It is
universally recognized that the realization of these and other prospective applications of NCs requires a detailed
understanding of carrier-carrier interactions in these structures, as they have a strong effect on both recombination
dynamics of charge carriers and spectral properties of emitted light. A unifying theme of this project is
fundamental physics of electronic and magnetic interactions involving strongly confined carriers/spins with focus
on control of these interactions via size/shape manipulation, doping/heterostructuring, and “interface
engineering.” Our goals in this project include: the development of high-efficiency NC-based LEDs free from
detrimental effects of Auger recombination such as efficiency “roll-off” at high currents; realization of electrically
pumped single-NC light sources; the achievement of NC lasing under continuous-wave (cw) excitation; and
control over the magneto-optical properties of NCs doped with magnetic atoms.

2. Recent Progress

During the past year, our research has focused in three main areas: (1) We have continued the exploration of ideas
of “Auger-decay engineering” in application to problems of QD lasing; (2) We have evaluated the potential of a
new class of QDs based on inorganic perovskites for applications as room-temperature single-photon sources; (3)
Finally, we have used newly developed Mn-doped CdSe QDs with strong excitonic emission to demonstrate
“giant” magnetic field fluctuations detected via ultrafast Faraday rotation measurements. Below, we provide a
more detailed description of our accomplishments in these three areas.

2.1 Effect of Auger recombination on lasing in heterostructured QDs with engineered core/shell interfaces.
Since the first demonstration of optical amplification in colloidal QDs (Klimov et al., Science 290, 2000), these
structures have been extensively studied as prospective materials for the realization of solution-processed lasing
media with broadly tunable emission wavelengths. Despite their favorable light emitting properties, application of
QDsin lasing is complicated by extremely short optical gain lifetimes limited by nonradiative multicarrier Auger
decay (Klimov et al., Science 287, 2000),
the process wherein the energy released
during electron-hole recombination is
transferred to a third carrier. It was realize
already at early stages of QD research, that
Auger decay represents a major
complication for both generating population
inversion and maintaining it long enough for
the development of lasing. However, the
effect of Auger recombination on lasing
characteristics such as lasing threshold has
Figure 1. Left (modeling): Lasing threshold evaluated in terms of critical | never been analyzed in quantitative terms

population inversion (o,,) as a function of biexciton lifetime (t.4) for high- | aither theoretically or experimentally.
(black) and low- (red) IIoss cavities (1 ps and 1 ns cavity phot>8(n lifetimes, y P y

respectively). Right (experiment): By incorporating an alloyed layer at the ) As part (_)f this pr_oject’s_effort on
core/shell interface, we achieve a ca. 3-fold reduction in the Auger decay rate, | “engineered multiexciton interactions’, we
which trandates into the reduced ASE and lasing thresholds; the demonstrated ; ;
threshold values establish a new record for colloidal QDs. have C onducted c_oordlnate_d theoret.l C.al "?‘”d
experimental studies of optical amplification
in colloidal QDs with a goal to elucidate the role of Auger recombination in the regimes of both pulsed and cw

excitation.
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First, we have developed a model, which explicitly accounts for the multiexciton nature of optical gainin
QDs, and used it to analyze the competition between stimulated emission from multiexcitons and their decay via
Auger recombination. According to our calculations, in the limit of the lossless cavity, the critical population
inversion required for the lasing action (o) scalesinversely with the biexciton lifetime (tyx) as 01 =< (Txx)™” (Fig.
1, left). While under pulsed excitation this scaling leads to only modest dependence of the lasing threshold on the
rate of Auger decay, the effect of tyx becomes much more dramatic under cw excitation when carrier generation
directly competes with Auger recombination at the pumping stage. For example, the increase of T4 from 50 ps to
1 nsleads to the reduction of the cw lasing threshold by 3 orders of magnitude.

To experimentally evaluate the role of Auger recombination in lasing, we have synthesized and studied
two types of CdSe/CdS core/shell QDs, engineered to have the same volumes (and hence, same absorption cross-
sections) but different Auger lifetimes. The first (reference) sample represents core/shell (C/S) QDs with a sharp
core/shell interface while in the second sample, the core and the shell are separated by a CdSe, S, alloy layer
(C/A/S QDs). As we have demonstrated previously, the C/A/S QDs feature strong suppression of Auger decay
resulting from the grading of the confinement potential. For both samples, we observe a transition to amplified
spontaneous emission (ASE) and then lasing with increasing pump fluence (Fig. 1, right). Importantly, the lasing
thresholds are consistently lower for the alloyed QDs vs. reference samples. Since the two types of dots are
characterized by identical absorption cross-sections, the observed improvement can be unambiguously attributed
to suppression of Auger decay, which validates the results of our modeling and re-emphasi zes the importance of
Auger-decay control for the realization of cw lasing. Furthermore, this study offers practical strategies for
suppression of Auger recombination via “interface engineering” in core/shell structures.

2.2 Room-temperature single-photon emission from inorganic perovskite QDs. Perovskite materials have
become the subject of intense recent interest due to rapid advances in perovskite solar cell efficiencies that
skyrocketed from 3-4% in 2009 to ~20% in recent years. In addition, perovskites have high emission efficiencies

and composition-tunable emission wavelengths.
These properties have been explored in the
context of applications in LEDs and lasing. Use
of nanostructured forms of these materials can
potentially provide additional flexibility in
tailoring their electronic and optical spectra, and
also alows for the realization of principally new
applications that explicitly rely on quantum-
confined electronic excitations.

As part of this project’'s “nanoscale
emitter” effort, we have conducted single-QD
Figure 2. Left: Synthesized CsPbl,; QDs have a cubic shape with the side StUd'e_S of inorganic CsPbX, perovsk_lte _(X =lor
length of ~10 nm. They emit at ~660 nm (red spectrum). Right: Single-dot | Br); Fig. 2 (left). Our measurements indicate that

emission exhibits strong antibunching (top) with the photon coincidence | thege QDs behave as quantum emitters at room

probability at time zero (g® at T = 0) of only 0.06. The emission intensity .
switches randomly between the ON and the OFF states (bottom) assigned to temperature, i.e, show strong  photon

the neutral (X) and charged (X*) exciton states, respectively. antibunching in the emitted light (Fig. 2, top

right). We also observed strong fluctuations in
the photoluminescence (PL) intensity that correlate with the variation of the PL lifetime (Fig. 2, bottom right).
This behavior is typical of blinking due to fluctuations of the QD charge when the high- (ON) and low (OFF)
emissivity states are ascribed to a neutral and a charged exciton, respectively (Galland et al., Nature 479, 2011).
The analysis of blinking trajectories as a function of excitation intensity suggests that charging is driven by
photoionization due to a combination of both linear and nonlinear processes.

Interestingly, the PL blinking behaviors observed in the present study are notably different from those
reported previously for larger-size perovskite nanostructures. However, if we analyze them in the context of
previous work on more traditional colloidal QDs (based, e.g., on II-VI semiconductors), we find many
similarities. This provides yet another example of generality of many physical phenomena across colloidal
nanocrystals of different compositions. In addition to PL blinking, colloidal QDs exhibit remarkably similar
trends in intra-band relaxation, Auger recombination, magneto-optical properties, etc. One might expect that at
least some of these trends will also be found in the emerging class of QDs based on perovskite materials.
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2.3 Giant internal magnetic fields due to spin fluctuations in magnetically doped QDs. The past decade has
witnessed a resurgent interest in magnetically doped semiconductors, motivated in large part by the ability to
tailor, via quantum confinement and wavefunction engineering, the spin interactions between embedded magnetic
atoms (such as Mn) and band carriers (electrons and holes). New materials for spin-based electronic and photonic
applications include Mn®*-doped nanoribbons, nanowires, epitaxially grown quantum dots, and colloidal
nanocrystals. The very strong quantum confinement that exists in colloidal nanocrystals can compress the
wavefunctions of band electrons and holes to nanometer-scale volumes, significantly enhancing interactions
between themselves and individual Mn*" dopants. In magnetically-doped semiconductors, where paramagnetic
dopants (e.g., Mn?**) couple to band carriers via strong sp-d spin exchange, giant magneto-optical effects can
therefore be realized in confined geometries using few or even single Mn?* spins.

Importantly, however, thermodynamic spin fluctuations become increasingly relevant in this few-spin
limit. In nanoscale volumes, the statistical (N)*? fluctuations of N spins are expected to generate giant effective
magnetic fields Besr, which should dramatically impact carrier spin dynamics, even in the absence of any external
field. Over the past year we have developed new capabilities for measuring spin and magnetization dynamics on
ultrafast timescales using time-resolved Faraday rotation. We have used this new capability to directly and
unambiguously reveal the huge effective fields B that exist — even at zero applied magnetic field — in a new
class of Mn®*-doped CdSe colloidal nanocrystals. At zero applied magnetic field, extremely rapid (300-600GHz)
spin precession of photoinjected electrons is observed, indicating Bes of 15-t0-30T for electrons. Precession
frequencies exceed 2 THz in applied magnetic fields. These signals arise from electron precession about the
random fields due to statistically-incomplete cancellation of the embedded Mn®* moments, thereby revealing the
initial coherent dynamics of magnetic polaron formation, and highlighting the importance of magnetization
fluctuations in carrier spin dynamics in nanomaterials.

3. Future work

3.1 Auger-decay engineering for positive and negative trions. So far, we have studied the ideas of “interface
engineering” for suppression of Auger recombination using CdSe/CdS QDs. However, while allowing for a
considerable suppression of Auger decay rates for positive trions, these nanostructures do not allow for effective
control of Auger recombination of negative trions. On the other hand, the optical-gain lifetime is defined by
biexciton Auger recombination, which occurs via both positive- and negative-trion pathways. In order to achieve
effective suppression of both of these decay channels, we will develop and study structures in which not only a
hole but also an electron experiences a graded confinement potential. We will explore two distinct approaches,
which we will refer to as dual-graded and single-graded structures. Dual-graded QDs will provide smooth potntial
gradients for each carrier in separate shell regions. This concept can be exemplified, within the material class of
either CdSe/CdS/ZnS or CdSe/ZnSe/ZnS heterostructures featuring corresponding ternary alloys between each
layer. On the other hand, the single-graded motif will feature a smooth potential gradient for both carriers in the
same shell region. This can be achieved in CdSe/Cd,,Zn,Se;.,S,/ZnS QDs, in which both cation and anion ratios
are continuous varied throughout the interfacial quaternary alloy region. The synthetic work on these structures
and their optimization will be conducted based on feedback from ensemble and single-dot spectroscopic studies.
The optimized structures will be tested for their lasing performance with an ultimate goal of demonstrating cw
lasing under standard blue-L ED excitation.

3.2 New types of LEDs based on heavy-metal-free QDs. Up to now, all record-performance QD-LEDs have used
materials comprising the toxic metal Cd, which seriously complicates their applications in real-life technologies.
To address this problem, we will explore the replacement of Cd-based structures with QDs of I-11I-VI, (e.g.,
CulnSe S,.,) compounds. Presently, progress towards making heavy metal-free electroluminescent devices with |-
[11-V1, QDs has been slow due various non-radiative exciton decay pathways such as Auger recombination and
charge trapping at surface imperfections. In this project, we will explore the possibility of overcoming these
problems by growing a very thick ZnS shell (more than 10 monolayers) around the emissive CulnSeS,., core,
thus realizing the “giant-QD” strategy within the I-111-VI, material’s system. This strategy has been successfully
applied by us previously to CdSe/CdS QDs and we anticipate it will also help us resolve Auger recombination and
surface trapping issues in the case of CulnSe,S,., materials. This study will involve a range of capabilities across
the entire team from synthesis and various optical spectroscopies to device design, development and
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characterization. Our target in the first round of these coordinated studies conducted in FY16 will be to
demonstrate CulnSe,S,., QD-based LEDs with more than 1% external quantum efficiency.

3.3 Magnetic polarons in magnetically-doped QDs. To date, we have applied our new capabilities for ultrafast
spin and magnetization dynamics only to CdSe nanocrystals uniformly doped with magnetic Mn? ions. In such
nanocrystals, the s-d (electron-Mn) and p-d (hole-Mn) exchange interactions are averaged over the entire
nanocrystal, and moreover, the individual s-d/p-d contributions cannot be measured independently. Our future
studies will therefore focus on the development of magnetically doped nanocrystals wherein the embedded
magnetic dopants are controllably positioned radially within the nanocrystal, allowing to tune the spin interactions
by engineering the overlap of the magnetic dopants with the carrier wavefunction(s). Moreover, we will explore
the use of core-shell heterostructures to spatially separate the electron and hole wavefunctions, thereby permitting
magnetic dopants to interact with either electrons or holes. The ability to engineer these parameters will directly
influence the formation dynamics and stability of magnetic polarons in these colloidal nanocrystals, i.e., the
collective ferromagnetic alignment of the embedded magnetic spins by a single optically excited exciton. Whether
the strong confinement in colloidal nanocrystals can stabilize magnetic polarons up to room temperature remains
an important and outstanding question in this field.
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PULSE Ultrafast Chemical Science
P.H. Bucksbaum, D.A. Reis, K. Gaffney, T. Heinz, T. Martinez, T. Wolf, M. Guehr, C. Stan, J. Cryan, S.
Ghimire, SLAC National Accelerator Laboratory, 2575 Sand Hill Rd. MS 59, Menlo Park, CA 94025.
Email michelley@slac.stanford.edu

Overarching science goal: The PULSE Ultrafast Chemical Science program focuses on ultrafast chemi-
cal physics research at SLAC that is enabled by SLAC’s x-ray and relativistic electron facilities, including
LCLS, SSRL, Ultrafast Electron Diffraction (UED) and in the future, LCLS-Il. Our research at SLAC
makes optimal use of these unique tools for fundamental discoveries and new insights in ultrafast science.
The two distinguishing advantages of this program are the on-site presence of the LCLS; and our connec-
tion to Stanford University. These help to keep us competitive on an international level.

Major Themes: In its February 2015 meeting, BESAC approved a list of “Transformational Opportuni-
ties,” meant to bring the 2007 Grand Challenges up to date. The Ultrafast Chemical Science program has
connections to many of the themes in these documents. We have particular emphasis on the transfor-
mation opportunities of “Imaging Matter across Scales”, “Harnessing Coherence in Light and Matter”.
We also have high relevance to the Grand Challenges in the areas of “Energy and Information on the Na-
noscale” and “Control at the Level of Electrons.”

Imaging matter across scales: The nanoscale in space and the femtoscale in time. Microscopy at its
most essential level in both space and time is paramount to the BES mission to control matter. Non-
periodic nano-structures and ultrafast timescales dominate the workings of biology and chemistry. To
understand and control function we therefore must first observe structure and motion on these scales.

X-ray lasers are revolutionary sources of short wavelength coherent radiation for investigations on the
nanoscale, and one of our subtasks is devoted to developing science using coherent x-ray imaging tech-
niques x-ray free electron lasers. This work includes serial femtosecond nanocrystal imaging on the few-
Angstrom scale; nonperiodic imaging of single biomolecules; and imaging structure and dynamics in a
number of systems, from electrons inside small molecules to micron-scale shocks and phase transitions.

We also image smaller structures such as small molecules using other techniques, such as particle frag-
ment velocity maps, and electron holography. Here we are exploring fundamental energy-relevant pro-
cesses such as photo-induced isomerization, dissociation, and x-ray damage, using optical and x-ray
probes, and a combination of linear and nonlinear spectroscopic methods.

Much of chemistry happens at the femtosecond scale, and it is necessary to develop new methods to sim-
ultaneously achieve this level of temporal resolution with simultaneous chemical and structural sensitivi-
ty. FEL and laser-based sources of x-ray and extreme ultraviolet radiation afford the opportunity for
atomic specificity combined with femtosecond resolution. To realize this opportunity, pump-probe spec-
troscopy at visible and infrared wavelengths must be extended to the soft and hard x-ray range, and to
new sources such as FELs. Much of our efforts are devoted to developing new methods and advancing
ultrafast science in this area, including impulsive stimulated Raman and other nonlinear x-ray scattering
methods.

Energy and Information: The architecture of light conversion chemistry. Light from the sun is the
primary source of energy on earth, and so we are exploring light conversion to electron motion and then
to chemical bonds. Some molecules are particularly adept at this conversion and we would like to under-
stand how they work. For example, how does non-adiabatic dynamics affect the process of photocatalysis
within coordination complexes and similar materials.

Energy conversion is initiated by charge separation, and we know that the charge distribution of the elec-
tron and hole, as well as the presence of low-energy ligand field excited states greatly influence the life-
time of optically generated charge transfer excited states. The detailed mechanism for the excited state
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quenching remains unclear. New methods of linear and nonlinear spectroscopy, and especially x-ray
spectroscopy involving short-pulse FELS, can help provide the answer.

An equally important problem is the protection of some chemical bonds, particularly in biology, from
destruction in the presence of ultraviolet sunlight. Photoprotection is also an ultrafast process involving
charge transfer, and so these new techniques such as ultrafast x-ray absorption and Auger emission can
show how critical bonds are protected.

The incorporation of theory within this FWP is critical for rapid progress in light conversion chemistry,
and helps us to focus our efforts in areas of greatest impact.

Harnessing coherence on the eV scale in time, space, and field strength. This is the fundamental scale
that determines structure and dynamics of electrons in molecules, and motivates advances in sub-
femtosecond time-resolution and Angstrom spatial resolution in theory and experiments. To achieve an
adequate view of the molecular realm with at this level, we must interrogate atoms with fields comparable
to Coulomb binding fields, and on time scales set by the electronic energy splittings in atoms.

One method to reach this scale is through nonlinear frequency conversion, known as high harmonic gen-
eration (HHG). We are constructing new intense sources of attosecond pulsed vacuum ultraviolet radia-
tion based on HHG, and will use it to develop new spectroscopies that can detect the motion of electrons
within molecules.

We are particularly interested in the response of atoms to fields strong enough to ionize them multiple
times. It has long been known that the ionization thresholds are greatly suppressed for multiple ioniza-
tion, and a number of theories about this will be tested during the next contract period. This is an exam-
ple of coupled motion among multiple electrons, which goes beyond the single active electron approxima-
tion that has dominated thinking about strong field laser-atom physics. New theoretical approaches are
also required for this, and we are tackling these as well.

LCLS is also capable of sub-femtosecond or few femtosecond pulses, and these have the unique property
of wavelengths short enough to reach the most deeply bound electrons in first through third row atoms.
We will use LCLS to image the strong-field electronic response during HHG in solids at the atomic-scale
in length and time, and to explore nonlinear x-ray Compton scattering as a means to achieve simultaneous
chemical and structural sensitivity. Through the use of novel methods such as low bunch charge, double-
slotted spoilers, strong laser fields, and novel data sorting methods, as well as future methods such as self-
seeding, we will incorporate LCLS fully as a tool for sub-femtosecond spectroscopy.

Management Structure: This Ultrafast Chemical Science research program resides within the Chemical
Science Division within the SLAC Science Diractorate. The current CS Director is Tony Heinz. SLAC
Director Chi-Chang Kao presently leads the Science Directorate.

Space allocations: Most of our research activities take place in laboratories in SLAC Building 40a.
SLAC currently provides office space for our research groups, and also allocates approximately 8000
square feet to research laboratories and a computer room for this FWP. The co-location of most of our
program within Building 40 and 40a is a distinct advantage, but is not entirely sufficient for the space re-
guirements of this program, and so we also perform some of this research in PULSE Institute space with-
in the Varian Physics Lab and the Mudd Chemistry Lab on the Stanford campus (approximately 1000
square feet, including offices and labs, in each building). Further details are in the Facilities and Re-
sources Section 11 of this document.
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Figure 1. Partial organization chart for SLAC, showing the relation of the Ultrafast Chemical Science FWP to other
units with close research ties.

Subtasks and allocations: Seven key personnel are responsible for six subtasks, which represent six dif-
ferent areas of expertise:

. UTS: Ultrafast Theory and Simulation (Martinez)

. ATO: Attoscience (Bucksbaum, Giihr, Cryan)

. SPC: Solution Phase Chemistry (Gaffney)

. NPI: Non-periodic X-ray Imaging (Stan)

. SFA: Strong Field AMO Physics (Bucksbaum)

. NLX: Nonlinear X-ray Science (Reis, Ghimire)

. EDN: Electron Dynamics on the Nanoscale (Heinz)
. EIM: Excitations in Molecules (Guehr, Wolf)

Support operations (finance, HR, safety, purchasing, travel) are directed by the Associate Laboratory Di-
rector for Science and the Chemical Sciences Director and their staff. They provide oversight and dele-
gate the work to appropriate offices in the SLAC Operations Directorate or to the staff of the Stanford
PULSE Institute.

Connections to other units within the SLAC organizational structure: Close collaborations are main-
tained with the Science R&D Division within the LCLS Directorate; the Materials Science Division
(SIMES) within the Science Directorate; SSRL; and the SUNCAT Center within our own Chemical Sci-
ences Division, as shown in figure 4.1. Our location near these facilities and research organizations at
SLAC greatly aids collaboration.

O~NOOT A~ WN PP

Other important connections: The Pls have affiliations with other Stanford University research and ac-
ademic units:  All members of this FWP are members of the Stanford PULSE Institute, and several are
affiliated with the SIMES Institute, Bio-X, the Ginzton Laboratory, and the Departments of Chemistry,
Physics, and Applied Physics.

We also have collaborative connections to other outside research labs, including DESY, the Lawrence
Berkeley Laboratory, the Center for Free Electron Lasers (CFEL) in Hamburg, and BES funded groups at
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the University of Michigan, the Ohio State University, the University of Connecticut, Louisiana State
University, and Northwestern University.

Knowledge transfer to LCLS: LCLS does not grant any preferred status to research proposals from this
FWP, nor for any program in the SLAC Science Division. This is considered an important principle to
maintain fairness in the international research community. Nonetheless, 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 continue to help to commission several LCLS instruments and setup space, particularly for
the LAMP chamber and the X-ray Split and Delay for the AMO beam line (AMO), and infra-
structure for CXI experiments.

e Some of our graduate students provide user support through to LCLS users, particularly in coop-
eration with CXI, AMO, and the Laser Division, and they receive salary supplements for this
work. This activity has been endorsed by review panels and is supported by the Associate Labor-
atory Directors and the SLAC Director.

e We have assisted in the development of timing tools currently in use at LCLS.

e Several of our postdocs and students have transferred to permanent staff positions at LCLS.

o Several LCLS Scientists and Staff have become members of the PULSE Institute, and this pro-
vides a connection to the larger research community of Stanford.

e Some LCLS Instrument Scientists have a direct connection to the research activities of this FWP.
In the previous funding cycle this included Christoph Bostedt and Ryan Coffee, who participated
in the NP1l and SFA subtasks, respectively. In this renewal proposal, Sebastian Boutet participates
in the NP1 subtask.

e PULSE has helped LCLS to institute a Graduate Fellowship program, and PULSE manages sev-
eral LCLS graduate student campus appointments.

e PULSE conducts an annual Ultrafast X-ray Summer School to train students and postdocs about
LCLS science opportunities.

Advisory committee. The SLAC Science Policy Committee advises SLAC and the Stanford Provost on
all science activities at the laboratory. Neither the SLAC Chemical Sciences Division nor the SLAC Sci-
ence Directorate has their own standing science advisory committee at present. The PULSE External
Advisory Board advises us on our DOE activities. This board meets annually and reports to the PULSE
Director and to the Stanford Dean of Research. The reports are also forwarded to the SLAC Director, the
ALD for Science, and to the SLAC Science Policy Committee.

Educational programs and outreach activities. We have an extremely active outreach and visitors pro-
gram supported by Stanford through the PULSE Institute. Each year one or more scientists receive sab-
batical travel supplements to permit them to be in residence in PULSE. This year, Jan-Michael had a par-
tial sabbatical here. This visitors program also helps postdocs with fellowships or from other institutes to
work at PULSE and collaborate with us.

PULSE also maintains an annual Ultrafast X-ray Summer School (Figure 4.2). This school, which was
founded by the Pls of this FWP in 2006, continues to be a main mechanism for expanding the research
community interested in using x-ray free electron lasers for their research. In 2011 we began a coopera-
tive activity with CFEL in Hamburg to rotate the school between DESY and SLAC in alternate years.
The school has received continued strong supported from BES, Stanford, and from CFEL. The school
will be held at SLAC in 2016 and 2018.
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ATO: Attosecond Science

Philip H. Bucksbaum, Markus Guehr, James Cryan, SLAC National Accelerator Laboratory,
2575 Sand Hill Rd MS 59, Menlo Park, CA 94025. Email phb@slac.stanford.edu

Objective and Scope: Electron motion is a key ingredient of all chemical reactions. It is also
the means by which light energy is harnessed in photochemistry. Our goal is to track the
evolution of electrons on their natural time scales, to understand the earliest processes
involved in chemical change.

Recent Progress:

Transient Impulsive Electronic Raman Redistribution: Last year we reported on our
preliminary calculations of impulsive stimulated Raman scattering (ISRS), which will result in
a superposition of valence-excited electronic states. This process exploits the large of absorption

cross-section of auto-ionizing resonances and

1 ' ' the large coherent bandwidth obtainable with
:8;?::; XUV pulses created in strong-field driven high-
0.8} virtual |7 order  harmonic  generation (HHG). In
- collaboration with  Shungo Miyabe, we
2067} - developed an effective 3-state model for the
= /_ system that includes the auto-ionizing
S04l \/ _continuum. This year we have started
o collaboration with Daniel Haxton (LBNL) in
0.2l . order to verify the results obtained with our
simple model by comparing to full simulation

0 " —————— performed with Haxton’s MCTDHF approach.

0.2 0 0.2

Time (fs) Our initial calculations, reported last year,

Figure 1 - Population of ground, valence, and focused on atomlc SO_dIUﬂ’! targets. and XUV
autoionizing (virtual) states as a fu’nction of’ time pulses [1]. Atomlc_sodlum 1S aFtqutlve because
inside the x-ray pulse. This calculation uses our 3-  there are many excited states within 3 eV of the
state model to calculate ISRS for CO molecules  ground state, which is approximately the
exgsosed t02530 eV x-ray pulses with an intensity near  pandwidth of a 500 as pulse. We are working to
107 wiem employee this same effective 3-state model to
other systems such as NO and CN and NO,,
which also have low-lying valence-excited states. We have also used this model to make
predictions for other wavelength ranges, such as the soft x-ray regime, which is accessible with
FEL facilities, as shown in Figure 1. Following impulsive excitation of low-lying electronic states
in molecular systems, interesting charge dynamics should develop, similar to the charge
migration phenomena proposed by Cederbaum et al. [2] We are working to simulate the
observables related to this ultrafast charge dynamics.

HHG in oriented water: The presence of hydrogen atoms in molecular systems greatly
complicates the HHG process, since the protons can move significantly in the time between
ionization and recombination. We have shown that water is a good candidate to study these
types of complications. The first two ionic states of water are the 1B; ground state, which
closely resembles the neutral molecule ground state, and the 1A; state, which has a potential
minimum near a linear geometry. We have shown that strong-field ionization leads to a
superposition of these two states [3], and that nuclear motion on the 1A; surface leads to a
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suppression of the overall HHG yield.
Recently we have used THz radiation to
impulsively excite rotational coherences in
water molecules and we are working
towards measurements of the HHG from
oriented H,O targets. Molecular orientation
should provide a method to control the
relative population of the 1A; and 1B; states,
similar to what was observed in N; [4].

HHG in Vibrationaly Excited Molecules:

We have continued our previous work of

HHG from vibrationaly-excited molecules.

We have found that following impulsive i i i i

. . s Figure 2 — Modulation of HHG yield following THz

Vlbratlonal_ eXClta_tlon the HHG spectrum excitation. The THz pump and probe pulses are cross-

produced in SO; is modulated, not only in | pojarizied.

amplitude, but the individual harmonics are

also modulated in frequency. This

modulation is shown in Figure 3. Immediately following the impulsive excitation the
harmonic spectrum immediately blue
shifts and oscillates with a ~50 fs period.
There is also an overall frequency offset
which decays on a longer, ~1 ps time
scale.

High Intensity Attosecond Bursts: In the
past year we have been developing a new
beam line for producing intense trains of
attosecond pulses with adjustable delays.
Our method relies on the non-collinear
optical gating (NOG) scheme developed by
the L'Hullier group [5], [6]. This schemes
Figure 3 — High harmonic spectrum from SO, as a produce angularly separated attosecond

function of delay between impulsive Raman excitation ~ Pursts  that  can  be  individually
and HHG probe pulse. Overlap between the pump and manipulated and then refocused using a
probe pulses occurs near 1.5 ps. Longer time delays are  get of XUV mirrors.

pump pulse preceding probe pulse.

Future Projects:

Attosecond Pulses: We plan to commission use a new attosecond beam that incorporates
attosecond lighthouse methods combined with a novel device to stack attosecond pulses.
This beam line is especially designed to look at impulse induced electronic coherence in
small molecular systems. We can use our variable train to provide a pair of intense
attosecond pulses for pump/probe spectroscopy, we can also combine the entire train to
produce one intense burst capable of driving impulsive Raman redistribution as described
above. We will investigate the possibility of controlling the electron dynamics through
precision tailoring of the attosecond pulse train.

Connecting our work to LCLS and LCLS-II: We have submitted an LCLS proposal, which
proposes to use x-ray pulses from the LCLS, to drive Stimulated Raman Scattering in order
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to create a coherent superposition of electronic states in NO,. We plan to use a second time-
delayed x-ray pulse in order to probe this coherence. This type of experiment is necessary
in order to verify much of the AMO science case for LCLS-II [7].
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Program Scope

This research program, recently initiated at SLAC, seeks to obtain fundamental understanding of the
dynamics of electronic excitations in nanostructures. The research addresses central issues for
photoexcited electrons in atomically thin two-dimensional (2D) layers of van-der-Waals crystals and
heterostructures, with particular emphasis on monolayers of transition metal dichalcogenide crystals. The
investigations make use of complementary experimental techniques based on ultrafast spectroscopy to
probe radiative and non-radiative relaxation pathways after photoexcitation, addressing the role of
Coulomb and vibrational interactions as manifest in exciton formation, exciton-exciton and exciton-
carrier interactions, intervalley scattering, and exciton radiative decay. The research also examines
electron dynamics in heterostructures composed of atomically thin 2D van der Waals layers combined
with other 2D layers and with 0D structures, such as quantum dots. Because of the unreactive character of
2D van der Waals layers, combinations of a wide variety of structures can be prepared by mechanical
assembly, as well as by chemical deposition techniques. The research program addresses the dynamics of
both charge and energy transfer processes for these heterostructures using ultrafast spectroscopy
techniques.

Progress Report

Our recent research has investigated exciton states and dynamics in the monolayer and ultrathin layers of
transition metal dichalcogenide materials in the class of MX, (M = Mo, W and X = S, Se, Te). The
measurements have included both spectroscopy measurements to determine the excited excitonic states
and excitonic binding and dynamical studies in which exciton-exciton interactions lead to biexciton states
and an optically induced Mott transition. We have also applied experimental methodologies based on
time-domain terahertz spectroscopy to examine the dynamics of photoinduced charge transfer at the
model system of Cg adsorbed on a monolayer of graphene. Below we briefly summarize progress in
these area.

Exciton Rydberg series and exciton binding energy in 2D TMDC systems

Atomically thin semiconductors in the TMDC family have been predicted to have unusually strong
Coulomb interactions. This situation arises from the reduced dimensionality and the reduced dielectric
screening. In this study, we applied photoluminescence excitation (PLE) spectroscopy to identify the
ground state and excited states in the Rydberg series of excitons in monolayers of MoS,and WS,. In Fig.
1 we present the PLE spectra from the MoS, monolayer. In addition to the strong ground-state excitonic

Fig. 1: Exciton Rydberg series in monolayer MoS,. (a)
PLE spectrum exhibiting the peaks corresponding to
creation of the first (2s) and second (3s) excited states for
MoS, monolayers on two different substrates. (b)
Energies of the first three excitonic levels from
experiment (dots) and from theory (triangles) based on
the usual effective mass treatment, but with a non-locally
screened Coulomb interaction between the electron and
hole.
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peak, at 2.02 eV, the PLE spectra reveal additional higher lying excitonic transitions, as indicated. The
disposition of the levels in this system deviates strongly from the predictions of a 2D hydrogenic model.
The data can, however, be modeled by a theory that accounts for the inhomogeneous nature of the
dielectric screening: charges are strongly screened at small separations, but experience weaker screening
at separations greater than the layer thickness. This study reveals the strength of the Coulomb interaction
and the deviation from the standard 1/r effective potential through the non-hydrogenic spectrum and an
exciton binding energy as large as 440 meV. Similar results are obtained for the excitons in WS,
monolayers, which were previously investigated by direct absorption spectroscopy.

Observation of biexciton states in WSe, monolayers

The strong Coulomb interactions that give rise to very high exciton binding energies in the atomically
thin TMDC semiconductor nanosheets suggest that higher-order excitonic states may also be significant
under photoexcitation. Indeed, earlier work by the Heinz group and others revealed that stable charged
excitons also form when a doped material is optically excited. These three-body states or trions consist of
two electrons and a hole in an electron-doped layer and, unlike excitons, carry a net charge. They can be
considered as the excitonic analog of the hydrogen anion. The binding energy of the additional electron
(trion binding energy) is found to be in the range of ~30 meV.

Fig. 2: Biexcitons in monolayer WSe,. (a) PL spectra
from low to high exciton concentration, as controlled
by the pump laser fluence. In addition to the exciton,
trion, and defect peaks, a new feature appears at 1.68
eV, becoming the strongest peak at high excitation
density. (b) Representation of the biexciton or exciton
molecule. The spikes are the most probable separation
for the two holes and the red shading represents the
electron density. The theory is based on a variational
calculation with the same non-locally screened
potential as the one successfully used to describe the
ground and excited excitonic states.

In recent work, the Heinz group has identified a clear signature of biexcitons or excitonic molecules.
These four-body correlated quantum states are analogous to the hydrogen molecule. They were identified
by a PL peak lying below the exciton emission energy and exhibiting a strongly superlinear dependence
on exciton concentration (Fig. 2). The binding energy of the biexciton, i.e., the energy required to
separate it into two individual excitons, is determined from the spectra shift to be ~50 meV, a value
considerably greater than the binding energy of the exciton itself in conventional semiconductors.

Exciton screening and Mott transition at high densities in atomically thin WS,

In a recent investigation, the Heinz group identified a transition in the behavior of photoexcited layers of
atomically thin WS,. In the regime of low exciton density, the optically excited state consists of isolated
excitons (and potentially higher-order trions in the presence of free charges. At somewhat higher exciton
density, biexcitons are formed. However, as the exciton density is further increases, the system
undergoes a phase change, the so-called Mott transition. In this limit, the excited carriers form a plasma
of free electrons and holes, which act to screen on another and prevent the formation of tightly bound
excitons. In this regime, the system behaves more like a conventional semiconductor with free carriers.

The transition from the excitonic to the free-carrier regime is accompanied by a large change in the band-

gap (band-gap renormalization) of the material: Just as for the excitonic (attractive) interactions, the
repulsive electron-electron interactions affecting the quasi-particle band structure are also screened.
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Fig. 3: Mott transition in atomically thin WS, crystals. (a)
The expected change in the optical response from a
material with a strong excitonic transition to one with free
carrier transitions, a renormalized band gap, and
population inversion. This representation is based on
existing theory for quantum-well systems. (b) The
corresponding transient absorption spectra before and just
after excitation by an intense 100 fs pump pulse for WS,.
(c) A schematic representation of the Mott transition from
excitonic excited states to a free carrier plasma of
electrons and holes.

Importantly, at high excitation density, the experiment also reveals that population inversion is created.
In the absence of other loss channels, this will give rise to optical gain.

These results (Fig. 3) were obtained by strong photoexcitation of the WS; layers with a femtosecond laser
pulse. A time synchronized broadband continuum pulse was used to probe the optical state of the system
as a function of delay time. The excitonic absorption peak vanishes within a few 100 fs, corresponding to
the time resolution of the measurement. At the same time, spectroscopic signatures of population
inversion and band-gap renormalization appear. The system recovered its original optical response after
~100 ps. The vdW layer was found to be extremely robust, allowing for excitation densities in excess of 1
carrier per nanometer.

Photoinduced charge transfer for Ceo/graphene system

As a model of an important interface of a vdW layered material with a localized chromophore, we have
investigated charge transfer processes for a layer of solid Cs molecules deposited on a monolayer of
graphene. These materials are both of fundamental interest and have also attracted attention for use in
organic photovoltaic devices.  Our investigations have examined charge transfer following
photoexcitation, as well as charge transfer in the ground state. For static measurements, we determined
levels of charge transfer by applying Raman and time-domain THz spectroscopy. For the former, we
made use of shifts of the Raman G-mode as a measure of charge density; for the latter, we analyzed the
complex, frequency-dependent conductivity to determine the graphene charge density. More
distinctively, we also applied time-domain THz spectroscopy to monitor the graphene conductivity
spectrum as a function of delay after photoexcitation.

Measurement of the transient THz response for the individual components of the hybrid material and the
composite system revealed that photoexcitation with 4-eV photons gave rise to hole injection into the
graphene. The process was relatively efficient for the Cs, molecules adjacent to graphene and produced a
transient increase in conductivity lasting ~100 ps before the charge in graphene returned to its equilibrium
state in the Cg layer. This experiment established THz time-domain spectroscopy as a new method to
quantitatively evaluate photoinduced charge transfer in 2D layers and to follow the dynamics of this
process with ultrafast time resolution.

Future Plans

Our planned experiments will be directed towards establishing the dynamics for the elementary processes
in both individual 2D layers, as well as in tailored nanostructures composed of 2D layers combined with
other 2D layers and with 0D quantum dot structures. Through the application of diverse ultrafast
spectroscopy techniques, we will examine in individual layers the rates of exciton formation, radiative
decay of excitons, and inter-valley scattering and dephasing processes. We will make use of different
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heterostructures, including those with spacer layers of varying thickness, to develop an understanding of
the processes of interfacial energy and charge transfer for the model heterostructures systems.
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Program Scope:

In the NLX program, we are focused on the nonlinear optics of short-wavelength, ultrafast
coherent radiation. We seek to understand strong-field and multi-photon interactions and exploit
them to probe electronic structure at the atomic-scale in space and time. We are interested in
fundamental interactions, with a primary focus on coherent non-sequential processes such as
wave-mixing and two-photon Compton scattering using hard x rays. In the upcoming funding
period, we propose experiments on x-ray and optical wave-mixing to image the strong-field-
driven attosecond electronic dynamics responsible for solid-state high-harmonic generation. We
will also explore the bound-state contribution to two-photon Compton scattering. The new
scattering mechanism holds promise as a nonlinear photons-in/photon-out method of achieving
simultaneous chemical specificity and atomic-scale structure in low Z materials. Our program is
synergistic with other strong-field investigations in PULSE and makes use of the unprecedented
intensities at hard x-ray wavelengths of LCLS and SACLA free-electron lasers. The results could
have a profound impact on future light sources such as the LCLS-II.

Progress Report
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Following our discovery of nonperturbative high harmonics in solids, there has been much recent
experimental and theoretical work trying to understand the physical mechanism and how it differs
from typical gas phase harmonics. Under AMOS funding, we have studied HHG in rare gas
solids as compared them directly to the dilute gas. Rare gas solids are a near ideal platform for
studying the differences between gas and solid harmonics: they are weakly bound by van der
Waals interactions and thus at some level they best approximate a dense atomic solid. Thickness
dependent studies show that cascaded harmonic mixing can become important for crystals thicker
than the coherence length of the third-harmonics, so the measurements need to be performed on
thin films where propagation effects are measured to be negligible. Unlike the ZnO and other
covalently bonded materials, the cutoff does not show a simple linear relationship with field.
Notably, it exhibits a secondary plateau and a subsequent high-energy cut-off that extends well
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beyond that of Ar gas (measured with the same apparatus). Qualitatively similar results are
obtained for Kr, although the details appear to be material dependent. Also unlike the ZnO
results, the ellipticity dependence is similar to the gas phase for both Ar and Kr. This suggests the
importance of coherent single-site recombination. We have begun a collaboration with the theory
group of Mette Gaarde and Ken Schafer to try and understand the role of multiple bands in the
harmonic generation process. Preliminary results show that a four-band model can at least
qualitatively give rise to the features seen in the rare gas solids.

We have also explored several fundamental nonlinear x-ray processes on the LCLS and
SACLA x-ray free-electron lasers (FEL)s, most recently in the hard x-ray regime, including x-ray
and optical wave-mixing, phase-matched x-ray second harmonic generation and anomalous
nonlinear Compton scattering. In general, these experiments involve especially careful design to
separate the signal from backgrounds, particularly in the scattering experiments were background
from the undulator harmonics and parasitic scattering of the fundamental can easily overwhelm
the signals.

Far from resonance, the linear x-ray matter interaction can be well approximated by the
scattering off a collection of free-electrons. Before our experiments, the expectation was that the
nonlinear scattering in this limit would also be well approximated by a free-electron-like
nonlinearity for both the elastic and inelastic channels. Indeed we find that models that treat the
solid as a collection of free-electrons are successful at describing both the x-ray second-harmonic
generation and the (optically modulated) x-ray susceptibility in x-ray-optical sum frequency
generation. However we found that in nonlinear two-photon Compton scattering, the free-electron
model breaks down. We detected an anomaly in the
scattered photon spectrum that suggests a new type of
bound-state  nonlinearity involving simultaneous
scattering and photoionization. The scattering rate for
producing high-energy photons varies quadratically
with the FEL intensity as expected for a second-order
perturbative process, follows a non-dipolar pattern,
and produces a signal well above the measured
background. However, the spectrum shows an
anomalously large broadening and redshift as
compared to both the free-electron theory and to the
simultaneously measured linear scattering from the
weak residual FEL second harmonic generated by the
undulators. Our observations are incompatible with
kinematics for the ground state electron distribution in
the wusual impulse approximation (IA). These
anomalies are consistent with a novel nonlinear
scattering mechanism involving bound-state electrons,
despite an X-ray energy of approximately two orders
of magnitude above the 1s binding energy.

The next three years:

We will concentrate our efforts on two main areas. In the first focus area we will use x-ray-
optical wave mixing to image the attosecond, subcycle motion of electrons within a single unit
cell driven by a strong optical field. To achieve this, we will measure the dynamical x-ray
structure factors corresponding to the high-order optical side-bands about several different
reciprocal lattice vectors. We will use this unprecedented information, in combination with first-
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principles calculations, to elucidate the microscopic mechanism behind high-harmonic generation
in solids. In the second focus area, we will investigate more thoroughly the fundamental physics
of two-photon Compton scattering. Here we have designed experiments that can separate hot
plasma effects from the bound-state nonlinearity (awarded LCLS beamtime in February 2016). A
consequence of the bound-state nonlinearity is that it is possible to phase-match in a single
crystal. Here we have proposed an experiment (awarded SACLA beamtime also in February
2016) that should allow for its observation at a tunable red-shift (determined by geometry) and at
intensities where the crystal is not damaged. Finally, we will explore the use of two-color
Compton scattering as a simultaneous spectroscopic and structural tool.
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PROGRAM SCOPE

The main goal of the Non-Periodic Imaging Task of the Ultrafast Chemical Science field work proposal is the
determination of the dynamics and structure of matter that cannot be investigated with standard atomic-resolution
techniques—disordered and biological systems, and materials undergoing fast structural transformations—taking
advantage of the brilliance, time resolution, and coherence of X-ray free-electron laser (XFEL) light sources such as
the Linac Coherent Light Source (LCLS) at SLAC. To realize the full potential of XFELSs for these tasks, it is critical
(i) to identify important scientific systems and processes that can be investigated with X-ray lasers, and (ii) to
develop a range of new techniques that are necessary for these experiments. The NPI group works in both areas,
supporting DOE's mission of understanding and controlling matter through in-house science and the development of
techniques useful to the XFEL user community.

Our recent work focuses on developing femtosecond X-ray scattering methods at LCLS to investigate two classes of
phenomena whose atomic-scale dynamics are invisible to other scattering methods: the structure and phase
transitions of water, and structural changes in biological macromolecules. The work on phase transitions used hard
X-ray scattering to investigate the nonequilibrium solidification of ice from supercooled water, and the vaporization
of liquid water under tension (i.e., at negative pressures). For these studies we developed multiscale and multiscale
probing techniques at LCLS, in which we either probed the system simultaneously at a molecular scale with hard X-
rays and at micron scale with optical imaging (freezing studies), or we used XFEL pump and probe methods to
initiate the phase transition (vaporization studies). Our XFEL-based pumping methods are based on the application of
pressure pulses generated by the XFEL radiation, which we couple with XFEL probing at hanosecond delays using a
new mode of operation at LCLS. Our recent experimental work using XFEL pump and probe investigated a
amorphous system (liquid water), and we are planning to extend the method of XFEL pressure-based pumping to
induce and study fast structural changes in biomolecules, either dispersed in solution, or assembled in microcrystals.

This program’s near-term goals include analysis of data collected in recent experiments to determine the structure of
ice formed during nonequilibrium solidification and the structure of liquid water under tension, continuing the
development of sample delivery and optical imaging systems at LCLS, and solving time-resolved protein structures
at atomic resolution using serial femtosecond crystallography.

RECENT PROGRESS

Our group’s activities focused on analysis and modeling of XFEL-induced explosions, developing sample delivery
techniques, and running experiments at SLAC’s Linac Coherent Light Source (LCLS). In FY 14-15 we led 2 LCLS
full beamtimes and 2 protein screening beamtimes, and had major contributions in 5 other LCLS beamtimes and in-
house experiments. The section below describes work performed during FY 15 in which our lab had a leading role.

Modeling the dynamics of XFEL-induced explosions for high-repetition rate XFELs. The absorption of
XFEL pulses in the micron-sized drops and jets that are used to deliver samples leads to sequence of energy
deposition and release phenomena with timescales ranging from femtosecond X-ray absorption to long-lived,
microsecond flows of liquid and vapor that affect the delivery of samples. We recorded the damage phenomena
occurring on nanosecond to microsecond time scales using time-resolved imaging. Explosions in jets create large
gaps that are refilled by fresh liquid only after microseconds after the XFEL pulse, and also generate shock waves
that may damage the samples. Explosions of single drops displace neighboring drops when samples are delivered as a
train of drops, impairing the synchronization of drops with XFEL pulses. This explosion dynamics can already affect
LCLS experiments that use slow jets, and their impact on experiments is expected to be more severe in experiments
at future high-repetition rate XFELSs such as LCLS-II.
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We modeled the hydrodynamic effects of explosions that
can affect the delivery of samples, on the timescales that
are relevant to experiments at high-repetition-rate
XFELs. These models predict the pressures, velocities,
and liquid displacements that characterize XFEL-induced
explosions in jets and drops. For example, Fig. 1 shows
how the experimentally measured gap growth curves are
characterized by the same scaling on the jet diameter for
up to hundreds of nanoseconds after the pulse, and can
thus be predicted. This data set includes both jets of pure
water and jets containing microcrystals, showing that our
models can be applied to actual serial femtosecond
crystallography experiments. According to our models,
the jets and the trains of drops compatible with high-
repetition-rate XFELs must flow at high velocities (~ 100
m/s) and have sizes bounded by threshold values given
by the properties of the liquid and the parameters of the
XFEL pulse. Our measurements also indicate that
samples delivered with jets may be affected by shock
waves generated in the explosions.

Determination of the structural dynamics of ice

formed during non-equilibrium solidification. The
solidification of liquids in nature is predominantly a  Fig. 1. @) XFEL pulses generate explosions in liquid jets
nonequilibrium process. Environmentally and  carrying samples, creating gaps which must be filled by the
technologically important cases of solidification occur far ~ Jéts before the next XFEL pulse. The growth of the gap has
from equilibrium starting from a deeply supercooled a multistage dynamics which depends on the jet dlamgter.
liquid, such as the freezing of water in clouds or the ) The early stage of gap dynamics can be modeled with a

roduction of metal shapes by casting. Under these simple Ioga_rlth_mlc function of the jet diameter and_ of a
gonditions, metastable solids may form, but the structural Charame”s“c timescale that depends on the properties of
dynamics of these metastable intermediates cannot be tcr;i;?szzdtgf;hrsazfjLcsfvl:eWﬂ:cixzz:ngznﬁeza:s ;?Qd?cet
mvesU_gated Wlth_Sta_ndard X-ray problng tEChmq_u?S due the time that elapses before the jet returns to the interaction
to Ithel_r short lifetimes and to the stochasticity of  region, and to design jets for new XFEL facilities.
nucleation.

We have probed, using single-shot X-ray diffraction at LCLS, the freezing of supercooled water drops, during the
first ~1 ms after the nucleation of ice. To identify the rare cases (hit rates on the order of 10™) in which the drops
froze just before the XFEL probe, we simultaneously recorded high-resolution optical images of the drops. (The
micron-scale morphology of the freezing drops evolves though several characteristic stages on a submillisecond
timescale, providing a measure of the time elapsed after the nucleation of ice.) We found that that during the first
millisecond after freezing, the ice is metastable. The dominant deviation from equilibrium is not a different
crystalline structure, but imperfections in the stable hexagonal structure of ice, characterized by small crystallite sizes
and large strains. We have also observed that this metastable ice anneals on a microsecond to millisecond timescale,
evolving to larger and less strained grains. These are the first time-resolved structural investigations of the evolution
of metastability in rapidly solidified materials on microsecond timescales, and show that the transformation from a
liquid to a solid state can involve a rich sequence of structural transformations at both the molecular and the
mesoscopic scales.

Producing and investigating liquid water under tension at LCLS. We observed that XFEL-induced
explosions in drops of water lead to the generation of shock waves and of a dilatational motion the liquid. After the
shock wave passes through the drop, the dilational motion continues, stretching the liquid, which is thus subjected to
negative pressures and eventually ruptures. We investigated this process using time-resolved imaging, for a range of
conditions including different XFEL pulse energies, X-ray photon energy, drop sizes, and drop temperatures.
Compared to other methods that have been used to produce liquids at negative pressures, XFEL explosions represent
an extreme case of dynamic decompression, in which stretching forces comparable to those that would break
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intermolecular forces are applied on nanosecond timescales. The preliminary analysis of explosion dynamics from
optical images indicates that we generated negative pressures that exceed those achieved previously.

Two other unique features of the XFEL-induced dynamic decompression of liquid drops are the absence of a
container, and the formation of gradients in density and pressure that lead to a well-defined and narrow region at
which the rupture of water occurs. Both of these features open the way to probe far-from-equilibrium stretched water
and its transition to a vapor phase with spectroscopic and scattering techniques, including XFEL probing. We used a
two-pulse, two-color mode of operation of LCLS to probe the molecular structure of decompressing drops via X-ray
scattering. Employing, for the first time in a LCLS user experiment, two XFEL pulses with nanosecond separation
and different photon energies, we induced explosions with the first pulse and we recorded the small-angle and wide-
angle scattering signal generated by the second pulse. The XFEL probe passed through the exploding drop while it
was still liquid, but stretched to negative pressures. The scattering patterns are significantly different from those
characteristic of water at ambient or high pressures, and are consistent with a dilation of water while also indicating a
possible residual heating caused by the passage of shock waves.

Sample delivery and preparation for serial femtosecond crystallography at LCLS. We developed an
electrospun jet that delivers an additional liquid coating around a core jet carrying the samples. This liquid coat
protects the sample from drying and freezing, and enabled the study of new samples at LCLS through serial
femtosecond crystallography. We used this jet to deliver crystals of ribosome-antibiotic complexes grown in our lab
in a protein crystal screening beamtime at LCLS, and we determined the molecular structure of these complexes at
ambient temperature. The ambient-temperature structure has significant differences from the same structure
determined at a synchrotron under cryogenic conditions, suggesting that cryogenic crystallography of complex
biomolecules may not reveal certain details of their structure and dynamics. We have also participated in a CXI in-
house commissioning beamtime for a new chamber for tandem SFX studies, providing dual electrospun injectors and
synthesizing protein crystal samples for Se phasing.

FUTURE PLANS

Data analysis for the LCLS data on metastable water and its phase transitions. Our two recent beamtimes
produced both X-ray scattering data and auxiliary optical imaging data. We plan to approach the analysis of X-ray
diffraction on metstable ice in two stages, starting with the generation of virtual powder patterns to quantify the
average proportions of stable and metastable crystalline phases of ice, and then continuing with the analysis of
single-shot patterns to determine crystal sizes, strains, and shapes. For water under tension, we plan to determine its
structure factor from X-ray scattering patterns. In parallel with the analysis of X-ray scattering data, we plan to
analyze optical images to determine (i) the relation between images of freezing drops and the time elapsed form
nucleation, and (ii) the detailed hydrodynamics of the rupture process. Additional work will be directed at refining (i)
the evaporation models that give us the temperature of water drops in vacuum, and (ii) our hydrodynamic model of
dynamic decompression, to provide an independent measure of the negative pressure in water when it was probed.

Determining the structural properties of double metastable water. We have submitted an LCLS proposal to
produce water which is simultaneously supercooled and at negative pressure. Among the metastable phases of water,
this doubly metastable regime is the least explored, and was not accessible to X-ray probing techniques. Using XFEL
pump and probe techniques, we plan to determine the structure and phase transition dynamics in doubly metastable
water. This direction of research could lead unique applications of XFELSs in investigating transient and very far from
equilibrium states of condensed matter that are not accessible experimentally at the present time.

New methods for imaging biomolecular dynamics in LCLS experiments. Pressure is a thermodynamic
variable that can be used to induce fast changes, including structural changes in biomolecules. To study protein
folding on fast time scales, pressure cells are used at synchrotrons to initiate the folding with an accuracy of hundreds
of microseconds. We have submitted and LCLS proposal to extend the pressure jump technique of studying protein
folding on nanosecond time scales, by using XFEL-induced shock waves.

COLLABORATIONS: This work was done with colleagues from SLAC, LCLS, Stanford, LBNL, the Paul Scherrer
Institute, the Max Planck Institute, Arizona State University, UCLA, Brown University, and others.
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Program Scope: The SFA task investigates strong field interactions in small molecules and atoms. We
have recently developed two-color velocity map imaging methods that allow us to probe dynamics of
strong field and multiphoton ionization and have observed several new ultrafast phenomena from sub-
picosecond guantum beats to photoelectron delays of a tens of attoseconds.

Recent Progress and Future Work:

Angle-Resolved Attosecond dynamics in strong field ionization: Attosecond delay measurements
utilizing interference of an infrared (IR) reference with short ionizing pulses of extreme ultraviolet (XUV)
radiation have attracted considerable attention recently. This measurement technique allows the
observation of ultrafast dynamics during photoionization. We have now extended these methods to ATl in
the strong field regime by measuring the relative phase of different momentum components of the ATI
spectra using a weak probe at twice the fundamental ionization field frequency. By analyzing each
photoelectron momentum component we are able to observe different momentum distributions for
different ionization mechanisms present in harmonics of the fundamental ionization field. This opens the
way to deconvolve different strong field ionization mechanisms that overlap in momentum space. For
example, we observe that the signal amplitude from the Fourier components that were at the second
harmonic of the weak probe is more spherically symmetric (Fig 1b) than for the fundamental frequency
(Fig 1a). This indicates that this filter captures ionization from rescattering processes . Analyzing the
phase component of these Fourier coefficient (Fig 1c-d) shows that there is a n/2 phase delay for
population that ionizes in the polarization direction of the laser, supporting the picture of direct vs
rescattering times in the optical cycle. Future work: we will expand these observations and build a
theoretical framework to understand and simulate the nature of the distributions and delays for different
Fourier components and how their angular and phase signature can be used in order to isolate various
mechanisms of ionization.

Fig 1. Amplitudes of the 2D momentum maps of photoelectrons emitted from strong field ionization of
Argon (10™ W/cm?) filtered by the (a) first and (b) second Fourier components as a result of a weak
second field at twice the frequency. The phases of these components (c) and (d) show shifts of 7/2 in the
main ionization direction.

Attosecond delays through transient resonances in above threshold ionization: Building upon
previous work in our group measuring delays in above-threshold ionization (ATI), we have measured the
attosecond delays as electrons are ionized through transient ac-Stark shifted Rydberg states in a strong
field. This extends previous work performed by Swobada et al. that measured the phase shift occurring
during resonant two photon ionization in a weak XUV field. Our technique uses a weak probe field at half
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the frequency of the strong laser field to create sidebands in the ATI spectrum which interfere adjacent
ATI pathways. This enables us to probe the intrinsic phase accumulated by the electron during above-
threshold ionization with a relative precision of a few attoseconds in the corresponding time domain. We
find that electrons ionized through these resonances exhibit large phase shifts (~1 rad), for peaks that are
closely spaced in energy (<0.2 eV). This could be indicative of large Coulomb phase shifts due to low
energy continuum transitions near the ionization threshold, providing a sensitive measure of the time-
dependent atomic core potential in a strong laser field.

Fig 2. ATI spectrum of Ar in a 400nm field of
~1014 Wicm2, with an 800nm probe field at 1%
intensity. (top) the energy distribution angle-
integrated over a half plane in the direction of the
laser polarization, and averaged over all optical
delays. (middle) The amplitude and (bottom) The
“phase jumps” in the measured oscillations which
OCCUr near resonances.

Angle Resolved Attosecond dynamics in multiphoton ionization Following our recent study regarding
attosecond delays between adjacent ATI peaks in the multiphoton regime using multi-path interference of
adjacent ATI peaks by a weak probe field at half the frequency we have observed large attosecond delays
between main ATI peaks. We now have evidence that these shift are due to contributions of different
partial waves at final momentum states that contribute different delays at specific angles. The delays that
were previously measured for a specific ATI peaks are averages of these partial waves over all angles.
Future work: In the future we will apply this technique to cold molecular samples, to explore angle
resolved attosecond delays that arise from molecular degrees of freedom. For example, we expect to
detect an asymmetry in the ionization delay from CO depending due to the asymmetry of the HOMO
structure.

Very low energy structure in Argon: Recollision of an electron with its parent ion under a linearly
polarized strong laser field has been shown to be the basis of phenomena in atoms and molecules. Using
the 3-step model this process can be described by a single degree of freedom along the laser polarization
axis. The bound electron is released, then it accelerates and is driven back to the ion. It can then either
recombine and create HHG or scatter and induce high-energy above-threshold ionization (ATI). Recently,
an unexpected “low-energy structure” (LES) was observed in the photoelectron spectrum of atoms in
strong infrared (a few um wavelength) laser pulses, and discussed in a semiclassical approach. It has
eluded observation in previous experiments and theoretical studies at 800 nm wavelength. We have
found very low energy structures (<0.1 eV) that are due to longer-lived doubly-excited Argon atoms (Fig
3) trapped during strong field ionization. We observed narrow (<5 meV) resonances at energies below
0.1 eV when a strong laser ionizes Argon atoms. These rings width makes them much longer lived than
the driving field. Future work: We plan to investigate the mechanism by which these states are created.

Fig. 3 Raw momentum map of strong field
ionization of Argon atoms at 800nm with ~10"
W/cm?® . Zooming into very low energies reveal
distinct narrow ring structures, which have energies
consistent with Rydberg states correlated with the
P, cation core.
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Quantum Beats in Molecular Rydberg States: We observe angular beating in the photoelectron angular
distribution resulting from single photon ionization of a superposition of Rydberg states in molecular
nitrogen. The wave packet is prepared with an intense 400nm pulse which sweeps several Rydberg states
into resonance due to intensity-dependent ac-Stark shifts. Although a large portion of the population in
these Rydberg states is ionized during the pulse, some population survives and can be probed at a later
time. The resulting photoelectron angular distribution (PAD) shows a distinct beating with a period of
~650 fs. Preliminary analysis suggests that it arises from a superposition of 5fz and 4fz molecular
Rydberg states accompanied by a predissociative decay of one of the states. The influence of the rotating
core on these Rydberg states is of particular interest, since they approach a regime of “L-uncoupling”,
where the projection of the electronic angular orbital momentum onto the internuclear axis is no longer a
good quantum number. Future Work: We will probe these L-uncoupling effects by altering the angle
between the polarizations of the pump and probe pulses and also the initial rotational temperature, in
order to disentangle the effects of the molecular frame alignment on the electron angular distribution in
the lab frame, in this L-uncoupling regime.

Fig 4. Photoelectron angular distribution from single photon
ionization of a superposition of the 5f and 4f states in N,
as a function of pump-probe delay. The beating in the
angular distribution can be seen near zero degrees (along
the polarization direction).
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Program Scope: Electronic excited state phenomena provide a compelling intersection of
fundamental and applied research interests in inorganic chemistry. Harnessing the strong optical
absorption and photocatalytic activity of compounds depends on our ability to control
fundamental physical and chemical phenomena associated with the non-adiabatic dynamics of
electronic excited states. The central events of excited state chemistry can all critically influence
the dynamics of electronic excited states, including internal conversion and intersystem crossing
events governed by non-adiabatic interactions between electronic states in close proximity to
conical intersections, as well as solvation and electron transfer.(Chergui 2012)

The research opportunities enabled by LCLS direct both the scientific and technical focus of the
Solution Phase Chemistry (SPC) sub-task. Scientifically, this sub-task focuses on two critical
aspects of electronic excited state dynamics emphasizing the fundamental understanding of
phenomena relevant to solar energy applications:

(1) We use ultrafast time resolution measurements, simple ligand exchange reactions, and
simulation to understand the molecular properties that control excited state relaxation
dynamics in coordination compounds.

(2) We use photo-excitation to change the electronic structure and reactivity of inorganic
complexes and track site specific changes in metal solvation and coordination dynamics
with ultrafast time-resolved measurements and molecular simulation.

Technically, the SPC sub-task focuses on developing and exploiting femtosecond resolution x-
ray scattering and spectroscopy methods and complementing them with established femtosecond
resolution optical spectroscopy methods. We rely on collaboration for synthesis and simulation
efforts beyond the routine.

Recent Progress and Future Plans

The presence of metal-centered excited states with varying spin and charge distributions significantly
impact the excited state dynamics and chemical reactivity of transition metal complexes. The
characterization of the coupled dynamics of charge, spin, and inner shell coordination geometry in
transition metal complexes benefits greatly from the atomic specificity of x-ray spectroscopy. We have
developed both soft x-ray resonant inelastic x-ray scattering (RIXS) and hard x-ray Kp fluorescence
spectroscopy to characterize these ultrafast changes in molecular electronic structure.

Excited State Charge Transfer in Coordination Chemistry

X-ray spectroscopy, particularly hard x-ray fluorescence and soft x-ray absorption spectroscopy for 3d
transition metals, provide sensitive measures of the metal spin state. lonization of the Fe 1s orbital with a
hard x-ray photon above the Fe 1s ionization potential of 7,120 eV, leads to x-ray fluorescence. Fe K3
fluorescence involves 3p filling of the 1s hole. The strong exchange interaction between the 3d electrons
and the hole in the 3p level created by fluorescence makes the K@ fluorescence spectrum sensitive to the
3d spin moment.

We have used Kp fluorescence to study photo-induced spin crossover in poly-pyridal Fe(ll) complexes.
For these molecular systems, the spin dynamics prove to be of particular importance because of the
interest in using spin crossover materials in light triggered data storage and iron based dyes as earth
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abundant light harvesters in dye sensitized solar cells. In both cases the rate of photo-induced spin
crossover proves critical, since this rate controls the switching time on the one hand and competes with
charge injection on the other. Our initial studies of [Fe(2,2’-bipyridine)s]**, an archetypical spin crossover
complex, has demonstrated the value of this experimental approach. The sensitivity of the Kf
fluorescence spectra to the iron spin moment enables the spin crossover mechanism to be monitored.
Based on these measurements, we have concluded that photo-induced spin crossover in [Fe(2,2’-
bipyridine)s]** occurs sequentially through a triplet (*T) transient state. Our future work focuses on
mechanistic understanding of the electronic states and nuclear coordinates involved in charge transfer
state relaxation in metal complexes with the goal of understanding how to extend the lifetime from 0.1 ps
to a nanosecond or beyond.

We have developed RIXS as a molecular-orbital specific probe of photochemistry and photocatalyis.
RIXS, the x-ray analogue of resonance Raman, provides atom specific information about both unoccupied
and occupied frontier orbitals. RIXS has been widely used to characterize the properties of the electronic
ground state of materials. Recently, we demonstrated the power of RIXS for characterizing the electronic
structure of excited states. We used femtosecond resolution Fe Ls;-edge RIXS to study the archetypical
photodissociation of CO from Fe(CO)s and the generation of the catalytically active Fe(CO),. Our
investigation demonstrated that singlet and triplet reaction channels proceed in parallel for Fe(CO),. Prior
studies have emphasized the significance of one channel versus another, but we have clearly
demonstrated that both triplet and singlet forms of Fe(CO), occur with appreciable concentration on the
sub-picosecond time scale. The ability to track the spin state of metal center excited states also provides
the opportunity to investigate the role of spin in catalytic mechanisms.

Site-specific solvation and coordination dynamics in model photo-catalysts

Femtosecond resolution x-ray scattering provides a powerful means of measuring solvation
dynamics that will enable the solute-solvent dynamics to be decomposed into site-specific
contributions for the heavy atom scatters in the solute. This enables site-specific solvation to be
characterized in inorganic chemistry where the metal centers in the complexes can be the
strongest scattering centers and also sets the stage for using Xx-ray scattering to study
photocatalysis since substrate bonding to the metal center represents an initial step in any
photocatalytic cycle.

We have been using the photocatalyst, [Ira(dimen);]**, where dimen = diisocyano-para-
menthane, in acetonitrile as a model system for demonstrating the efficacy of diffuse x-ray
scattering for investigating the dynamics of site-specific solvation. Our femtosecond resolution
X-ray scattering measurements of excited state dynamics in [Iro(dimen)s]*" accentuate the
advantages of x-ray scattering as a probe of structural dynamics Two critical distinction between
optical and x-ray scattering studies of dynamics need to be emphasized. Ultrafast optical
measurements observe structural dynamics via the vibrational period and only provide a robust
characterization of Franck-Condon active vibrational motions. X-ray scattering directly measures
the anisotropic pair distribution function, so it does not rely on normal mode analysis to assign
motion nor does it require the motion to be Franck-Condon active to be observable.

Our ultrafast x-ray scattering experiments have directly measured this time dependent Ir-Ir bond
length, but more importantly they have characterized the delayed reorganization of the
coordinating ligands and the dynamics of the acetonitrile-Ir interaction. Our current analysis,
based on comparison of mixed quantum-classical simulations lead by the Klaus Mgller research
group, indicates that we have been seen the delayed twisting of the diisocyano-p-menthane
ligands about the Ir-Ir bond following Ir-Ir bond contraction. In optical measurements this
appeared as an exponential shift in the spectrum of the excited state stimulated emission, but
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assignment of the structural origin of the dynamics could not be discerned from the
measurement. The comparison of measurement and simulation also provides a compelling
picture for the distinct solvation of the Ir atoms in the ground and excited states. Simulation
shows that the methyl groups of the acetonitrile preferentially solvate the Ir atoms in the
electronic ground state, while the N of the cyano group preferentially solvates the excited state.
Furthermore, the comparison of simulated time dependent scattering and measurement shows the
critical important of site-specific solvation and significant deviation from linear response. The
response of the solvent to the significant contraction in Ir-Ir bond length and change in charge
distribution about the Ir atoms requires significant translational and reorientational motion
outside the realm of linear response.
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Program Scope: This program is focused on developing and applying new methods for describing
molecular dynamics on electronically excited states, as well as the interaction of molecules with radiation
fields. We continue to develop and apply the ab initio multiple spawning (AIMS) method that solves the
electronic and nuclear Schrodinger equations simultaneously from first principles, including the treatment
of cases where the Born-Oppenheimer approximation breaks down (e.g. around conical intersections
where two or more electronic states are exactly degenerate). We are working to extend this methodology
to incorporate the effects of novel pump and probe pulses using high energy photons, including those
obtained from modern x-ray sources such as LCLS. We also focus on understanding the behavior of
molecular excited states in paradigmatic phenomena such as light-induced isomerization, excited state
proton transfer, and excitation energy transfer.

Recent Progress and Future Plans

Characterizing the space of conical intersections:
Conical intersections are not isolated points, but
rather high-dimensional seams. This high
dimensionality makes it difficult to map out the
space of conical intersections and also to
determine their connectivity (i.e. are two conical
intersection geometries part of the same seam?).
One way of characterizing high-dimensional
surfaces is to locate stationary points on the
surface, such as local minima that have been
termed minimal energy conical intersections
(MECIs). In many cases, the MECIs are not
dynamically dominant (largely because of the
strongly nonequilibrium nature of many excited

state processes). Nevertheless, the MECIs serve as
valuable “signposts” on the potential energy
surfaces — hallmarks of areas in configuration

Figure 1. SS-NEB minimum energy path connecting
the symmetry-equivalent twisted-pyramidalized So/S;
MECIs in ethylene.

space that might lead to efficient nonadiabatic

transitions. Viewed in this light, one realizes that a key objective should be broader characterization of the
set of molecular geometries that are part of the conical intersection space. Thus, we introduced a new
method (Mori and Martinez 2013) — seam-space nudged elastic band or SS-NEB - that finds pathways
that connect MECIs within the space of conical intersections. These are minimal energy paths and thus
represent the lowest energy way to distort the molecule from one MECI to another while maintaining the
electronic degeneracy. Using SS-NEB, we were able to show that all the known So/S; MECIs in ethylene
are part of the same seam (see Figure 1).

GPU-Based Electronic Structure For Nonadiabatic Dynamics: We have extended our graphical
processing unit (GPU)-based electronic structure theory efforts (principally ground state and TDDFT in
the past) to include multireference electronic structure theory — specifically the floating occupation
molecular orbital — complete active space configuration interaction (FOMO-CASCI) method.
(Hohenstein, Bouduban, Song, Luehr, Ufimtsev and Martinez 2015) In FOMO-CASCI, the orbitals are
determined using an ensemble averaging method and a CASCI within a chosen active space is then
performed to describe the ground and excited electronic states. We were able to show that using a new
method based on atomic orbitals (and hence exploiting spatial locality) and implemented on GPUs, we
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could accelerate this method by 1-2 orders of magnitude
compared to conventional CPU-based approaches. The
FOMO-CASCI method is an efficient approximation to the
fully self-consistent state-averaged CASSCF method, and
its accuracy has been previously demonstrated. Using the
GPU-accelerated FOMO-CASCI method, we were able to
carry out excited state dynamics for photoinitated proton
transfer in methyl salicylate using up to 1000 initial
conditions. These calculations significantly exceed what
has been previously possible, but perhaps more
importantly, they were carried out in a matter of less than a
week on a single desktop computer costing less than
$2000. Figure 2 shows results for the average proton
transfer after photoexcitation in methyl salicylate.

. . . Figure 2. Demonstration of convergence of
Exciton Dynamics: We showed that one could devise an . <o state dynamics for proton hopping time

electronic  structure model based on an exciton e photoexcitation using FOMO-CASCI on
Hamiltonian, where all the components of the model were 3 single node with GPUs.

generated by solving the electronic structure problem “on

the fly.” (Sisto, Glowacki and Martinez 2014) This is advantageous because each of the chromophores is
much smaller than the aggregate system. Because the scaling of the electronic structure methods (such as
time-dependent density functional theory, TDDFT, which we used here) is cubic, it is much faster to
solve many small problems as opposed to a single large problem. We were able to show that one could
differentiate the exciton model directly (using quantities computed for the individual chromophores) and
thus carry out dynamics for large chromophoric assemblies such as the LH2 photosynthetic apparatus.

Future Plans: We have begun application of our ab initio exciton model to the LH2 complex. We are
implementing AIMS dynamics within this context to describe nonadiabatic effects and explore the role of
electronic coherence in this system. We are also planning to devote effort to the modeling of excited state
dynamics in coordination complexes containing transition metals. This is now feasible with the GPU-
accelerated FOMO-CASCI method and the effective core potentials we have implemented on GPUs.
(Song, Wang, Sachse, Preiss, Presselt and Martinez 2015) It remains to extend the AIMS method to
include intersystem crossing phenomena and to implement a Breit-Pauli Hamiltonian (and the required
integrals) to compute spin-orbit couplings within our GPU-accelerated framework. This will allow us to
investigate excited state dynamics of paradigmatic inorgranic photochemical systems such as Fe(CO)s, as
well as energy-relevant complexes like Ru(bpy); and Fe-containing analogs.
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Understanding Photochemistry using

Extreme Ultraviolet and Soft X-ray Time Resolved Spectroscopy

Markus Guhr and Thomas Wolf, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025
mguehr@slac.stanford.edu

Scope of the program

The scientific scope of this early career program is the site specific probing of chemical processes. For this purpose, we
use light in the extreme ultraviolet (EUV) and soft x-ray (SXR) spectral range providing the site specificity due to the
distinct absorption and emission features of core electrons. We are especially interested in non-Born-Oppenheimer
approximation (non-BOA) dynamics, because of its importance for light harvesting, atmospheric chemistry and DNA
nucleobases photoprotection. We use three different technical approaches for our studies: Laboratory based high
harmonic generation (HHG) sources in the range of 10-100 eV delivering pulses with a few femtoseconds duration,
synchrotrons with a wide spectral range from the EUV to the high SXR and the Linac Coherent Light Source (LCLS)
providing high pulse energy femtoseconds pulses in the soft and hard x-ray range.

Progress in 2013/2014

Spectroscopy with EUV light (T. Wolf, A. Battistoni, M. Giihr, Jakob Grilj (now at EPFL), M. Koch (now at TU
Graz),E. Sistrunk (now at LLNL))

Gasphase Photoelectron Spectroscopy

Our laser laboratory at SLAC houses a fully operational high harmonic source and photoelectron spectrometer
for molecules in the gasphase. First experiments with this source have given us insight on the differences of
single- vs multiphoton ultrafast probing. We used perylene, a polyaromatic hydrocarbon for this study.
Perylene can be excited by 400 nm UV light (3 eV photon energy) to the S; state, which then undergoes
fluorescence decay in a few nanoseconds. Probing the excited state with infrared multi-photon absorption
exhibits a decay in the integrated ion signal with a time constant of ~1 ps. The single photon probing with 14
eV EUV probes however exhibits a photoelectron spectrum that hardly changes over this timescale. The two
transitions are sensitive to different states of the molecule. The EUV probe directly leads from the S; to the
cationic states; the multi-photon probe process involves several neutral resonant states in between the S; and
cationic states, as we know from signal vs. IR intensity measurements. The energy-difference of S; and
cationic states is constant along the nuclear geometry change induced by the 400 nm excitation, which leads
to no or little modulation in the one photon probed photoelectron signal. The intermediate states in the multi-
photon probe are getting shifted out of resonance on this path, explaining the signal decay.

Multi-photon infrared probing is a very popular tool due to its simplicity, but the role of intermediate states
has never been investigated directly. Perylene does not undergo any intersystem crossing (ISC) or internal
conversion (IC). It is ideal to show how signal decay, which might be interpreted as a signature IC or ISC in
more complex systems, is purely due to shifting intermediate resonances.

Using the 14 eV probe pulse, we have recorded time resolved photoelectron spectra of the nucleobase
thymine. We clearly identify the signatures of the photoexcited state via the kinetic energy of the features.
While we are working on the exact interpretation of the results, we are certain that the 14 EV probing shows
remarkable new features when comparing the results to literature spectra with highest probe photon energy at
about 6 eV. Our probe pulses follow the relaxing photoexcited molecular population over a much longer time
interval and we see a long living feature still shifting in Kinetic energy on the picosecond timescale. We do
not expect that these observations are specific for thymine and will continue our experimental work on other
nucleobases.

Transient Grating Spectroscopy

X-ray nonlinear methods will play an important role for the upcoming generation of free electron lasers,
operating at high repetition rates up to 1MHz. We have done very recent work which demonstrates a
nonlinear scheme (transient grating) using one extreme ultraviolet pulse at an inner shell resonance. Our work
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shows features of a pure electronic response measured at the M-edge of vanadium inside VO,. We used two
800 nm beams in TG geometry) to excite the insulator-to-metal transition in VO, and a third extreme
ultraviolet (EUV) beam produced by strong field high harmonic generation of 800 nm light to probe the
sample. The inset in Figure la shows the first diffraction order on the CCD detector on the left and the
different spots show harmonics 21-13 (32-20 eV), all having photon energy different by 3eV. The line
spacing in this experiment was ~15um, smaller periods can be regularly achieved using diffractive optics.
Figure la shows the transient FWM signal for two of the harmonics as a function of delay between the
simultaneous 800 nm pulses and the EUV pulse. For a sample temperature below the insulator to metal
transition, the signal rises on a 10 ps time scale and decays in about 150 ps (not shown). The diffraction at
38.8 eV shows a faster transient, which is the electronic response of the sample smeared out by our time
resolution (~3 ps) due to non-matched excitation wavefronts.
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Figure 1a)Time resolved transient grating signal for two different EUV photon energies (32.6 (off resonance) and 38.8 eV (close
to resonance/on resonance)). The higher photon energy detects an electronic effect in the first few picoseconds, which is smeared
out by our apparatus limited resolution of ~3 ps. The inset shows the diffracted harmonics on the CCD. b) First indication for
heterodyning. A permanent grating was interfering with the transient response leading to an increase (green) or decrease (blue)
depending on the relative phase between the gratings. A measurement without permanent grating serves as a reference (red).

Heterodyning by a phase stable reference electric field is a well known technique to amplify weak
nonlinear signals. For short wavelength at FEL sources, the generation of a reference field in front of the
sample is challenging because of a lack of suitable beamsplitters. Figure 1b shows new results that indicate a
pioneering TG heterodyning experiment in our lab. We show the diffracted extreme ultraviolet spectrum at
one fixed delay. The non-heterodyne experiment shows a positive signal. After writing a permanent grating
on the sample (by temporarily increasing the intensity to the damage threshold), we observe its interference
with the transient grating signal (green: constructive, blue: destructive interference). We have demonstrated a
new self-referencing technique for heterodyning transient grating signals

The enormous advantage in this technique is that controlling the phase of a few nanometer wavelength
pulses is accomplished by translating a grating by parts of its grating constants, which can be well into the
100 nm to micron range. This scheme makes use of the available technology to overcome the much harder
technological problem of beamsplitters for soft x-rays as posed by multidimensional x-ray spectroscopy.

Soft x-ray probing of nucleobase photoprotection (together with the nucleobase photoprotection
collaboration)

In our first experiment on nucleobase photoprotection in 2011, we discovered that the Auger spectrum as a
function of photoexcitation — X-ray -probe delay contains valuable information about crucial bond distances.
For the nucleobase thymine, the oxygen Auger spectrum shifts towards high kinetic energies, resulting from a
particular C-O bond stretch of only 0.1 A in the zz* photoexcited state. A subsequent shift of the Auger
spectrum towards lower kinetic energies displays the electronic relaxation of the initial photoexcited state
within 200 fs.
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A very recent LCLS beamtime on the same topic was devoted to finding the product channels of the zz+*
decay. We implemented ultrafast near edge absorption fine structure (NEXAFS) spectroscopy for the gas at
the LCLS to accomplish our goal. Using the monochromator in the SXR hutch together with femtosecond UV
excitation and Auger yield detection, we obtained NEXAFS spectra of the excited state with a time resolution
of 100 fs.

Two remarkable features are clearly visible in the data. First, the 7+ NEXAFS peak associated with the 7=
orbital active in the UV excitation is bleached. This effect can be attributed to the UV induced increased
occupation of an initially completely unfilled orbital. In addition, a remarkably strong peak shifted about 4.5
eV towards lower excitation energies is visible after UV excitation. This peak shows a delayed onset and is
visible over several picoseconds time delay. Due to these features, the new spectral signature must reflect a
transiently filled and emptied state of thymine.

Ultrafast Electron Diffraction (together with Centurion group University Nebraska)

In 2015, SLAC has started a new initiative to determine the transient structure of isolated molecules via
scattering of relativistic MeV electron pulses from an RF photocathode gun. Our task has been responsible for
the realization of the first gas phase experiment together with the group of Martin Centurion at University of
Nebraska. The work was performed in close collaboration with the accelerator directorate and the LCLS laser
group. Relativistic electrons are ideally suited for this task because their velocity is close to the group velocity
of a laser pulse traversing a gas phase target. Thus the technique does not suffer the typical degeneration of
time resolution observed with keV electrons. The great promise of this technique, elaborated further below, is
the identification of important nuclear geometries for ultrafast energy conversion in molecules, such as
potential minima and regions on the way to conical intersections. Electrons interact with the photoexcited
molecule mostly via elastic scattering. The transient molecular structure is encoded in terms its Fourier
transform intensity in the electron scattering image.

The nitrogen molecules used in this study were cooled by expansion out of a pulsed nozzle. A first
(alignment) laser pulse (~50 fs, 800 nm, ~10" W/cm?) excited a rotational wavepacket in the molecules
through a nonresonant Raman interaction. The relativistic electrons were scattered from the transient
ensemble. The simulation of the anisotropy using the calculated diffraction images with identical regions of
interest reflects the data well. From the comparison of the experimental alignment traces and simulations of
the traces, we conclude that the time resolution of the new SUED machine is about 200 fs FWHM.

Plans
1) Photoelectron/Photoion EUV spectroscopy: We plan to observe the dynamics of nucleobases other

than thymine

2) TG spectroscopy: we are working on covering the full M-edge of 3d transition metals and on a better
time-resolution using tilted excitation wavefronts.

3) SLACs ultrafast electron diffraction initiative: this task is supporting this initiative in collaboration
with M. Centurions group from the University of Nebraska. We will perform ultrafast electron
diffraction on photoexcited isolated molecules in the gas phase.

References of this task (or with participation of this task) during the last three years:

1. Ultrafast Isomerization Initiated by X-Ray Core lonization, C. Liekhus-Schmaltz,et al. Nature Comm.
accepted (2015) (this task not lead)

2. Probing Molecular Photoexcited Dynamics by Soft X-Rays, M. Guhr in: Ultrafast Dynamics Driven by
Intense Light Pulses, eds.: M. Kitzler S. Graefe (Springer, Heidelberg, 2016)

3. MeV Ultrafast Electron Diffraction at SLAC, S. P. Weathersby, et al., Rev. Sci. Instr. 86, 073702 (2015)

4. Femtosecond X-ray-induced fragmentation of fullerenes, N. Berrah, et al. J. Mod. Opt. (2015) (this task
not lead)

5. The linac coherent light source single particle imaging road map, A. Aquila, et al. Struct. Dyn. 2, 041701
(2015) (this task not lead)
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6. Self referencing heterodyne transient grating spectroscopy with short wavelength, J. Grilj, E. Sistrunk, J.
Jeong, M. G. Samant, A. X. Gray, H. A. Durr, S. S. P. Parkin, M. Guhr, Photonics 2, 392 (2015)

7. Understanding the modulation mechanism in resonance-enhanced multi-photon probing of molecular
dynamics, M. Koch, T. J. A. Wolf, M. Guhr, Phys. Rev. A 91, 031403 (2015)

8. Extreme Ultraviolet Probing of Transient Grating Measurement of the Insulator to Metal Transition
Dynamics in VO2
E. Sistrunk, J. Grilj, J. Jeong, M. G. Samant, A. X. Gray, H. A. Durr, S. S. P. Parkin, M. Guhr, in: Ultrafast
Phenomena XIX, p. 64 (Springer, 2015)

9. Direct comparison of muti-photon and EUV single-photon probing of molecular relaxation processes, T.
J. A. Wolf, M. Koch, E. Sistrunk, J. Grilj, M. Guhr in: Ultrafast Phenomena XIX, p. 46 (Springer, 2015)

10. Broadband Extreme Ultraviolet Probing of Transient Gratings in Vanadium Dioxide, E. Sistrunk, J. Grilj,
J. Jeong, M. G. Samant, A. X. Gray, H. A. Durr, S. S. P. Parkin, M. Guhr, Optics Express 24, 4340 (2015)

11. A low-cost mirror mount control system for optics setups, M. Gopalakrishnan and M. Guihr, Amer. J.
Phys. 83, 186 (2015)

12. Extreme ultraviolet spectrometer based on a transmission electron microscopy grid, E. Sistrunk and M.
Guhr, Journal of Optics 17, 015502 (2015)

13. Femtosecond photoelectron and photoion spectrometer with vacuum ultraviolet probe pulses, M. Koch, T.
J. A. Wolf, J. Grilj, E. Sistrunk, M. Guhr, J. Electr. Spectr. Rel. Phenom. 197, 22 (2014)

14. Femtosecond X-ray Induced Explosion of C60 at Extreme Intensity, B. Murphy, et al., Nature Comm. 5,
4281 (2014) (this task not lead)

15. Ultrafast X-ray Auger Probing of photoexcited molecular dynamics, B. K. McFarland, J. P. Farrell, S.
Miyabe, F. Tarantelli, A. Aguilar, N. Berrah, C. Bostedt, J. D. Bozek, P.H. Bucksbaum, J. C. Castagna, R.
N. Coffee, J. P. Cryan, L. Fang, R. Feifel, K. J. Gaffney, J. M. Glownia, T.J. Martinez, M. Mucke, B.
Murphy, A. Natan, T. Osipov, V. S. Petrovic, S. Schorb, Th. Schultz, L. S. Spector, M. Swiggers, I. Tenney,
S. Wang, J. L. White, W. White, and M. Guhr, Nature Comm. 5, 4235 (2014)

16. Experimental strategies for optical pump — soft x-ray probe experiments at the LCLS, B. K. McFarland, N.
Berrah, C. Bostedt, J. Bozek, P.H. Bucksbaum, J. C. Castagna, R. N. Coffee, J. Cryan, L. Fang, J. P. Farrell,
R. Feifel, K. Gaffney, J. Glownia, T. Martinez, M. Mucke, B. Murphy, S. Miyabe, A. Natan, T. Osipov, V.
Petrovic, S. Schorb, Th. Schultz, M. Swiggers, L. Spector, F. Tarantelli, I. Tenney, S. Wang, W. White, J.
White, M. Guhr,, J. Phys.: Conf. Ser. 488, 012015 (2014)

17. A beamline for time-resolved extreme ultraviolet and soft x-ray spectroscopy, J. Grilj, E. Sistrunk, M.
Koch, M. Guhr, J. Anal. Bioanal. Tech. S12:005 (2014)

18. Quantified angular contributions for high harmonic emission of molecules in three dimensions, L. S.
Spector, M. Artamonov, S. Miyabe, T. Martinez, T. Seideman, M. Guehr, and P. H. Bucksbaum, Nature
Comm. 5, 3190 (2014) (this task not lead)

19. Resonant photoemission at the iron M-edge of Fe(CO)5, E. Sistrunk, J. Grilj, B. K. McFarland, J. Rohlen,
A. Aguilar, and M. Guhr,

J. Chem. Phys., 139, 164318 (2013)

20. Probing Nucleobase Photoprotection with soft x-rays, B. K. McFarland, J. P. Farrell, N. Berrah, C.
Bostedt, J. Bozek, P.H. Bucksbaum, R. N. Coffee, J. Cryan, L. Fang, R. Feifel, K. Gaffney, J. Glownia, T.
Martinez, M. Mucke, B. Murphy, S. Miyabe, A. Natan, T. Osipov, V. Petrovic, S. Schorb, Th. Schultz, L.
Spector, F. Tarantelli, I. Tenney, S. Wang, W. White, J. White, M. GUhr, EDP Web of Conferences, 41,
07004 (2013)
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Scope of the program

This program is focused on strongly-driven electron dynamics in bulk crystals subjected to
intense infrared laser fields. This regime is known to produces ultra-short wavelength high
harmonic radiation, similar to the gas phase atomic and molecular high harmonic generation
(HHG). The gas phase HHG has been very well studied, and that knowledge has been the
foundation of current Attosecond Science and Technology. It is tempting to say that solid-state
HHG physics could take similar path. However, the generation mechanism for the solid-state
harmonics is a matter of intense debate. Two distinct solid-state electronic processes can
contribute: inter-band electron dynamics and intra-band electron dynamics. The difficulty in
disentangling their individual contribution is mainly because both mechanisms predict the same
linearly scaled high-energy cutoff (with the electric field). In this project, we are pursuing a
series of experiments and theoretical studies aimed to disentangle these roles quantitatively. Thus
the objective of this project is to advance our understanding of strong-field physics in the
condensed phase with direct implications in XUV source technology. Because of the high density
target the solid-state harmonics could lead to a compact attosecond XUV source. Such a light
source could be an alternative to the existing gas phase sources since they typically require fairly
complex setup including the use of high power pump lasers due to low conversion efficiency.

Recent Progress

Two-color HHG for measuring harmonics in time domain: We investigated the time-
frequency profile of solid-state harmonics theoretically considering a model solid [1]. The results
predict two distinct characteristics corresponding to the inter-band and intra-band nonlinear
currents. In the case of intra-band emission, harmonics do not exhibit chirp as all harmonics are
emitted at the peak of the electric field. However, inter-band emission exhibits atto-chirp, similar
to the atomic HHG along with some important differences, for example here the near cutoff
harmonic are emitted at the zero crossing of the field. We are considering two-color HHG
approach to deduce the time-frequency profile in the experiments. The theoretical work is
ongoing in collaboration with Gaarde and Schafer group at LSU. In the experimental side,
preliminary results are obtained in the single crystal MgO, which indeed show atto-chirp. We are
currently analyzing that data.

Role of periodicity in high harmonic generation from solids: Understanding the role of long
range periodicity of the target in generating harmonics is important for fundamental physics point
of view as well as for potential applications in future XUV photonics. Particularly, if amorphous
targets support the XUV generation it would have a substantial implication in the fiber laser
technology in terms of developing high repetition rate XUV source. In this project, we compare
harmonic generation in crystal quartz with amorphous fused silica because of their same band-
gap. We have started by looking at the angular distribution of 5™ and 7™ harmonics for a linearly
polarized 2 um laser. Crystal quartz showed clear 6-fold symmetry consistent to the crystal
structure. In contrast, fused silica showed an isotropic angular distribution, as expected in
isotropic medium. We plan on extending these measurements to higher order harmonics.
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Ellipticity dependence of high harmonics from solids: We are investigating the ellipticity
dependence of harmonics from MgO crystals. In the gas phase, it is well known that once the
harmonics are of high enough photon energy compared to the ponderomotive energy they show
strong ellipticity dependence. In the case of solids, the ellipticity dependence seems more
complex. In the original ZnO experiments, we reported a very weak dependence but in a recent
experiment performed in collaboration with Reis group we measured a strong dependence in rare
gas solid target. Our preliminary results in MgO indicate the possibility of using harmonics to
study crystal bonding.

Construction of XUV spectrometer: We have completed the construction of a XUV
spectrometer that covers the spectral range from ~10 eV to ~50 eV. The chamber encloses
focusing optics, kinematics for mounting samples, a diffraction grating and a MCP detection
system. The chamber was commissioned using harmonics produced in single crystal MgO[2].

Development of mid-IR Laser system: Earlier this year, we installed a Ti:sapphire laser
amplifier that produces 8 mJ, 35 fs, 800 nm pulses at 1kHz. Also, we installed a high energy
OPA, which allowed us to reach the 2 um wavelength with ~50 fs pulses at the mJ level.
Currently, we are working on extending the wavelength to 4 um by employing the difference
frequency generation technique.

Planned Research

We are working with the LSU group on the issue of how to extract harmonic phase information
from the two-color data. From this study, we expect to distinguish the contribution from inter-
and intra-band nonlinear current. We plan to use the newly built XUV spectrometer for atto-chirp
and ellipticity dependence measurements. We continue to collaborate with the Reis group at
PULSE Institute on finishing up rare gas solids experiments and in new nonlinear x-ray physics
experiments at the LCLS.

In the laboratory, within next year, we expect to complete the mid-infrared laser system. Long
wavelength and ultra-short laser pulses are crucial for achieving high damage threshold.
Currently, we are working on a nonlinear pulse compressor technique for obtaining few cycle
laser pulses near 2 um wavelength. A difference frequency generation setup is being developed to
reach the 4 um wavelength range, which will allow us to study a wide range of optical medium
with different band-gap and band structures.

In the longer term we will perform photoemission experiments, where we will measure electrons
from strongly driven solid surface.

Publication directly supported by this project

[1] M. Wu, S. Ghimire, D. A. Reis, K. J. Schafer, and M. B. Gaarde. High-harmonic generation
from bloch electrons in solids. Physical Review A, 91(4):043839, 2015.

Other related publication

[2] S. Ghimire, G. Ndabashimiye, A. D. DiChiara, E. Sistrunk, M. 1. Stockman, P. Agostini, L. F.
DiMauro, and D. A. Reis. Strong-field and attosecond physics in solids. Journal of Physics B:
Atomic, Molecular and Optical Physics, 47(20):204030, 2014.
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Tracing and Controlling Ultrafast Dynamics in Molecules
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andreas.becker@colorado.edu

Program Scope

The emergence of attosecond technology has shifted our perspective in ultrafast science from
the time scales intrinsic to nuclear dynamics to that of electron dynamics. With our projects we
seek to provide theoretical support to establish new ultrafast concepts and optical techniques to
obtain an advanced understanding and interpretation of electron dynamics in atoms and
molecules.

Recent Progress and Future Goals
Our activities in the project over the last year can be summarized in the following sub-projects.
A. Time delays in single and two-photon ionization

Observing the time-resolved behavior of electrons is among the primary challenges at the
frontier of attosecond science. One of the key methods for time-resolved measurements is the
attosecond streak camera technique [1]. It is based on the observation of the momentum (or
energy) of a photoelectron, ionized by an ultrashort XUV pulse from a target and streaked by an
additional laser pulse, usually a near-infrared pulse. The final electron momentum depends on
the vector potential of the streaking field at the time instant of the transition of the electron into
the continuum. By scanning the relative delay between the two pulses, time information is
mapped onto the streaking trace, i.e., the final electron momentum as a function of the relative
delay between the two pulses. In streaking experiments on the photoionization of atoms [2] and
solids [3], temporal shifts between different streaking traces have been observed. We have
recently shown [DOE10] that the shifts, when compared with the vector potential of the
streaking pulse, can be interpreted as due to two contributions, namely a time delay acquired
during the transition in the continuum (absorption time delay) and a time delay accumulated by
the photoelectron in the continuum (continuum time delay).

We have studied both contributions in different scenarios, involving single-photon and two-
photon ionization. For ionization due to single photon absorption or a nonresonant two-photon
transition, the transition from the bound state to the continuum is found to occur without time
delay and the observed streaking time delay does arise from the interaction of the photoelectron
with the Coulomb potential of the residual ion and the field of the streaking pulse [DOEA4,
DOES6]. In contrast, for a resonant two-photon ionization a substantial absorption time delay is
found, which scales linearly with the duration of the ionizing pulse [DOE10]. The latter can be
related to the phase acquired during the transition of the electron from the initial ground state to
the continuum and the influence of the streaking field on the resonant structure of the atom.
Furthermore, we were able to establish the existence of such an absorption time delay via an
independent analysis of photoelectron trajectories following two-photon ionization.

The continuum time delay is often considered to involve contributions from the WS time delay

[4,5] and the coupling between the streaking field and the Coulomb field. Alternatively, we have
interpreted it as solely due to the interaction with the combined Coulomb and streaking fields
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[DOE4, DOES6]. Very recently, we were able to show that the former split in a field-free and a
field-induced time delay can be derived as an approximation from our theoretical interpretation.
This has further led us to a simple model formula which allows for the efficient calculation of
continuum time delays. As a first approximation of this new model formula we have studied the
influence of the attochirp of the ionizing XUV pulse on the streaking time delays.

Currently, we extend our streaking time delay studies to molecules, involving single-photon as
well as resonant and non-resonant two photon ionization.

B. High harmonic spectroscopy of nonadiabatic electron dynamics

Another way to achieve attosecond temporal resolution of electron dynamics is given via high
harmonic generation through the interaction of atoms and molecules with intense femtosecond
lasers [6]. The harmonic radiation with photon energies extending from the VUV to the soft-X-
ray region is generated upon recombination of the electron with the parent ion and serves as a
natural probe of the nuclear and electronic structure or dynamics of molecular targets [7]. Each
of the three steps in harmonic generation [8,9], namely emission, propagation and
recombination of the electron wavepacket, occurs on a femto- or sub-femtosecond time span.
HHG is therefore a spectroscopic tool offering temporal resolution on the time scale of electron
dynamics.

Based on the results of numerical simulations we have explored a new mechanism resulting in a
minimum in the high harmonic spectrum of a hydrogen molecular ion driven at extended
internuclear distances by a mid-infrared laser source of moderate intensity [10]. Our analysis
identifies this minimum to be a signature of the transient localization of the electron upon
alternating nuclear centers, which we have previously studied in this program [11]. Surprisingly,
this dynamics, which exclusively occurs at the time of ionization, transfers into a suppression of
harmonic generation at specific orders. We have further demonstrated the sensitivity of this
spectroscopic feature to driving field parameters as well as its robustness to distributions of
laser field intensities and internuclear distances in an attempt to explore the experimental
feasibility to observe the present theoretical findings. It is also shown how variations in the
nonadiabatic dynamics induced by the ramping driving field can be imaged through changes in
the number and locations of minima in the spectra. This leads to a temporal resolution of the
transition from adiabatic to nonadiabatic dynamics over the course of the driving laser pulse.

In future, we plan to extend our studies towards an analysis of propagation effects regarding the
spectroscopic feature in harmonic emission and the investigation of the signatures of
nonadiabatic dynamics in photoelectron energy spectra.

C. High harmonic and isolated attosecond pulse generation at long driver wavelengths

In collaboration with the experimental groups of Margaret Murnane and Henry Kapteyn we have
examined the generation of isolated ultrashort pulses by multi-cycle driving laser pulses at
midinfrared wavelengths. Our calculations are based on an extension of the strong-field
approximation at the microscopic level and the assumption to discretize the medium into
elementary radiators. The radiation via harmonic emission by each of these sources is then
propagated to the detector and calculated as coherent sum. Our results indicate, in support of
corresponding experimental observations, that a temporal gating of the harmonic emission
down to one optical cycle can be achieved via macroscopic phase matching [DOES].

More recently, as continuation of this project we have analyzed the important role of group
velocity matching in the macroscopic build up of the high-harmonic signal generated in gas
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targets at high pressures. The non-perturbative nature of high-harmonic generation required a
new definition of the walk-off length associated with group velocity matching [12]. Predictions
based on this definition are in excellent agreement with full quantum simulations. It is shown
that group velocity matching is a relevant factor in the isolation of attosecond pulses and leads
to the selection of the contributions from the short quantum path to harmonic emission. We have
also demonstrated that the effects due to group velocity matching become most relevant for
pulses with long driver wavelengths and short durations.

D. Noncollinear generation of angularly circularly polarized high harmonics

Finally, in collobaration with the groups of Margaret Murnane and Henry Kapteyn and other
experimental groups we have shown that angularly separated pulses of circularly polarized high
harmonics can be generated through a noncollinear set-up with circularly polarized driving
lasers [DOE11]. This new technique offers advantages over previous methods, including the
generation of higher photon energies, the separation of the harmonics from the pump beam, the
production of both left and right circularly polarized harmonics at the same wavelength, and the
capability of separating the harmonics without using a spectrometer. We have supported the
pioneering experimental efforts in this direction by numerical simulations. In particular, we were
able to show that the technique is applicable at a variety of driver wavelengths. Furthermore,
our calculations provide insights in the temporal structure of the generated light pulses, showing
that the pulses, in general, emerge as single long pulses, which however in the case of a few-
cycle driver can lead to an isolated circularly polarized attosecond pulse.
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Program Scope

The goal of our research program is to investigate fundamental interactions between photons
and molecular systems to advance our quantitative understanding of electron correlations, charge
transfer and many body phenomena. Our research investigations focus on probing on
femtosecond time-scale multi-electron interactions and tracing nuclear motion in order to
understand and ultimately control energy and charge transfer processes from electromagnetic
radiation to matter. Most of our work is carried out in a strong partnership with theorists.

Our current interests include: 1) The study of non linear and strong field phenomena in the x-
ray regime using free electron lasers (FELs), and in particular, the ultrafast linac coherent light
source (LCLS) x-ray FEL facility at the SLAC National Laboratory. 2) Time-resolved molecular
dynamics investigations using pump-probe techniques. Our experiments probe physical and
chemical processes that happen on femtosecond time scales. This is achieved by measuring and
examining both electronic and nuclear dynamics subsequent to the interaction of molecules and
clusters with LCLS pulses of various (4-500 fs) pulse duration. 3) The study of dynamics and
correlated processes in select molecules as well as anions with vuv-soft x-rays from the Advanced
Light Source (ALS) at Lawrence Berkeley Laboratory.

We present below results completed and in progress this past year and plans for the immediate
future.

Recent Progress

1) Fragmentation Dynamics of Endohedral Fullerene HosN@Cso lonized with
Intense and Short X-Ray FEL Pulses
Investigations of the ionization and fragmentation dynamics of nano-size fullerenes subjected
to ultrashort strong x-ray laser field from FELs are nascent [pub11,12]. They are important from
a fundamental view point since we learn about how the deposited energy is shared within many
degrees of freedom in a strongly correlated system. These investigations are also important for
understanding the mechanisms of radiation damage that will benefit the development of bio-
imaging techniques and radio-therapies. Recently, we reported on a multi-photon absorption and
fragmentation investigation of Cgo [pub 11,12] using intense 480 eV photons form the LCLS with
4, 30, and 90 fs pulse duration. Although the dynamics were complicated because of the number
of electrons and atoms involved, the experimental results could be well reproduced by molecular
dynamics (MD) modeling with electronic structure and nuclear motion taken into account
[pub11,12]. To push the complexity further in our quest to understand multi-photon absorption
and ionization dynamics of intermediate size molecules, we extended our multi-photon
investigations to endohedral fullerenes, HosN@Cso.

The experiment was carried out at the AMO hutch at the LCLS. Gas phase HosN@Cso
molecules were evaporated from a heated oven and interacted with intense x-ray laser pulses. The
photon energy of the x-rays was chosen at 1530 eV to optimize the ionization from the 3d shell in
the Ho atoms, which were encapsulated in Cso cages along with a nitrogen atom in the center. The
pulse duration of the FEL was set to 80 fs and the pulse energy was nominally 2.2 mJ. The x-rays
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were focused to a spot approximately Sumx5um which delivered less fluence than in the case of
the Ceo experiment [pub11,12]. Parent ions up to quintuply charged HosN@Cso>" were observed,
suggesting a stable structure even with 5 charges on the parent molecule. Atomic Ho" ions,
originating from the encapsulated HosN molecule, were observed with the highest yield
compared to other fragments and parent ions.

The present analysis of the data seems to indicate that additional fragmentation mechanisms
occur either sequentially or simultaneously because we also observed the parent molecule
multiply ionized, having lost C atoms. We measured HosN@Cn"";n= 2,3 and m= 78, 76, 70 and
50. These weak fragments most probably lost C dimers, similarly to what has been observed in
previous intense IR laser work [a]. We also observed weak mixed molecular fragment indicating
that the Ho atom formed carbon and nitrogen bonds since we observe HoCN™, HoC,", HoC,4", and
HoCsN" albeit in small quantities. The fragmentation dynamics observed is unlike the case of the
Ceo experiment. This leads us to believe that under the present experimental conditions, only a
few multiphoton ionization cycles led to the Ho," and Cs* charge states as well as carbon ion
chains indicative of low fluence ionization. This multiphoton ionization regime is quite different
from the near-complete atomization occurring at high-fluence short-pulse conditions [pub11,12];
here one observes a more intricate dynamics with bonds breaking (Ho-N, C-C) and new bond
forming (Ho-C,, HoCN, HoC4, HoCsN) [pub 1]. We are planning a follow up experiment to
understand in details, as a function of fluence, the time-resolved ionization dynamics of this
molecule.

2) Inner-shell photodetachment from carbon chain negative ions

Studies of single-photon inner-shell photodetachment of carbon chain negative ions are
intriguing because anions are strongly correlated systems. The role of the extra electron can be
examined as a function of the cluster size and of the chosen ionized inner shell. This work
challenges theories but is also relevant to applications in astrophysics, material science and the
biosciences. Recent observations of carbon chains in the interstellar medium and renewed interest
in carbon materials have led to multiple theoretical studies of homonuclear carbon chains as well
as their ionic forms.

We have carried out x-ray photodetachment from C,” with n = 2 — 10 for K-shell electrons
using 274-296 eV photons from the ALS and inner valence photodetachment with 25-90 eV
photons energy. Carbon chain anions were produced in a SNICS II negative ion source and mass
analyzed. The collimated ion beam was then overlapped with the photon beam at Beamline 10.0.1
and 8.0.1 at the ALS. The resulting positive ions were collected and analyzed to get both absolute
cross sections and branching ratios for the dissociation products. Comparisons of the new carbon
chain data show similar resonance features to the atomic carbon negative ion shape resonance that
we observed just above the K-shell photodetachment threshold near 282 eV [b, c]. In addition to
the resonance features seen in the singly charged positive ion channel, we observed the doubly-
charged positive chains C;** and Cs*". We believe these to be the first observations of photon
induced triple-detachment producing such small, stable molecular products. The C;*" product
must have a lifetime of at least 13 fs in order to be observed in our experiment. The Cs** product
is believed to be the smallest stable carbon dication [d]. Single-photon ejection of three electrons
producing small doubly charged anions has not been expected and further theoretical and
experimental investigations are needed for this system. This data is presently being analyzed.
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Future Plans.

The principal areas of investigation planned for the coming year are:

1) Prepare the approved LCLS experiment scheduled for February 2016. 2) Finish writing the
paper resulting from the x-ray split and delay (XRSD) instrument commissioning data collected
during our LCLS beamtime. 3) Finish writing the paper from the LAMP LCLS instrument
commissioning beamtime. 4) Start writing the paper from the analyzed ALS K-shell
photodetachment data in Ce. 5) Analyze the new data we generated during the summer of 2015
when we conducted the K-shell photodetachment experiments of the carbon anions chain (C; -
Clz') at the ALS.

Publications from DOE Sponsored Research

N. Berrah, B. Murphy, H. Xiong, L. Fang, T. Osipov, E. Kukk, M. Guehr, R. Feifel, V. S.
Petrovic, K. R. Ferguson, J. D. Bozek, C. Bostedt, L. J. Frasinski, P. H. Bucksbaum and J. C.
Castagna , “Femtosecond x-ray induced fragmentation of fullerenes” J. of Mod. Opt. (in press
2015).

N. Berrah and P. H. Bucksbaum, Update on “The Ultimate X-ray Machine” Scientific American
Special Issue, devoted to Physics, 112 pages that include about 15 of the most intriguing physics
articles that Scientific American has published in recent years, (in Press, 2015).

P. Bucksbaum and N. Berrah, Physics Today, 68 (7), 26 July 2015.

N. Berrah and L. Fang “Chemical Analysis: Double Core-Hole Spectroscopy with Free-Electron
Lasers” J. Electr. Spect. And Rel. Phenom. (in press, 2015)

C. E. Liekhus-Schmaltz, 1. Tenney, T. Osipov, A. Sanchez-Gonzalez, N. Berrah, R. Boll, et al.,
P.H. Bucksbaum, V. Petrovic et al.,“Ultrafast [somerization Initiated by X-Ray Core lonization”
(Nature Commun. Accepted).

M. Mucke, V. Zhaunerchyk, L.J. Frasinski, R.J.Squibb, M. Siano, J.H.D. Eland, P. Linusson, P.
Salen, P. v.d. Meulen, R.D. Thomas, M. Larsso, L. Foucar, J. Ullrich, K. Motomura, S. Mondal,
K.Ueda, T. Osipov, L. Fang, B.F. Murphy, N Berrah, et al., and R. Feifel, “Covariance mapping
of two-photon double core hole states in C;H, and C,Hs produced by an X-ray free electron laser”
New Journal of Physics (IOP) (in press 2015).

F. Penent, M. Nakano, M. Tashiro, T. P. Grozdanov, M. Zitnik, K. Bucar, S. Carniato, P. Selles,
L. Andric, P. Lablanquie, J. Palaudoux, E. Shigemasa, H. Iwayama, Y. Hikosaka, K. Soejima,
LLH. Suzuki, N. Berrah, A. Wuosmaa, T. Kaneyasu and K. Ito, “Double core hole spectroscopy
with synchrotron radiation” J. Electr. Spect. and Relat. Phenom. (in press 2015).

A. Dubrouil, M. Reduzzi, M. Devetta, C. Feng, J. Hummert, P. Finetti, O. Plekan, C. Grazioli, M.
Di Fraia, V. Lyamayev, A. La Forge, R. Katzy, F. Stienkemeier, Y. Ovcharenko, M. Coreno, N.
Berrah, et al., and G. Sansone, “Nonlinear resonant excitation of interatomic Coulombic decay in
neon dimers”, Special issue in JPB “Frontiers of Free-Electron Laser (FEL) Science-I1”
(accepted, 2015).

L Fang, Z Jurek, T Osipov, B F Murphy, R Santra, and N Berrah, “Investigating Dynamics of
Complex System Irradiated by Intense X-ray Free Electron Laser Pulses”, Journal of Physics:
Conference Series 601, 012006 (2015).

Marc. Humphrey, Paul V. Pancella and Nora Berrah, “Idiots Guides for Quantum Physics”,
ALPHA Books publishing, ISBN 97781615643172, Jan 6, 2015.

B. F. Murphy, T. Osipov, Z. Jurek, L. Fang, S.-K. Son, L. Avaldi, P. Bolognesi, C. Bostedt, J.
Bozek, R. Coffee, J. Eland, M. Guehr, J. Farrell, R. Feifel, L. Frasinski, J. Glownia, D.T. Ha, K.

149


http://iopscience.iop.org/1742-6596/194/1/012058
http://iopscience.iop.org/1742-6596/194/1/012058
http://iopscience.iop.org/1742-6596/194/1/012058

Berrah

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Hoffmann, E. Kukk, B. McFarland, C. Miron, M. Mucke, R. Squibb, K. Ueda, R. Santra, and N.
Berrah “Bucky ball explosion by intense femtosecond x-ray pulses: a model system for complex
molecules”, Nature Communication, 5, 4281, doi:10.1038/ncomms 5281 (2014)

N. Berrah, L. Fang, T. Osipov, Z. Jurek, B. F. Murphy, and R. Santra, Faraday Discussion,
Emerging photon technologies for probing ultrafast molecular dynamics” Faraday Discuss., 171,
471 (2014)

N. Berrah and P. H. Bucksbaum, “The Ultimate X-ray Machine” Scientific American, 310, 64,
January 2014.

B. K. McFarland, J. P. Farrell, S. Miyabe, F. Tarantelli, A. Aguilar, N. Berrah, C. Bostedt, J.
Bozek, P.H. Bucksbaum, J. C. Castagna, R. Coffee, J. Cryan, L. Fang, R. Feifel, K. Gaffney, J.
Glownia, T. Martinez, M. Mucke, B. Murphy, A. Natan, T. Osipov, V . Petrovic, S. Schorb, Th.
Schultz, L. Spector, M. Swiggers, 1. Tenney, S. Wang, W. White, J. White and M. Giihr
Delayed Ultrafast X-ray Auger Probing (DUXAP) of Nucleobase Ultraviolet Photoprotection ,
Nature Communication, 5, 4235, doi:10.1038/ncomms5235 (2014)

L. Fang, D. Rolles, A. Rudenko, V. Petrovich, C. Bostedt, J. D. Bozek, P. Buckbaum and N,
Berrah “Probing ultrafast electronic and molecular dynamics with free electron lasers” J. Phys. B:
At. Mol. Opt. Phys. 47 124006 (2014) doi:10.1088/0953-4075/47/12/124006)

M. Mucke, V. Zhaunerchyk, R.J. Squibb, M. Kamiska, J.H.D. Eland, P. v.d.Meulen, P. Salén, P.
Linusson, R.D. Thomas, M. Larsson, L.J. Frasinski, M. Siano, T. Osipov, L. Fang,B. Murphy, N.
Berrah, et al., and R. Feifel, “Mapping the decay of double core hole states of atoms and
molecules”, Journal of Physics: Conference Series 488, 032021 (2014).

N. Berrah, L. Fang, T. Osipov, B. Murphy, C. Bostedt, and J.D. Bozek, “Multiphoton lonization
and Fragmentation of Molecules with the LCLS X-Ray FEL” J. Elec. Spect. And Rela. Phen.,
196, 34-37, doi:10.1016/j.elspec.2013.10.009 (2014).

B.K. McFarland, N. Berrah,C. Bostedt, J. Bozek, P. H. Bucksbaum, et al.,, and M Giihr,
“Experimental strategies for optical pump — soft x-ray probe experiments at the LCLS” J. Phys.:
Conf. Ser. 488 012015 doi:10.1088/1742-6596/488/1/012015(2014).

R. C. Bilodeau, N. D. Gibson, C. W. Walter, D. A. Esteves-Macaluso, S. Schippers, A. Muller,
R. A. Phaneuf, A. Aguilar, M. Hoener, J. M. Rost, and N. Berrah, “Single-Photon Multiple-
Detachment in Fullerene Negative lons: Absolute Ionization Cross Sections and the Role of the
Extra Electron”, Phys. Rev. Lett. 111,043003 (2013).

L.J. Frasinski, V. Zhaunerchyk, M. Mucke, R.J. Squipp, M. Siano, J.H.D. Eland, P. Linusson,
P.v.d. Meulen, P. Salén, R.D. Thomas, M. Larsson, L. Foucar, J. Ullrich, K. Motomura, S.
Mondal, K. Ueda, T. Osipov, L. Fang, B.F. Murphy, N. Berrah, C. Bostedt, et al., and R. Feifel
Phys. Rev. Lett. 111, 073002 (2013).

V. Zhaunerchyk, M. Mucke, P. Salén, P.v.d. Meulen, M. Kaminska, R.J. Squipp, L.J. Frasinski,
M. Siano, J.H.D. Eland, P. Linusson, R.D. Thomas, M. Larsson, L. Foucar, J. Ullrich, K.
Motomura, S. Mondal, K. Ueda, T. Osipov, L. Fang, B.F. Murphy, N. Berrah, C. Bostedt, et al.,
and R. Feifel J. Phys. B: At. Mol. Opt. Phys. 46, 164034 (2013).

C. Bostedt, J. D. Bozek, P. H. Bucksbaum, R. N. Coffee, J. B. Hastings, Z. Huang, R. W. Lee, S.
Schorb, J. N. Corlett, P. Denes, P. Emma, R. W. Falcone, R. W. Schoenlein, G. Doumy, E. P.
Kanter, B. Kraessig, S. Southworth, L. Young, L. Fang, M. Hoener, N. Berrah, C. Roedig, and L.
F. DiMauro, J. Phys. B: At. Mol. Opt. Phys. 46, 164003 (2013).

T Osipov, L Fang, B Murphy, F Tarantelli, E R Hosler, E Kukk, J D Bozek, C Bostedt, E P
Kanter and N Berrah, ” Multiphoton ionization and fragmentation of SF¢ induced by intense free
electron laser pulses”, J. Phys. B: At. Mol. Opt. Phys. 46, 164032 (2013).

M. Larsson, P. Salén, P. van der Meulen, H. T. Schmidt, R. D. Thomas, R. Feifel, L. Fang, B.
Murphy, T. Osipov, N. Berrah, et al., and K. C. Prince, “Double core-hole formation in small
molecules at the LCLS free electron laser” J. Phys. B: At. Mol. Opt. Phys. 46, 164030 (2013).
J.C. Castagna, B. Murphy, J. Bozek, and N. Berrah,“X-ray split and delay for soft x-rays at
LCLS”, Journal of Physics:Conference Series 425 152021, (2013).

150


http://dx.doi.org/10.1088/0953-4075/47/12/124006
http://dx.doi.org/10.1016/j.elspec.2013.10.009
http://dx.doi.org/10.1088/1742-6596/488/1/012015

Ultrafast Electron Diffraction from Aligned Molecules
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Program Scope

The aim of this project is to capture the three-dimensional structure of isolated molecules during
an ultrafast reaction using electron diffraction. A femtosecond laser pulse triggers the dynamics
and a femtosecond electron pulse scatters from the sample and produces a diffraction pattern in a
laser-pump electron-probe configuration. The structural information is retrieved from the
diffraction patterns. If the molecules are pre-aligned with a laser pulse, the three-dimensional
structure of the molecule can be retrieved with sub-Angstrom resolution.

Introduction

The majority of known molecular structures have been determined using either x-ray diffraction
for crystallized molecules or Nuclear Magnetic Resonance (NMR) spectroscopy for molecules in
solution. However, for isolated molecules there has been no method demonstrated to measure the
three dimensional structure. Electron diffraction has been the main tool to determine the structure
of molecules in the gas phase [1] and also to investigate dynamics on picosecond time scales [2-
4]. Diffraction patterns from randomly oriented molecules contain only one-dimensional
information, and thus input from theoretical models is needed to recover the structure. The
diffraction pattern is compared with a calculated structure iteratively until an appropriate match
between experiment and theory is found.

We have recently demonstrated that the full molecular structure can be retrieved from diffraction
patterns of aligned molecules, without any previous knowledge of the structure [5]. The
molecules were impulsively aligned with a femtosecond laser pulse and probed with
femtosecond electron pulses in a field-free environment at the peak alignment. This ensures that
the molecules are not distorted by the laser field when the structure is probed by the electron
pulse. In order to retrieve a molecular image from a single diffraction pattern the degree of
alignment needed is much higher than what can be achieved experimentally. While the structure
cannot be retrieved from a single pattern, we have developed a new two-step retrieval algorithm
that can retrieve the structure even with a limited degree of alignment. The first step in the
method is a deconvolution to retrieve the diffraction pattern corresponding to perfectly aligned
molecules from multiple input diffraction patterns with partial alignment, using a genetic
algorithm. The second step is to reconstruct the molecular structure from the deconvolved
diffraction pattern. An iterative phase retrieval algorithm in three-dimensional (3-D) cylindrical
space is used to reconstruct the full 3-D molecular structure. We have shown numerically that the
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Figure 1. (a) Anisotropy/alignment parameter
<cos’a> versus fluence. The blue curves are
simulation results, and the red curves are
experimental data. The solid and dashed curves
represent pulse durations of 60 and 200 fs,
respectively. The points labeled by roman numerals
will be discussed below. (b) Number of detected
singly ionized molecules, CS," (blue circles), and the
doubly ionized molecules CS,"™ (red diamonds) as a
function of laser intensity. The error bars are smaller
than the symbols. To account for small pressure
fluctuations, the raw counts are normalized to the
average pressure for the corresponding data set. The
black curve is a model for a 7-photon multiphoton
ionization process that was used to fit the data

structure of trifluorotoluene (C¢HsCF3), an
asymmetric-top molecule, can be retrieved
successfully [6].

Recent Progress

We have used UED to capture the angular
distribution and structural changes in
molecules due to the interaction with
intense laser pulses [7]. We have
investigated a range of laser intensities
(10210 W/cm?) relevant for many
experimental that
alignment and/or ionization of molecules.
CS, was used a model molecule because
the angular distribution and interatomic
distances can be retrieved directly from
the diffraction patterns without the need of
iterative algorithms. This simplifies the

methods involve

data analysis and allows us to focus on
dynamics.

From the diffraction patterns, we were
able to characterize the dependence of the
alignment on both the intensity and
fluence of the laser pulses. We have
compared the experimental results with
simulations of the alignment, and seen
that  experimentally the alignment
saturates at intensities well below 10"
W/cmz, while in the simulation the

alignment continues to increase (Figure 1a). The ionization state of the sample was measured
using femtosecond laser mass spectrometry, and the results showed that the saturation of
alignment happens at intensities well below the ionization threshold (Figure 1b).
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We have observed a
distortion of the
molecular structure for
intensities above 10"
W/em?. Difference-
diffraction patterns were
generated by taking the
difference between
Figure 2. Molecular structure retrieved from difference diffraction ~ Patterns at high intensity
patterns. The lower spot corresponds to the C-S distance, while the and patterns at low
upper spot corresponds to the S-S distance. In the first image, the  intensity. The patterns
structure matches that of the ground state, while in the images at higher

intensity the interatomic distances are larger, in agreement with two-
photon excited states.

used were captured at
the time of maximum

alignment
(approximately 1 ps after the laser). This method captures changes in the structure that take place
as the intensity is increased. The changes in the structure were determined from the Fourier
transform of the difference-diffraction patterns (Figure 2). The first panel in Figure 2 shows the
retrieved structure corresponding to point II in Figure la. This structure is in good agreement
with the ground state structure within the uncertainty of the measurement of 0.03 A. For higher
intensities, the bond lengths become longer than the ground state by approximately 0.1 A. The
longer bond length is consistent with two-photon excited states of CS,. The resolution of the
measurement was 1.0 ps, which prevented us from capturing the dynamics of the change in bond
lengths. We also saw evidence dissociation into neutral fragments at high intensities.

We are working to improve the temporal resolution to capture the motion of the nuclei during
conformation changes in molecules. We are collaborating with Xijie Wang and Markus Guehr to
build a gas-phase UED experiment using the existing MeV electron gun at the Asta test facility
at SLAC. This RF gun can deliver ~ 100 fs electron pulses with an energy between 2 MeV to 5
MeV. UED with relativistic electrons offers two advantages: it minimizes the velocity mismatch
between laser and electrons and reduces the spreading of the pulse due to Coulomb forces. The
velocity mismatch can be significant for keV electron pulses, degrading the resolution by several
hundred femtoseconds, while for MeV electrons the effect is negligible. The RF gun accelerates
electrons in a time-dependent electric field, so the temporal resolution is limited by both the
duration of electron pulses and jitter in the time of arrival of the electrons at the sample. The
project started in July of 2014, and we have finished the design and construction of an
experimental chamber for gas-phase UED experiments.

The first run of experiments has finished successfully. In the first experiment, we used a laser
pulse to excite a rotational wavepacket in nitrogen molecule, and used UED to follow the
dynamics. The performance of the instrument was characterized and we succeeded to
demonstrate a temporal resolution of 100 fs RMS (230 fs FWHM) and a spatial resolution of 0.8
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A (a manuscript on this work has been submitted). Further experiments are currently ongoing in
imaging a vibrational wavepacket in iodine, which will be the first spatially resolved imaging of
coherent motion of a nuclear wavepacket.

Future Plans

We will continue to investigate molecular dynamics with UED, both in the setup in our local lab
in Lincoln and at SLAC. In Lincoln, a new setup will be used to further investigate the alignment
process and to capture the structure of transient intermediate states in photo-reactions. At SLAC,
we are planning some improvements in the setup and a second round of experiments next year.
We expect to demonstrate full three-dimensional imaging of molecules with sub-Angstrom and
improved temporal resolution.
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Program Scope

In this research program, we address the fundamental physics of the interaction of atoms and molecules
with intense ultrashort laser fields. The main objectives are to develop new theoretical formalisms and accurate
computational methods for ab initio nonperturbative investigations of multiphoton quantum dynamics and very
high-order nonlinear optical processes of one-, two-, and many-electron quantum systems in intense laser fields,
taking into account detailed electronic structure information and electron-correlated effects. Particular attention
will be paid to the exploration of the effects of electron correlation on high-harmonic generation (HHG) and
multiphoton ionization (MPI) processes, multi-electron response, and underlying mechanisms responsible for
the strong-field ionization of diatomic and small polyatomic molecules, as well as the development of new time-
frequency transform, and optimal control algorithms for the coherent control of HHG processes for the
generation of shorter and stronger attosecond laser pulses.

Recent Progress
1. Subcycle Transient HHG Dynamics and Spectroscopy in the Attosecond Time Domain

The recent development of attosecond metrology has enabled the real-time experimental observation of
ultrafast electron dynamics and transient sub-cycle spectroscopy in atomic and molecular systems. While they
are some recent experimental and theoretical studies of subcycle transient absorption, there has been no study of
the subcycle transient behavior of the harmonic emission. We have recently initiated such a direction by
extending the self-interaction-free TDDFT [1,2] with proper exchange-correlation (xc) energy functional,
allowing the correct long-range asymptotic behavior, and the time-dependent generalized pseudospectral
(TDGPS) method [1,3] for the first ab initio study of the subcycle HHG dynamics of He atoms [1]. We explored
the dynamical behavior of the subcycle HHG for transitions from the excited states to the ground state and found
oscillation structures with respect to the time delay between the single extreme ultraviolet (XUV) attosecond
pulse (SAP) and near-infrared (NIR) fields. The oscillatory pattern in the photon emission spectra has a period
of ~1.3 fs which is half of the NIR laser optical cycle, similar to that recently measured in the experiments on
transient absorption of He [4]. We present the photon emission spectra from 1s2p, 1s3p, 1s4p, 1s5p, and 1s6p
excited states as functions of the time delay. We explore the subcycle a. c. Stark shift phenomenon in NIR fields
and its influence on the photon emission process. Our analysis uncovers the mechanisms responsible for the
observed peak splitting in the photon emission spectra.

More recently, we have further extended the subcycle HHG study to the Ar atoms [5]. We present and analyze
the harmonic emission spectra from 3snpo, 3pons, 3pindi, 3pmpi, 3pondo, 3ponpo, and 3pons excited states and
the 3podpo virtual state as functions of the time delay. In addition, we explore the subcycle a.c. Stark shift
phenomenon in NIR fields and its influence on the harmonic emission process. Our analysis reveals several
novel features of the subcycle HHG dynamics and spectra as well as temporal energy level shift.

2. Subcycle Transient Multiphoton Ionization in the Attosecond Time Domain

In early experiments on multiphoton ionization (MPI) and above-threshold ionization (ATI), research has
focused on the properties of the emitted electrons in the energy domain (electron energy spectra, which manifest
the famous ATI peak structure). However, recent advances in laser technology opened the possibility of clocking
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the electron dynamics on an attosecond scale in the time domain. The time-domain analysis can uncover novel
new and unexplored features in the well-researched phenomenon of MPI/ATI. In a recent work, we have
performed the first fully ab initio exploration of the subcycle transient MPI dynamics of atomic and molecular
systems subject to intense near-IR fields on the sub-femtosecond time scale [6]. MPI bursts within a single
optical cycle are found in the time-dependent ionization rates not only for diatomic molecules H," and HHe?",
but also for the H atom. The analysis of the electron density reveals that several distinct density portions can be
shaped and detached from the target within a half cycle of the laser field. We note that the structures of the MPI
rates in the time domain discussed in this paper are not related to the above-threshold peak structures of the
electron spectra in the energy domain. When created under the influence of the external field, the portions of the
outgoing wave packet are localized in space and time but contain various energy contributions. That is why the
shape of the structure is changed as the outgoing wave packet moves away from the core. The structures
described above can be observed on the nanometer length scale.

3. High Precision Study of HHG of H," in Intense Elliptically Polarized Laser Fields

We present an ab initio 3D precision calculation and analysis of HHG of the hydrogen molecular ion subject
to intense elliptically polarized laser pulses by means of the time-dependent generalized pseudospectral method
in two-center prolate spheroidal coordinates [7]. The calculations are performed for the ground and first excited
electronic states of H," at the equilibrium internuclear separation R =2 a.u. as well as for the stretched molecule
at R =7 a.u. The spectral and temporal structures of the HHG signal are explored by means of the wavelet time-
frequency analysis. Several novel aspects of ellipticity-dependent dynamical behaviors are uncovered. We found
that the production of above-threshold harmonics for nonzero ellipticity is generally reduced, as compared with
linearly polarized fields. However, below-threshold harmonics still appear quite strong except when the
polarization plane is perpendicular to the molecular axis. Weak even harmonics are detected in the HHG spectra
of stretched molecules. This effect can be explained by the broken inversion symmetry due to dynamic
localization of the electron density near one of the nuclei. Multiphoton resonance and two-center interference
effects are analyzed for the exploration of the quantum origin of the predicted HHG spectral and dynamical
behavior [7].

4. Coherent Phase-Matched VUV Generation by Field-controlled Bound States and Dynamical Origin of Near-
and Below-Threshold Harmonic Generation of Atoms in an Intense Mid-IR Laser Field

HHG has been the enabling technology for ultrafast science in the VUV and soft-X-ray spectral regions.
Recently, ultrafast sources of below-threshold harmonics, with photon energies below the target ionization
potential, have been demonstrated. Such harmonics are critical to the extension of time-resolved photoemission
spectroscopy to megahertz repetition rates and to the development of high-average-power VUV sources, because
they can be generated with relatively low driving laser intensities (~ 1 x10'* W/cm?). Ultrafast VUV sources of
low-order harmonics are also critical tools for studying wave packet dynamics in bound states of atoms and
molecules. However, compared to the high-order above-threshold harmonics, which have been extensively
studied, little attention has been devoted to the development and characterization of below-threshold harmonic
sources. Recently in collaboration with the experimental group led by Dr. Z. Chang in UCF, we extend our self-
interaction-free time-dependent density functional theory (TDDFT) [1,2] and generalized Floquet formalism [8]
and demonstrate a new regime of phase-matched below-threshold harmonics generation, for which the
generation and phase matching is enabled only near Stark-shifted resonance structures of the atomic target [9].
The coherent VUV line emission exhibits sub-100 meV linewidth, low divergence and quadratic growth with
increasing target density, and can be controlled by the sub-cycle field of a few-cycle driving laser with intensity
of only 103 W/ecm?, which is achievable directly from few-cycle femtosecond oscillators with nano Joule energy.
This work opens the door to the future development of compact, high flux and ultrafast VUV light sources
without the need for cavity or nanoplasmonic enhancement. This work has been recently published in Nature
Photonics [9].

More recently we have presented an ab initio investigation of the below-threshold harmonics (BTHs) of
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helium atoms in few-cycle IR laser fields by accurately solving the time-dependent Schrodinger equation and
Maxwell’s equation simultaneously [10]. We find that the enhancement of the BTH can occur only near the
resonance structure of He, for which this mechanism is in agreement with the recent experimental study [9].
Moreover, we introduce a new time-frequency method, the synchrosqueezed transform (SST) [11], for the
accurate analysis of the time-frequency HHG spectrum below the threshold. Our results uncover the dynamical
origin of near- and below- threshold harmonics as well as the role of multi-rescattering trajectories to the
resonance-enhanced BTH [10].

5. Sub-cycle Oscillations in Virtual States Brought to Light

Understanding and controlling the dynamic evolution of electrons in matter is among the most fundamental
goals of attosecond science. While the most exotic behaviors can be found in complex systems, fast electron
dynamics can be studied at the fundamental level in atomic systems, using moderately intense (< 10" W/cm?)
lasers to control the electronic structure in proof-of-principle experiments. In cooperation with the UCF
experimental group, we probe the transient changes in the absorption of an isolated attosecond extreme
ultraviolet (XUV) pulse by helium atoms in the presence of a delayed, few-cycle near infrared (NIR) laser pulse,
which uncovers absorption structures corresponding to laser-induced ‘“virtual’” intermediate states in the two-
color two-photon (XUV + NIR) and three-photon (XUV+ NIR + NIR) absorption process [4]. These previously
unobserved absorption structures are modulated on half-cycle (~1.3 fs) and quarter-cycle (~ 0.6 fs) time scales,
resulting from quantum optical interference in the laser-driven atom.

6. Coherent Control of the Electron Quantum Paths for the Optimal Generation of Single Ultrashort
Attosecond Laser Pulse

We recently report a new mechanism and experimentally realizable approach for the coherent control of
the generation of an isolated and ultrashort attosecond (as) laser pulse from atoms by means of the optimization
of the two-color [12] and three-color [13] laser fields with proper time delays. Optimizing the laser pulse shape
allows the control of the electron quantum paths and enables high-harmonic generation from the long- and short-
trajectory electrons to be enhanced and split near the cutoff region. Then we further investigated the effect of
macroscopic propagation on the supercontinuum harmonic spectra and the subsequent attosecond-pulse
generation [14]. The effects of macroscopic propagation are investigated in near and far field by solving
Maxwell’s equation. The results show that the contribution of short-trajectory electron emission is increased
when the macroscopic propagation is considered. However, the characteristics of the dominant long-trajectory
electron emission (in the single-atom response case) are not changed, and an isolated and shorter as pulse can
be generated in the near field. Moreover, in the far field, the contribution of long-trajectory electron emission is
still dominant for both on-axis and off-axis cases. As a result, an isolated and shorter as pulse can be generated
directly.

More recently, we propose an efficient method for the generation of ultrabroadband supercontinuum spectra
and isolated ultrashort attosecond laser pulses from He atoms with two-color mid-infrared laser fields [15]. An
accurate model potential is constructed which reproduces ground and high-lying singly excited states as well as
oscillator strength of the He atom to a high precision. We found that the optimizing two-color mid-IR laser pulse
allows the HHG cutoff to be significantly extended, leading to the production of an ultrabroadband
supercontinuum. As a result, an isolated 18-attosecond pulse can be generated directly by the superposition of
the supercontinuum harmonics.

7. We have completed several invited review articles on the recent development of self-interaction-free time
dependent density functional theory (TDDFT) for the nonperturbative treatment of atomic and molecular
multiphoton processes in intense ultrashort laser fields in the past 3 years [16-19].

Future Research Plans
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In addition to continuing the ongoing researches discussed above, we plan to initiate the following several
new project directions: (a) Extension of the exploration of the coherent control and giant enhancement of MPI
and HHG driven by intense frequency-comb laser fields [20, 21] to rare gas atoms. (b) Extension of the TDGPS
method in momentum space [22, 23] to the study of HHG/ATI processes in intense free electron x-ray laser
fields. (¢) Development of Bohmian mechanics approach [24] for the exploration of the electron quantum
dynamics associated with HHG/MPI processes. (d) Development of nonperturbative methods for the accurate
treatment of transient absorption and subcycle HHG dynamics in NIR+ XUV attosecond pulses. (e)
Development of new time-frequency method, the synchrosqueezing transform (SST) [10, 11], for the exploration
of the novel quantum dynamics for below- and near- threshold harmonics of diatomic molecules.
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Program Scope

The original aims of this Research Program were to identify efficient approaches to obtain
ultracold molecules, and to understand their properties. This scope has evolved in the last year
to cover the effect of dressed interactions on molecular dynamics. In both cases, we often need to
calculate the electronic properties (energy surfaces, dipole and transition moments, etc.), as well
as the interaction of the molecules with their environment (e.g., external fields).

Recent Progress

During FY 2015, we have made progress on 4 main axes of research: 1) Structure calculations,
molecular properties, and reactions, 2) Inter-molecular long-range interactions, 3) Dressed and
Rydberg states, and 4) Formation of molecules. Below, we refer to DOE supported articles during
the last four years only; new articles published since the last annual report filling (August 2014)
are listed as [N...], while those of the prior years since October 315 2011 by [P...].

1) Structure calculations, molecular properties, and reactions

A continuing effort of our group involves calculations of potential energy surfaces (PESs). For
example, we expanded our work on the 124’ [J.N. Byrd et al., Int. J. of Qu. Chem., 109, 3112
(2009)] and 2A” [J.N. Byrd et al., Int. J. of Qu. Chem 109, 3626 (2009)] PESs of Lis, to ab initio
calculations of the long-range PES of its ground state X2A’, including van der Waals coefficients
and three-body dispersion damping terms for the atom-diatomic dissociation limit [P1]. We also
extended our work on KoRbg relevant to KRb+KRb scattering [J.N. Byrd et al., PRA 82, 010502
(2010)] to all alkali tetramers formed from Xo+Xy —Xy, Xo+Ye —X5Ys, and XY+XY—-XoY,
association reactions [P2], and found two stable tetramer structures, rhombic (D) and planar
(Cs), with barrier-less pathways for dimer association reactions. We are now investigating the
interaction between two RbCs molecules in their ro-vibrational ground state, taking into account
spin-orbit coupling [N1], which will be important to understand the possible formation of (RbCs)s.

Building on our experience on atom-molecule scattering, e.g, in non-reactive OH+He [T. V.
Tscherbul et al., PRA 82, 022704 (2010)] or reactive D + Hy [P3] systems, we investigated reso-
nances near the scattering threshold in the reactive benchmark system Hy+4Cl [P4]. We found that
the inelastic cross section scales as k=3 in the s-wave regime, due to the proximity of a pole in the
complex k-plane. We extended the study to Ho+F and gave an explanation based on the properties
of the Jost function in [N2]. We also explored the effect of nuclear spin symmetry in reactions of
D with para/ortho-Hy [N3], comparing our quantum calculations with a statistical model.

Finally, we kept working on molecular ions: previously, we reported ab initio calculations of
the X2%} and BQEQ+ states of Bey, and predicting two local minima separated by a large barrier
in B25} [S. Banerjee et al., CPL 496, 208211 (2010)]. We extended this work to Caj in [P5].
We are in the process to complete two other systems: Mgd [N4] and Sry [N5]. More recently,
we helped analyzing experimental results on NaCa™ [P6]. We are now extending this work to
find a path leading to the formation of ultracold NaCa™ in its ro-vibrational ground state using
photoassociation to various excited states [NG].
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2) Inter-molecular long-range interactions

In our previous work on KsRbg [J.N. Byrd et al., PRA 82, 010502 (2010)], we calculated the
minimum energy path for the reaction KRb+KRb—Ks+Rbs and found it to be barrierless. How-
ever, we recently showed that long-range barriers originating from the anisotropic interaction due
to higher electrostatic, induction, and dispersion contributions could exist and stabilize a molecular
sample [P7]. In addition, we showed that by changing the orientation of the molecules using an ex-
ternal DC electric field, and by varying its strength F', one could control the effective inter-molecular
interaction. We generalized our treatment to homonuclear alkali dimers [P8], where there are still
anisotropic interactions, and extended it to the case of heteronuclear diatomic alkali molecules [P9];
in addition to the multipole expansion and van der Waals terms, we also give an analytic expres-
sion for molecules in an external (weak) DC electric field. Some of this work is summarized in a
book chapter on polar molecules for quantum information processing [P10]. Using those results,
we are studying the possible formation on weakly bound tetramers via photoassociation of oriented
ultracold diatomic molecules by external fields [N7].

3) Dressed and Rydberg states

We continued our initial work on interactions near the 69p + 71p [J. Stanojevic et al., EPJD
40, 3 (2006)] and 69d + 70s [J. Stanojevic et al., PRA 78, 052709 (2008)] asymptotes of **Rb,
and its extension to study potential wells of doubly-excited atoms (macrodimers) due to ¢-mixing
[P11,P12], to explore metastable long-range macrotrimers made of three Rydberg atoms [P13]. We
found shallow (~ 20 MHz deep) long-range wells for linear trimers. We also predicted the formation
of bound states between two Rydberg atoms in an atomic condensate due to phonon exchange [N8|.

We recently investigated Rydberg-dressed interactions in Ho+D [N9], using

P —C9 /RS hQ/2 _
hQ /2 —hé—CS /RS

This dressed Hamiltonian, within the rotating wave approximation (RWA), describes the interaction
of Hy with D with its ground state g dressed with a Rydberg state r by a laser detuned by §
and Rabi frequency 2. We showed in [N9] that Rydberg-dressed interactions could be used to
tune Ho4+D—HD+H chemical reactions. We are now investigating a possible new chemical bound
between ground state atoms using Rydberg dressing of the atoms [N10]. The molecular bound
states would be extremely long-range, roughly 500 bohr radii, and very weakly bound.

4) Formation of molecules

In previous papers sponsored by DOE [E. Juarros et al., PRA 73, 041403(R) (2006); E. Juarros
et al., JPB 39, S965 (2006); N. Martinez de Escobar et al., PRA 78, 062708 (2008)], we explored
the formation of diatomic molecules in their ground electronic state from one- and two-photon pho-
toassociative processes [E. Juarros et al., PRA 81, 060704 (2010)]. We also worked on using many
coherent laser pulses [E. Kuznetsova et al., PRA 78, 021402(R) (2008)], and Feshbach resonances
[P. Pellegrini et al., PRL 101, 053201 (2008)] to increase the formation rate of ultracold diatomic
molecules [P. Pellegrini, and R. C6té, NJP 11, 055047 (2009); E. Kuznetsova et al., NJP 11, 055028
(2009); J. Deiglmayr, et al., NJP 11, 055034 (2009)].

We recently explored how Feshbach resonances could enhance a pump-dump scheme to produce
ground state LiRb molecules [P14], starting from the mixed X 'X% and a3%* states at the Feshbach
resonance being excited to B'II by a pump pulse followed by a dump pulse into a target ro-
vibrational level in the X '3* ground state. To describe the transitions between X '3+ and B I,

160



Coté
we used the Hamiltonian (assuming RWA and dipole approximation)

- <T+Vxlzj(R) ) fi(R) - E(t) )
fi(R)-E(t) T+ Vegn(R)—hwy )’

where T is the kinetic energy operator and V;(R) are the respective potential energy curves. We
simulated the pump-dump PA process using a time-dependent wave packet approach (TDWP),
assuming the laser pulse to be transform-limited E(t) = Eof (t) cos(wrt) with a gaussian profile
f(t) = exp[—a(t—t.)?]. We represented H on a Fourier grid with a variable grid step, and solved the
time-dependent Schrodinger equation (ih%lll(t) = H(t)¥(t)), by expanding the evolution operator
(exp[—iHt/H]) in terms of Chebyshev polynomials . We found that an increase of up to three
orders of magnitude in the absolute number of molecules produced is attainable for deeply bound
vibrational levels.

In a previous study on RbOH™ and RbOH [P15], we computed the PES to model the asso-
ciative detachment reaction Rb+OH™ (v, j) —-RbOH+e~, paying special attention to the angular
dependence of the PES, and found the rate to strongly vary with the ro-vibrational state of OH™
due to a curve-crossing at short-range, pointing to an interesting inter-dependence of the electronic
and nuclear motion. We are now building on our recent experience on dressed interactions [N9,N10]
and time-dependent pulses [P14] to study how nuclear motion and electronic motion can exhibit
non-trivial behavior in molecular dynamics. In preliminary studies on BeéF , we find that one could
move the v = 4 bound state from an inner to an outer well of the molecular PES using ultra-short
pulses by taking advantage of multiple light-induced conical intersections [N11].

Future Plans

In the coming year, we expect to extend our work on the effect of dressed interactions on molec-
ular dynamics. For this purpose, we will continue and extend our work on computing electronic
properties of molecules (PES and moments), especially for the molecular ions, where not much is
available. We will use these results as input for simple diatomic molecular systems, and identify
cases where complex Light Induced Conical Intersection (LICI) structures exist. By exploring such
systems, we hope to gain a better understanding of the LICI framework and its application, and
use it as a guide for future experiments probing the dynamics near conical intersections.
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Program Scope: The goal of this program has been to implement optical 2-dimensional coherent spec-
troscopy and apply it to electronic excitations, including excitons, in semiconductors. Specifically of interest
are epitaxially grown quantum wells that exhibit disorder due to well width fluctuations and quantum dots.
In both cases, 2-D spectroscopy provides information regarding coupling among excitonic localization sites.
During the last year we have begun applying this method to colloidal quantum dots in addition to epitaxially
grown materials.

Progress. This project has been under a no-cost extension for the current grant year, which has limited
progress. In addition, the Pl is in the process of moving from University of Colorado to University of
Michigan.

Quantum dots are often described as “artificial atoms’ because they have discrete energy levels. How-
ever, quantum dots have an important distinction from atoms, namely they have degrees of freedom asso-
ciated with motion of the constituent atoms relative to their equilibrium position, i.e., vibrational degrees
of freedom, which in the case of epitaxial dots corresponds to phonons. In this way, they are more like
molecules than atoms. As a consequence, many applications of InAs quantum dots require low tempera-
tures to eliminate decoherence due to the phonons.

The interaction of an exciton confined in an InAs epitaxially grown dot with acoustic phonons can be
described in a picture similar to that used for molecular vibrations. The equilibrium position of the excited
state within the quantum dot is slightly displaced with respect to the ground state. For a phonon of a
given energy, there is a series of vibrational bands in each state, corresponding to the number of phonons.
The zero-phonon line is an optical transition between ground and excited states with the same number of
phonons. Transitions between states with differing number of phonons resultsin emission or absorption with
an energy difference corresponding to the phonon energy. If the phonon energy were discrete, as for optical
phonons, or molecular vibrations, well resolved satellites would result. However, acoustic phonons have a
continuous distribution of phonon energies and thus smooth phonon sidebands occur. At low temperature,
i.e, around 5 K, the zero phonon line dominates. As the temperature is increased, the phonon sidebands
become prominent.

The dephasing of the ground state transition of InAs quantum dots was studied using photon echo spec-
troscopy. These measurements showed a remarkably long dephasing time, on the order of a nanosecond,
which triggered interest in using InAs quantum dots as qubits. At elevated temperature, the phonon side-
bands were observed. Since these measurements were based on photon echoes, they provide an ensemble
averaged value and no information about how/if the phonon-exciton interactions vary with dot size. In
addition, these studies did not provide any information on the dephasing of the excited state transitions.

Self-organized InAs quantum dots have attracted alot of attention as a possible solid state realization of
aqubit for quantum information applications. This application requires that the exciton can undergo a Rabi
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Figure 1. 2D rephasing amplitude spectrafor InAs self-organized using prepul se powers of (a) 0, (b) 45 and
(c) 109 mW demonstrationg Rabi flopping by the prepulse. The delay between the prepulse and 2D beams
is 15 ps. The Trion (Tr), lower (LP) and upper (UP) peaks are indicated. The peak amplitude of the LP
and UP are shwong in (d). Solid lines are simulations for the exciton-ground state and biexciton-exction
population differences. The vertical dashed lines indicate the powers corresponding to panels (a-c).

oscillation. Because the Rabi frequency depends on the detuning, and the excitonic resonance frequency
of adot depends on its size, these measurements have been almost exclusively done on single dots. Indeed
ensemble measurements of Rabi flopping showed excess damping attributed to ensemble effects. However,
the ability of 2D coherent spectroscopy to make size-dependent measurements suggests that it could be used
to observe Rabi oscillations in an ensemble.

We have recently demonstrated that thisis true. These measurements used a prepul se to drive the quan-
tum dot excitons into the excited states. The prepulse was followed by the pulse sequence used to produce a
2D spectrum. The results are shown in Fig. 1. Without the prepulse, peaks are observed both on the diago-
nal and below the diagonal. The diagonal peak is due to a combination of exciton and trion transitions (the
trion binding energy is much less than the inhomogeneous distribution). The peak below the diagonal is due
absorption on the ground-state to exciton transition and emission on the exciton to biexciton transition. With
the prepulse, anew peak appears above the diagonal. This peak occurs because thereis aready apopulation
of excitons before the 2D pulses arrive. It corresponds to absorption on the exciton to biexciton transition
and emission on the exciton to ground-state transition. As the prepulse intensity is increased, the strength
of the lower sideband decreases, because the ground-state is depleted and the upper side band increases in
strength astheinitial population of excitons increases. The strength of the sidebands are plotted as function
of prepulse power in Fig. 1(d) and compared a simulation that include Rabi-flopping on both the ground-
state to exciton and exciton to biexciton transtions (both must be included). The simulation agrees very well
with the experiments. A manuscript describing these resultsisin preparation.

This approach to studying Rabi-flopping in self-organized quantum dots is has several advantages over
single dot studies. A significant advantage is avoiding the technical challenges associated isolating a single
dot and doing so repeatedly. Without the need to isolate a single dot removes the need to process the samples
and/or use low dot density samples. Another advantage is the parallelism, dots of many sizes are accessed
simultaneousdly, albeit with different detuning. Finally, a single laser pulse drives both transitions, whereas
single dot studies typically use narrow band lasers that only overlap a single transition, thus two lasers are
needed to simultaneously drive both transitions.

During the last grant cycle, we began working on obtaining 2D coherent spectra of colloidal quantum
dots. As colloidal quantum dots are a substantially different system than the epitaxially grown quantum
wells and quantum dots we have studied in the past, there was a substantial period of learning involved. As
a consequence, we have not yet published a journal paper on 2D spectroscopy of colloidal quantum dots,
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but have published several conference papers on the topic, for example at the 2014 Quantum Dot conference
and at CLEO 2014.

Thefirst issues were the substantial difference in wavelength as well asthe much slower relaxation times
due to dark states present in colloidal quantum dots. To address both of these issues, we built a second 2D
spectrometer that uses an optical parametric amplifier (OPA) pumped by aregenerative ti:sapphire amplifier
running at 250 kHz repetition rate.

Ancther issue was dealing with the dif-
ferent type of sample, name solution phase
rather than a wafer. To make things more
challenging, we wanted to go to low temper-
ature to study phonon-carrier scattering. We
tried making thin films using spin casting and
drop casting, however we found that these re-
sulted in excess scattering, which caused the
2D spectrum to be unacceptably noisy. So
overcome this, we switched to using a glass-
forming liquid, namely heptamethylnonane.

After some trial and error, we were able to

get acceptable sample quality at low temper-

ature. A series of 2D spectra at 10 K as

function of waiting time, 7', are shown in

Fig. 2. This spectrum clearly shows strong

elongation along the diagonal due to inho-

mogeneous broadening from the size disper-

sion of the dots. The cross-diagona width

gives the homogeneous width, and by taking

cross-diagonal slices at different energies, it

is possible to determine the size dependence

of the homogeneous width. Remarkably, the Figure 2: 2D spectrum of CdSe/ZnS core-shell colloidal
strength clearly oscillates with 7", as expected uantum dots.

if there are coherences within one of the man-

ifolds. In addition, there appear to be off-diagonal features that are parallel to the diagonal peak. These get
stronger at large 7'. The spacing is smaller than the LO-phonon, biexciton and 1S-1P splitting, thus they
have not been definitely assigned, but may be due to acoustic phonons.

Future plans: During the next grant cycle we propose to focus on exploiting the ability of 2D coherent
spectroscopy to make size resolved measurements on an ensemble sample to study size dependent effectsin
both self-organized epitaxially grown quantum dots and colloidal quantum dots. Previously, size dependent
phenomena could only be explored by single dot studies, which are challenging to perform. In addition, the
process of isolating asingle dot may modify the results, either through sample preparation or by choosing to
work on an outlier because it is easier to isolate. Furthermore, determining trends, such as size dependence,
is challenging because it requires a series of difficult measurement, thus the data sets are often small.

In general, quantum dots (of either type) show strong inhomogeneous broadening due to size dispersion
because the variation in size leads to variation in the quantization energy of the electronic states. Variations
in shape also contribute to inhomogeneous broadening, but to alesser extent than size variations. The inho-
mogeneous broadening means that linear measurements on ensembles, such as absorption or [uminescence,
do not measure the properties of individual dots, but rather the properties of the ensemble. For example
the width of the linear spectra are completely determined by the size fluctuations, not the linewidth of the
individual dots. Furthermore, the individual dots may have multiple transitions, for example exciton and
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biexciton or fine-structure splitting, that is completely obscured by the inhomogeneity.

Traditional nonlinear spectroscopies, such as photon echoes, can observe the homogeneous linewidth
even in the presence of inhomogeneous broadening. In addition, they can give evidence of multiple tran-
sitions as beating. However, photon echo measurements give an ensemble average value for the dephasing
rate and for any energetic splitting. An ensemble average is problematic if the homogeneous width or an
energetic splitting varies within the inhomogeneous distribution. In this case non-exponential decays are
observed as well as possibly a beat frequency that varies with delay. While a photon echo signal with a
non-exponential decay would indicate that the homogeneous linewidth is not constant, it does not give any
information on how it is varying with transition energy, for example it does not even indicate if it isincreas-
ing or decreasing with dot size. Indeed this exact issue has been the subject of controversy for the photon
echo measurements on CdSe/ZnS colloidal dots.

Two-dimensional coherent spectroscopy overcomes this limitation by correlating absorption and emis-
sion frequencies so that an inhomogeneous distribution is spread out along the diagonal. It isthen possible
to measure the homogeneous width, which is the cross diagonal width, as a function of energy. We have
demonstrated this in natural quantum dots. In GaAs quantum wells, we have also observed that the biex-
citon binding energy varies with emission energy within the inhomogeneous distribution. In this case the
inhomogeneity is due to disorder in the quantum well, so it loosely corresponds to the size of a quantum
dot. But the important point is the demonstration that 2D spectroscopy can indeed measure avariation in a
splitting energy within an inhomogeneous distribution.

We specifically plan to study both epitaxially grown self-organized InAs quantum dots and three types
of colloidal quantum dots, CdTe/ZnS dots, PhSe/CdSe dots and Ge dots.

Publication during the the last 3 years from this project:

1. S.T. Cundiff and S. Mukamel, “Optical multidimensional coherent spectroscopy,” Physics Today 66,
number 6, p. 44-49 (2013).

2. G.Moody, R. Singh, H. Li, I.A. Akimov, M. Bayer, D. Reuter, A.D. Wieck, A.S. Bracker, D. Gammon
and S.T. Cundiff, “Biexcitons in semiconductor quantum dot ensembles,” Physica Status Solidi B 250,
1753-1759 (2013).

3. G. Moody, R. Singh, H. Li, I.A. Akimov, M. Bayer, D. Reuter, A.D. Wieck and S.T. Cundiff, “Cor-
relation and dephasing effects on the non-radiative coherence between bright excitonsin an InAs QD
ensemble measured with 2D spectroscopy,” Solid State Commun. 163, 65-69 (2013).

4. G. Moody, R. Singh, H. Li, I.LA. Akimov, M. Bayer, D. Reuter, A.D. Wieck and S.T. Cundiff, “Fifth-
order nonlinear optical response of excitonic states in an InAs quantum dot ensemble measured with
2D spectroscopy,” Phys. Rev. B 87, 045313 (2013).

5. H.Li, G. Moody, S.T. Cundiff, “Reflection optical two-dimensional Fourier-transform spectroscopy,”
Opt. Express 21, 1687-1992 (2013).

6. G. Moody, R. Singh, H. Li, I.A. Akimov, M. Bayer, D. Reuter, A.D. Wieck, A.S. Bracker, D. Gam-
mon and S.T. Cundiff, “Influence of confinement on biexciton binding in semiconductor quantum dot
ensembles measured with 2D spectroscopy,” Phys. Rev. B 87, 041304(R) (2013).

7. G. Nardin, G. Moody, R. Singh, T.M. Autry, H. Li, F. Morier-Genoud and S.T. Cundiff, “Coherent
Excitonic Coupling in an Asymmetric Double InGaAs Quantum Well”, Phys. Rev. Lett. 112, 046402
(2014).

8. G. Moody, I.A. Akimov, H. Li, R. Singh, D.R. Yakovlev G. Karczewski, M. Wiater, T. Wojtowicz, M.
Bayer and S.T. Cundiff, “ Coherent Coupling of Excitons and Trions in a Photoexcited CdTe/CdMgTe
Quantum Well”, Phys. Rev. Lett. 112, 097401 (2014).
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1. Program Scope

When intense laser fields interact with polyatomic molecules, the energy deposited leads to fragmentation,
ionization and electromagnetic emission. The objective of this project is to determine to what extent these processes
can be controlled by modifying the phase and amplitude characteristics of the laser field according to the timescales
for electronic, vibrational, and rotational energy transfer. Controlling these processes will lead to order-of-
magnitude changes in the outcome from laser-matter interactions, which may be both of fundamental and technical
interest. The proposed work is unique because it seeks to combine knowledge from the field of atomic-molecular-
optical physics with knowledge from the fields of analytical and organic ion chemistry. This multidisciplinary
approach is required to understand to what extent the shape of the field affects the outcome of the laser-molecule
interaction and to which extent the products depend on ion stability. The information resulting from the systematic
studies will be used to construct a theoretical model that tracks the energy flow in polyatomic molecules following
interaction with an ultrafast pulse.

2. Recent Progress

Our interest in electronic and vibrational coherence and the development of laser pulse shaping approaches led us to
some ‘model’ experiments in (a) polyatomic molecules in strong fields (b) electronic coherence in nanoparticles,
and (c) electronic coherence in condensed phase.

(a) Polyatomic molecules in strong fields:

1. A. Konar, Y. Shu, V. V. Lozovoy, J. E. Jackson, B. G. Levine and M. Dantus, “Polyatomic molecules under
intense femtosecond laser irradiation,” J. Phys. Chem. A, Feature Article (In press 2014).

We carried out a study to better understand the behavior of a large class of aromatic ketones when irradiated with
intense femtosecond pulses and consider to what extent molecules retain their molecular identity and properties
under strong field irradiation. Using time-of-flight mass spectrometry in conjunction with pump-probe techniques,
we study the dynamical behavior of these molecules while monitoring the ion yield modulation caused by
intramolecular motion post ionization. The large group of molecules studied is further divided into smaller
subgroups depending on particular chemical changes to the backbone structure such as positional isomerism of
different functional groups. We find that these changes, which energetically amount to a few meV influence the
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dynamical behavior of the molecules as evident from the time-delay scans even in the presence of such high fields
(V/IA). The figure above shows strong-field-pump weak-field-probe time-resolved transients obtained for ortho-,
meta- and para-methylacetophenone and fluoroacetophenone. The coherent oscillations correspond to motion along
the twist angle of the carbonyl group with respect to the aromatic ring plane. Note that m-methlyacetophenone
shows no oscillations, and this is consistent with ab initio calculations (top right panel). All three isomers for
fluoroacetophenone show coherent oscillations as corroborated by calculations. These results are consistent with the
explanation that strong-field ionization creates a molecular ion with low internal energy. High level ab initio
quantum chemical calculations were performed in order to predict molecular dynamics and single and multiphoton
resonances in the neutral and ionic states. We propose that following single electron tunneling ionization, the cation
is left with very little internal energy in the remaining laser field. Further fragmentation takes place as a result of
both, further photon absorption modulated by one and two photon resonances and radical cation stability. The
proposed hypothesis implies electron loss occurs at a rate that is faster than intramolecular vibrational relaxation and
is consistent with the observation of non-statistical photofragmentation of polyatomic molecules as well as
experimental results from many other research groups on different molecules and with different pulse durations and
wavelengths.

2. A. Konar, Y. Shu, B. G. Levine, V. V. Lozovoy, and M. Dantus, “Electronic Coherence Mediated Quantum
Control of Chemical Reactions in Polyatomic Molecules”, a manuscript being considered by Science.
Using lasers to induce
coherence onto a molecule
and then using constructive
or destructive interference
with the mixed state to
achieve quantum coherent
control of its subsequent
chemical transformation has
been a long-standing dream.
We find order-of-magnitude
quantum coherent control of
the yield of photofragment
ions following the creation
of electronic coherence in dicyclopentadiene (CyoH;,) molecules using a pair of phase-locked femtosecond near-
infrared laser pulses. The electronic coherence involving Rydberg states, which can preserve phase information for
hundreds of femtoseconds, provides a robust platform for quantum coherent control. Control is achieved simply by
changing the delay between pump and probe pulses by 400 attoseconds, even at delay times greater than 0.5
picoseconds. Our results serve as a guide on how femtosecond pulses can be used to prepare an electronic
superposition intermediate state from which coherent control is possible.

(b) Electronic coherence in nanoparticles:

1. R. Mittal, R. Glenn, I. Saytashev, V. V. Lozovoy and M. Dantus, “Femtosecond Nanoplasmonic Dephasing of
Individual Silver Nanoparticles and Small Clusters,” J. Phys. Chem. Lett. 6, 1638-1644 (2015)

We carried out experimental measurements of localized surface plasmon (LSP) emission from individual silver
nanoparticles and small clusters via accurately delayed femtosecond laser pulses. Fourier transform analysis of the
nanoplasmonic coherence oscillations reveals different frequency components and dephasing rates for each
nanoparticle or small cluster. We find three different types of behavior: single exponential decay, beating between
two frequencies, and beating among three or more frequencies. Our results provide insight into inhomogeneous and
homogenous broadening mechanisms in nanoplasmonic spectroscopy that depend on morphology and nearby
neighbors. In addition, we find the optical response of certain pairs of nanoparticles to be at least an order of
magnitude more intense than the response of single particles. Our measurements track the linear response unlike
previous measurements based on second harmonic, or photoelectron detection.
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Plasmonic response of a three silver nanoparticle cluster (SEM image with 100nm scale bar) in the time and
frequency domains. Shown in the frequency domain is the FT (black), the fit (red), and the laser spectrum (shaded in
blue). The 3D plots show the plasmonic response from two different particles 18.6 um apart.

(c) Electronic coherence in condensed phase:

A. Konar, V. V. Lozovoy and M. Dantus, “Stimulated Emission Enhancement using Shaped Pulses,” Submitted to
ACS Photonics.

Stimulated emission often competes with absorption and fluorescence under intense excitation. A n-step phase
function on the excitation pulse is shown to cause greater than an order of magnitude enhancement in the stimulated
emission as compared to a transform limited pulse. The results have been simulated successfully using density
matrix calculations and a physical model is provided to elucidate the observed enhancement and the model is further
tested experimentally using three different types of pulse shaping functions (chirp, third-order dispersion and a time-
delayed probe). In the figure we show the stimulated emission due to laser pulses with a n-phase step modulation at
825.6 nm (red) compared to TL pulses (black). Experimental results are shown in panels (a) and (c) for samples
having an OD~0.7 and 2.5 respectively. Numerical simulations are shown in panels (b) and (d).
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3. Future Plans

We plan to focus on understanding and controlling strong-field laser interactions with polyatomic molecules.
The proposed research addresses Grand Challenge questions related to quantum control of electrons in matter, and in
particular coherent control of excited electronic states, optimal control, and control pushed to higher energy, broader
bandwidth and shorter times. More specifically the goals are: (a) Assess non-adiabaticity, the nature of the nascent
ion, in strong-field ionization of polyatomic molecules; (b) Develop a general understanding of strong field
ionization and its dependence on molecular structure for a series of closely related aligned molecules; and (c)
explore reactive pathways that generate Hs" from polyatomic molecules. We want to determine how the H;" yield
depends on molecular structure (presence or absence of methyl groups), and alignment. We hope to determine the
timescale for this unusual reaction in which multiple bonds are broken and formed. Finally we want to control the
yield of the reaction through pulse shaping. These projects will combine ultrafast spectroscopy, pulse shaping,
molecular isomers and isotopic substitutions, knowledge of electron-impact mass spectrometry, thermochemistry,
and ab initio calculations.

We also plan to reply to the reviewers of our publication on the electronic coherence involved in laser control of
chemical reactions, in particular intense non-resonant fields. In terms of instrument development, we rebuilt our
molecular beam and completed a PEPICO instrument that we hope to use when our grant is renewed. We have also
developed new methods to quantify shot-to-shot spectral phase and amplitude noise and for identifying the presence
of pre- and post-pulses from amplified ultrafast laser sources. These advancements will help our research.

4. Publications 9/15/12 to 9/13/15 last year under NCE

1. A. Konar, V.V. Lozovoy, and M. Dantus, “Solvent Environment Revealed by Positively Chirped Pulses,” J. Phys.
Chem. Lett. 5, 924-928 (2014)

2. A. Konar, V.V. Lozovoy, and M. Dantus, “Electronic dephasing of molecules in solution measured by nonlinear
spectral interferometry,” J. Spectrosc. Dyn. 4, 26 (2014). The journal was renamed and the paper reassigned to
Sciencelet 4 (2015)

3. A. Konar, Y. Shu, V.V. Lozovoy, J.E. Jackson, B.G. Levine, and M. Dantus, “Polyatomic Molecules under
Intense Femtosecond Laser Irradiation,” J. Phys. Chem. A 118, 11433-11450 (2014)

4. R. Mittal, R. Glenn, I. Saytashev, V. V. Lozovoy and M. Dantus, “Femtosecond Nanoplasmonic Dephasing of
Individual Silver Nanoparticles and Small Clusters,” J. Phys. Chem. Lett. 6, 1638-1644 (2015)
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1.1 PROJECT DESCRIPTION

This document describes the BES funded project (grant #: DE-FG02-06ER15833) entitled “Spatial-
temporal imaging during chemical reactions” at The Ohio State University. Imaging, or the determination
of the atomic positions in molecules is of central importance in physical, chemical and biological
sciences. X-ray and electron diffraction are well-established method to obtain static images with sub-
Angstrom spatial resolution. However their temporal resolution is limited to picoseconds. This proposal
builds on the “molecule self-imaging” approach, based on bursts of strong-field driven coherent electron
wave packets emitted by the molecule under interrogation. We are investigating two complementary self-
imaging methods: Laser-Induced Diffraction [1] and high harmonic tomography [2, 3]. Both thrust
exploit the wavelength scaling of strong-field interactions to improve the imaging capabilities.

Over the past year, our efforts have focused on several thrusts: (1) development of fixed-angle
broadband laser-induced electron scattering (FABLES), (2) application of laser-induced -electron
diffraction (LIED) to complex molecular systems and (3) high-harmonic tomography of N, at mid-
infrared wavelengths.

1.2 PROGRESS IN FY15: IMAGING

Fixed-angle broadband laser-driven
electron scattering (FABLES). In Nature
Communication [4], we introduced fixed-angle
broadband laser-driven electron scattering
(FABLES) as an alternative to fixed-energy,
angle-swept laser-induced electron diffraction
(LIED) [5]. FABLES is analogous to white
light interferometry in optics, and this is the
first experimental confirmation that broadband
electron wave packet (EWP) can be used for
imaging. In FABLES, the energy-dependent
differential cross-section (DCS), o(E), is
retrieved as compared to the angle-dependent

DCS, o(0), of the LIED method. The main
benefit of FABLES is a trivial retrieval of
molecular structure via a simple Fourier
transform (FT) with no theoretical fitting or
modeling, e.g. no a priori knowledge of laser
1onization. Furthermore, the method
“visualizes” only bonds parallel to the laser
polarization and has the potential for routine,
real-time  imaging in a  pump-probe
configuration. This unique aspect of FABLES
combined with molecular alignment has the

Figure 1: High-resolution photoelectron energy spectra
along the laser polarization for N, and argon recorded at a
wavelength of 2.0 pm and an intensity of 270 TW/cm®. The
error bars indicate the N™? Poisson statistical fluctuations
for each time bin, N being the number of detected electrons.
The vertical dashed line marks the 2U, energy, electrons
below this are direct. Above it, the long plateau corresponds
to photoelectrons that are backscattered following
ionization. The plateaus are a direct illustration of the
broadband nature of the returning electron wave packet.
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ability, according to our modelling, for a full molecular tomographic reconstruction of the molecular
structure.

In our experiment, N, and Ar photoelectron
spectrum were recorded under identical laser
conditions using either intense 2.0 um or 2.3 um
pulses (see Fig. 1). The detector collects
electrons in a small angle (2°) along the laser
polarization direction. The relevant difference
between the N, and Ar experiment is an
observed oscillation on the N, plateau resulting
from the interference of the broadband EWP on
the molecular structure. To retrieve the

Figure 2: FABLES bond length retrieval and Fourier struptural' information, we _adOpt the mature
transform. (a) The intramolecular interference fringes rectlﬁca.tlon-based ana'1y81s . method of
extracted from the nitrogen plateau data at 2.0 um (light ~ conventional electron diffraction (CED). As
blue open circles) and 2.3 pum (dark blue solid squares). shown in Fig. 2(a), the oscillation frequency
The error bars represent the standard deviations of the two ~ depends upon the wavelength or in other words,
data sets which are calculated from measurement errors of  on the energy of the returning EWP. Following

their corresponding photoelectron energy distribution by  CED’s inversion procedure, a Fourier transform
assuming that the theoretical atomic DCS is exact. (b) The  extracts from the momentum-space
mean internuclear distance function obtained by Fourier interferogram the real-space structural

Transform of the data in (a). .The dash-dotteq and dotted information. As shown in Fig. 2(b), the retrieved
lines are the FT of the theoretical DCS spanning the same . . .
experimental internuclear distance peak at

momentum transfer range as the experiments at 2.0 and 2.3 nearly the same position, 1.09 and 1.11 A for

um, respectively. The vertical arrow in (b) denotes the . .
known N, equilibrium distance, Ry Our retrieved bond ~ 2-0 and 2.3 pm experiments, respectively. In
lengths deviate from R, by 0.01A. comparison, the known N, equilibrium distance,

Reo, is 1.10 A.

eq»

We believe that the FABLES is a more generally applicable method for studying nuclei molecular
dynamics in a pump-probe configuration, as compared to LIED. Its advantages include: (1) no a priori
knowledge of the angle dependent ionization, (2) the observation along one direction (polarization) is
more efficient than a full momentum characterization and (3) FABLES has spatial bond selectivity. We
are currently applying both LIED and FABLES to aligned molecules and more complex systems.

Current status of N, HHS below the Al cutoff. In the paper by Itatani et al. [2] high-order
harmonics generation (HHG) was proposed as a means for reconstructing the Highest Occupied
Molecular Orbital (HOMO) of nitrogen using a tomographic procedure. In that paper, the titanium-
sapphire HHG intensity from aligned nitrogen was measured by changing the alignment angle that is the
angle between the axis of symmetry of the molecular ensemble and the polarization of the driving field.
On the contrary, the HHG phase was not measured but derived from the plane-wave approximation
(PWA) dipole moment. The validity of this tomographic procedure is strongly subjected to the accuracy
of PWA since it includes the Fourier-transform of the experimental recombination dipole moment
(RDM). The RDM connects the neutral wave function spatial frequencies and the recombining electron
momentum. Experimentally, it is obtained by normalizing out the ionization rate and the spectral
amplitude of the recombining electronic wave packet from the experimental data. In 2010, Haessler et al.
[3] reported HHG group delay measurements for ten different alignment angles using the RABBITT
method at 0.8 um. Later, Diveki et al. [6] showed that these results strongly depend on the driving laser
intensity because of the contribution of both HOMO and HOMO-1 (next highest occupied molecular
orbital). At 0.8 um, ionization is not very deep into the tunneling regime and other multiphoton effects
including Raman stimulated vibrational levels population [7] contribute. Furthermore, the comb density is
low and not so many points are sampled. All of these factors make it very difficult to predict the phase of
the attosecond emission from aligned nitrogen.
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In our N, experiment, we drive HHG using 1.3
and 2 pm pulses from an OPA. The residual
depleted pump after the OPA is used to implement a
4 kick transient stacker enabling a high degree of
molecular alignment. Fixing the delay to the half-
revival (delay at which the angular distribution is the
sharpest), we are able to control the alignment angle
with a half wave plate placed after the kicker. The
harmonic spectral intensity and phase are measured
in our RABBITT end station. The mid-infrared
HHG produce a 90 eV cutoff energy and a denser
(increase by up to 2.5-times previous measurements)
frequency comb.

In Fig. 3, we compared our angle-resolved HHG
Figure 3: Experimental (a) intensity and (b) group  results to the state-of-the-art scattering wave
delay of HHG in aligned nitrogen for 10 different — photoionization dipole calculated by Robert
alignment angles between 0 and 90 degrees. The Lucchese et al. [8]. We average the calculated
experiment is compared to one orbital (HOMO) angle  dipole over a molecular ensemble estimated in a
averaged scattering photoionization dipole moment (¢)  rigid rotor model. Our experimental results are in
intensity and (d) GD calculated by Prof. R. Lucchese  g00d agreement with these calculations over a large
(TAMU). spectral bandwidth. In particular, our intensity
measurements provide clear evidence of the shape
resonance for molecules aligned at 0° and 30 eV. The calculations suggest that the decrease in the group
delay (GD) measurement near 25 eV corresponds to the influence of the Coulomb potential. The global
trend of the amplitude and phase is also well reproduced.

We find these results extremely satisfying since we are at the level of detailed comparison of high
harmonic spectroscopy measurements with state-of-the-art molecular calculations. Thus we believe that
the future for studying dynamics is bright. Although the agreement in Fig. 3 is encouraging there are
differences between experiment and theory. For example the HHG amplitude measurement does not show
the angular reversal in the emission evident in the calculation. Likewise, the decrease in GD at small
angle occurs at a photon energy higher than the theory, although the general trend shows remarkable
agreement. Consequently, the OSU group has begun collaborating with Dr. Lucchese. These differences
can be the result of systematic errors in low electron energy RABBITT measurements or deficiencies in
the theory. For example, the OSU measurements have unprecedented broad bandwidth that is not
accounted for in the original Lucchese calculations, i.e. insufficient open channels. The OSU group and
Lucchese are preparing a publication on these first results.

1.3 FUTURE PLANS

LIED and FABLES: Our current efforts are focused on both fundamental and applied tests of the
LIED method: 1) the limits of spatial precision, the influence of multiple trajectories (long versus short
and higher-order returns) on temporal precision, the dependence of the ionization rate on molecular
alignment and the applicability of theoretical tools developed for CED analysis to LIED. 2) Applications
of LIED to determine or observe structural changes in more complex systems; studies on isomeric
systems and pump-probe interrogations. Larger molecules pose new challenges on experimental precision
and theoretical methods in LIED. The inverse Fourier transform of the FABLES image will be further
explored as an alternate structural retrieval method.

High harmonic spectroscopy: Long wavelength HHS measurements of N, and CO, are being
analyzed and should provide a benchmark for future efforts. We will also perform RABBITT
measurements at higher harmonic energy, >70 eV in an attempt to disentangle structural and dynamical
effects. Furthermore, tuning the fundamental wavelength we also allow the assignment to resonant
behavior.

173



DiMauro

A strategy for imaging chemical dynamics using LIED and FABLES is being evaluated: the aim is to
follow unimolecular dissociation using pump-probe schemes. A potential candidate is the breaking of the
I-C bond in aligned ICN (I, = 10.8 eV) by exciting from its ground state to its lowest excited, repulsive A
state.
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1.1 PROJECT DESCRIPTION

Attosecond light pulses from gases offer a transition to a new time-scale and open new avenues of
science while complementing and directly contributing to the efforts at the LCLS XFEL. An objective of
this grant (DE-FG02-04ER15614) is the development of competency in generation and metrology of
attosecond pulses using mid-infrared drivers and a strategy of employing these pulses for studying multi-
electron dynamics in atomic systems. It concentrates on two approaches (1) attosecond spectroscopy: the
application of a well characterized, phase-matched, Fourier-synthesized high harmonic attosecond source
for inducing a 1-photon transition in an atom/molecule of interest in a downstream end-station and (2)
high harmonic spectroscopy (HHS): the analysis of the emission of high harmonic radiation generated
from an atom/molecules of interest. In HHS, the information is conveyed via the 1-photon recombination
electric dipole matrix elements (RDM) between the continuum EWP and the initial state. The grant has
also a complementary thrust at the LCLS XFEL for studying the scaling of strong-field interactions into a
new regime of x-ray science and the metrology of ultra-fast x-ray pulses.

Progress over the past year includes (1) measurement of the atomic phase near the Cooper minimum
in argon atoms, (2) study of the Wigner delay in photoionization of inert gas atoms, (3) a study to
examine near threshold atomic effects in RABBITT measurements in collaboration with Prof. Robert
Jones (UVa) and (4) measurement of few femtosecond x-ray pulses from the LCLS.

1.2 PROGRESS IN FY15: THE ATTOSECOND PROGRAM

The technical approach of the Ohio State University (OSU) group is the use of long wavelength (A >
0.8 pm) driving lasers for harmonic and attosecond generation. Through support of this program, the long
wavelength approach has been successful and adopted by many groups world-wide. Our program over the
last two years has focused on using these long wavelength generated harmonics for measurements,
ultimately of dynamics. We are interested in addressing two basic questions related to attosecond physics.
First, can high harmonic and attosecond spectroscopy extract detailed atomic/molecular structure and
second, what is really being measured.

Attosecond pulse shaping around a Cooper minimum. In this study we examined the ability of
HHS for extracting atomic information from the generation atom. Although HHG process occurs in an
intense laser field, the quantitative rescattering (QRS) theory suggests that the field-free recombination
dipole moment (RDM) [1,2] can be factorized independent of the external field. In our study, we applied
the RABBITT method to extract the amplitude and phase of the argon atom emitter near the Cooper
minimum (~ 50 eV). The Cooper minimum (CM) in photoabsorption is caused by a sign change,
equivalent to a m-phase jump, in the bound-free transition dipole of one angular momentum channel at a
fixed energy [3]. The CM has been extensively studied using traditional photoionization spectroscopy but
the phase of the total transition dipole is not directly accessible, although it strongly influences the
measured electron angular distribution and spin polarization [4,5]. Previous HHS studies have observed
the CM feature in the frequency spectrum of the emitted argon harmonic comb, but not the spectral phase.
Amplitude measurements are problematic for several reasons. First, HHG from a NIR driver produces an
argon harmonic cutoff near the CM energy. This is further exasperated by the low sampling frequency in
the measurement. Second, phase-matching effects near the cutoff significantly alter the spectral shape
depending on experimental conditions. Thus the CM in argon became an excellent benchmark for
examining the viability of HHS at long wavelengths.

175


mailto:dimauro@mps.ohio-state.edu
mailto:agostini@mps.ohio-state.edu

DiMauro

Figure 1: The group delay and phase near
the Cooper minimum in argon. High
harmonic radiation generated from argon
atoms excited by 1.3 (green) and 2 pm
(blue) pulses are used in the measurements.
The total RDM phase evolves by 1.8-2.6
radians over a 20 eV spectral range, even
though the d-channel RDM undergoes a
sharp m phase shift. The solid line results
from calculations performed using the
TDSE-MWE method (Gaarde and Schafer).
The dashed line is calculated using a simple
analytical model.

The HHG photo-recombination process is the inverse of
broadband photoionization: an electron wave packet (EWP)
promoted and accelerated in the continuum by an intense
optical pulse, returns to the core and emits XUV radiation.
According to QRS theory, the EWP acts as a self-probe of the
laser-free complex RDM, whose amplitude and phase can be
measured by the RABBITT method. We have investigated
over a broad spectral range the phase modification in the high
harmonic emission induced by the 3p Cooper minimum of
argon. The measurement is performed at two drive
wavelengths, 1.3 pm and 2 pm, which produce HHG cutoff
energies of 100 eV and 200 eV, respectively. Thus, the 50 eV
CM is well within the HHG plateau. The measured RDM
phase and amplitude agrees well with predictions based on
the scattering phases and amplitudes of the interfering s- and
d-channel contributions to the complementary
photoionization process (see Fig. 1). The reconstructed
attosecond bursts that underlie the HHG process show that
the derivative of the RDM spectral phase, the group delay,
does not have a straight-forward interpretation as an emission
time, in contrast to the usual attochirp group delay. Instead,
the rapid RDM phase variation caused by the CM reshapes
the attosecond bursts. Most importantly, our results
unequivocally establish that direct measurement of the RDM
phase near a CM can be precisely extracted from RABBITT.

This provides a foundation for future HHS studies as a probe
of atomic and molecular dynamics. This work is a collaborative effort with Profs. Ken Schafer and Mette
Gaarde (LSU) and is published in PRL.

Attosecond spectroscopy and interpreting the Wigner delay. Photoionization is the process by
which an atom in a bound state absorbs a photon and makes a transition to a continuum state and there is
a finite probability to detect the electron at macroscopic distances from the nucleus. Photoionization can
be regarded as a quantum jump, which occurs instantaneously at any moment in the field. While there is
no such thing as a time operator in quantum mechanics, the delay in photoionization can be a quantum
dynamical observable when it is understood as the temporal shift in the departure of the outgoing electron
wave packet relative to the arrival of the XUV pulse or when it is treated as the energy-derivative of the
time-dependent quantum phase. This is the so-called Wigner delay [6].

In attosecond spectroscopy, photoionization by an XUV pulse train in the presence of an infrared
reference pulse (RABBITT or Streaking methods) measures the group delay dispersion (GDD). While
none of these, strictly speaking, provide an absolute photoionization delay, previous studies have
observed a differential delay between the simultaneous photoemission from different atomic orbitals [7-9]
within the same atom, specifically neon and argon. Various theoretical approaches that have been used to
model these measurements and the results have varied from good to poor. Consequently, there is a need
for more delay measurements over a broad energy range where inter-shell correlation effects are marginal
and where various models can be more easily tested.

Our experiment is performed by comparing various inert gas atoms over a broader energy range than
previous reports using the RABBITT measurement. In principle, the Wigner delay of the ionized
atom/molecule can be extracted by eliminating GDD contributions from the source, filters and the
RABBITT measurement. The attosecond pulse train (APT) is generated in neon gas and the inert gas are
ionized downstream in the presences of a weak fundamental field. In principle, an ideal experiment would
expose a gas mixture to the same APT but this is not practical for technical reasons. Instead, we use a
differential method by conducting successive measurements on different target gases for nearly identical
APT. Our approach takes the difference of the spectral delays between pairs of rare gases (Ar,He),
(Kr,He) and (Ne,He), thus it is possible to eliminate in each case the larger group delay (attochirp)
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associated with the APT itself and obtain the Ar, Kr and Ne “effective” Wigner delays referenced to
calculated He delay. Over the energy range of our experiments the calculated He delay is a reasonably
precise reference. Our extracted delays have been compared with several theoretical predictions and the
results are consistent within 30 as over the energy range from 10-50 eV. Of particular interest are slight
deviations which may be potential signatures of resonances, this is the subject of future investigations.
Two technical improvements are currently underway to enhance the long-term stability and precision of
these types of measurements: (1) active stabilization of our interferometer and (2) achromatic
interferometric operation of the RABBITT end station. This work is published in J. Phys. B.

Measuring a few femtosecond X-ray pulse from the LCLS. One of the key characteristics of the
intense X-ray pulses from the LCLS is few femtosecond operation. No measurement had succeeded in
directly determining the temporal structure or even the duration of these ultrashort pulses in the few
femtosecond range. In our study we used the streaking technique developed for the metrology of isolated
attosecond pulses [10,11]. Like RABBITT, streaking is a two-color technique involving the process of
atomic photoionization by an x-ray pulse in the presence of an intense optical reference field. Unlike
RABBITT, the streaking method is non-perturbative, does not require commensurate frequencies and
applicable when the X-ray pulse duration is shorter than the period of the reference field (1-10 fs), which
is presumably satisfied in the “low-charge mode” LCLS operation. The major hurdle for applying this
method at the LCLS is the large temporal jitter, t;, between the X-ray and optical pulses.

The principle is that since the X-ray pulse only extends over a part of the period of the dressing field,
the photoelectrons generated at different delays between the XFEL and the MIR pulse will experience
redistribution in energy that depends on the magnitude of the electric field at the instant of their
generation. In this way, the electron spectra are significantly altered in their final energy spread and
central energy with respect to the unstreaked photoelectron burst, €. The 2-color energy shift, Ag, is given
classically as, Ag(t,) * —p.Amr(t,) Where p, = (280)1/2 is the unstreaked momentum in atomic units and
Amr(t,) is the MIR vector potential at birth. However, the large t; requires that the measurement be
treated as a series of single shot experiments. The key is to use the spectral asymmetry that is introduced
as a unique marker for each shot in the data post-processing analysis.

In our experiment a MIR laser field (2.6 um) is coarsely synchronized and spatially overlapped with
the X-ray beam in a dilute gas target. Neon gas atoms are ionized by the XFEL and the generated
photoelectrons are detected with a magnetic bottle electron spectrometer (MBES) constructed by the OSU
group. With an FEL photon energy of ~1.791 keV and a binding energy of 870 eV for the 1S electron
shell in Ne, the kinetic energy of the photoelectrons in the absence of the MIR laser is distributed around
a mean value of ~921 eV. Thus, each photoelectron can be modelled as a free wave packet, and the
temporal structure of the complete photoelectron burst is a replica of the incoming XFEL pulse

We have measured that the shortest X-ray pulse durations are on average no longer than 4.4 fs. In
addition, we were able to investigate the stochastic substructure of these pulses confirming the expected
behavior of an underlying train of ultrashort, high-intensity spikes for SASE operation. These
experiments were performed in collaboration with Prof. R. Kienberger (MPQ Garching), Dr. A. Cavalieri
(CFEL Hamburg) and Dr. G. Doumy (ANL) and published in Nature Photonics.

1.3 FUTURE PLANS

In the remaining few months (March 1 end date) we will continue to investigate the applications of
high harmonic and attosecond spectroscopy. First, collaboration with Prof. Robert Jones (UVa) aims at
measuring the high harmonic group delay (GD) near and below threshold using RABBITT. The quasi-
classical model predicts the GD obtains a universal value of zero at threshold. However, the influence of
the atomic potential cannot be neglected and should be apparent in the experiment by comparing
differences between atoms at fixed frequency. The measurements are complete and we are in the process
of analyzing the results. Preliminary analysis seems to show this non-zero behavior at threshold.

Double ionization is a paradigm for understanding many-body effects. As part of our plans, we will
use a tunneling simulator to time-resolved double ionization of helium atoms. In the experiment,
attosecond pulses will photoionize helium above the 1e threshold (>24 eV) in the presence of an intense
dressing field. The linearly polarized dressing field will quiver the electron in a manner similar to the
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step-2 in the rescattering model. In this scenario the attosecond photoionization replaces tunnel ionization
in a strong low-frequency field while the dressing field acts as the driver of the electron wave packet
(EWP). Subsequent interaction of the EWP with the helium core will promote, among others, the (e,2e)
process. The requirement is that 3U, > 54 eV (He" ionization potential) and that the dressing field does
not ionize helium. Simple estimates show that this is only possible with mid-infrared dressing fields. If
successful, the tunnel simulator will allow exquisite control over the (e,2e) process. We are currently
finalizing the technical issues associated with this experiment.

Finally, we were awarded LCLS beam time in March 2015 to explore chemical sensitivity of Auger
decay by observing Carbon 1s Auger electrons originating from CO, a simple diatomic molecule as well
as from CF,, a more complicated yet symmetric system. The results of this run are currently being
analyzed. This collaboration was with Dr. A. Cavalieri (CFEL Hamburg) and Dr. G. Doumy (ANL).
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The nature of the interactions between high intensity infrared laser pulses and atomic clusters of a few
hundred to a few thousand atoms have been well studied. Such studies have found that these interactions
are more energetic than interactions with either single atoms or solid density plasmas and that the clusters
explode with substantial energy. Under the previous phases of BES funding we extended investigation in
this interesting area by undertaking a study of the interactions of intense extreme ultraviolet (XUV) pulses
with atomic clusters, and more recently, interactions with intense x-ray pulses from the Linac Coherent
Light Source (LCLS). Our current work builds on our previous work with femtoseocnd XUV pulses
produced by high harmonic generation (HHG). We are now studying interactions at 100 times larger XUV
intensity than we obtained earlier. This was accomplished by upgrading our HHG beam line to much higher
drive energies on the upgraded THOR laser, and we will increase the intensity further by increasing the
phase matching length. We also plan new target clusters, pulse-probe experiments and XUV fluorescence.

Our studies with XUV light are designed to illuminate the mechanisms for intense pulse interactions in the
regime of high intensity but low ponderomative energy by measurement of electron and ion spectra. This
regime of interaction is very different from interactions of intense IR pulses with clusters where the laser
ponderomotive potential is significantly greater than the binding potential of electronsin the cluster.

We have designed experiments using new targets to confirm our hypothesis about the origin of the high
charge states in these exploding clusters, an effect which we ascribed to plasma continuum lowering
(ionization potential depression) in a cluster nanoplasma. This effect, which is well known in plasma
physics, leads to a depression of the ionization potential enabling direct photo-ionization of ion charge
states which would otherwise have ionization energies which are above the photon energy employed in the
experiment. To do this we will perform experiments in which XUV pulses of carefully chosen wavelength
irradiate clusters composed of only low-Z atoms and clusters with a mixture of this low-Z atom with higher
Z atoms (eg. SIO, and SnO,). Experiments on clusters from solids will be enabled by development during
the past grant period in which we constructed and tested a cluster generator based on the Laser Ablation of
Microparticles (LAM) method. Using a LAM device we will explore oxide clusters as well as metal
clusters chosen such that the intense XUV pulse rests at a wavelength that coincides with the giant plasma
resonance of the metallic cluster. The latter clusters will exhibit higher electron densities and will serve to
lower the ionization potential further than in the clusters composed only of low Z atoms. This should have
asignificant effect on the charge states produced in the exploding cluster.

We will also explore the transition of explosions in these XUV irradiated clusters from Coulomb to
hydrodynamic expansion. We observed hints of this transition in our recent work on THOR in which we
compared explosions of Xe and Ar clusters irradiated at 38 nm. The work to be performed with the
upgraded beamline has now explored clusters of a wide range of constituents, including not only clusters
from gases (Xe, Ar, N,, CH,, and Xe doped CH,) but also clusters from solids. In particular we are
currently studying CH, and mixed Xe/CH, clusters to compare with previous studies at LCLS [Pub. 6, 7]
and studies of oxide clusters in gases (O, and CO,) preliminary to experiments with metal oxide
nanoparticles to measure the electron density dependence of continuum lowering. We have aso irradiated
nanoparticles produced by LAM at 800 nm.
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Progress During the Past Y ear

In our past experiments on XUV irradiation of noble gas clusters we produced harmonic radiation by
loosely focusing 40 fs pulses with a MgF f#/60 lens from our THOR Ti:sapphire laser into an Ar gas jet.!
These data showed that we were able to produce an 8um spot dia. with the 38 nm pulse, yielding a focal
intensity of ~ 5 x10™ W/cm? assuming an XUV pulse duration of 10 fs. These harmonics were then focused
into the plume of a second, low density cluster jet. The main limitation of this apparatus was that the drive
laser pulse energy was limited to ~ 60 mJ by the use of lens and focal geometry constrained by the lab
space. Thislimited the XUV energy per pulse to ~ 0.5 nJ/pulse in the 21% harmonic.

We have now improved this beam line in new expanded lab space. The new beam line employs all-
reflective optics which loosely-focuses (f/100) the full energy of THOR (0.6J after the compressor) into a
gas jet. The XUV is sent to the interaction chamber where one of the harmonics is selected and focused
using a Sc/Si mirror into gas clusters or nanoparticles for HED studies. The beamline is divided in three
stages: 1- Focusing, 2- HHG, 3-XUV interaction. In the first stage, the compressed 4 cm diameter beam is
steered 90° in the focusing chamber, sent to a 0° mirror in the retro chamber. There the beam reflects back
onto afl = 5.50 m, concave spherical mirror that focuses the beam under a rectangular shaped (~0.5 mm x 5
mm) conical, gasjet in the HHG stage at laser intensities up to 3x10™ W/cm? The jet is moved upstream of
the focus to optimize harmonic conversion efficiency. Two stages of differential pumping are used
upstream of the harmonic nozzle to limit the pressure to below 10° Torr in the compressor. Three stages of
differential pumping are used downstream to limit the pressures to less than 107 Torr.

Separation of the XUV pulses from the fundamental and low order harmonics is done in a two-step process.
Initially, the pulse before leaving the compressor traverses a 1 cm diameter mirror (reflective mask) in the
center of the beam that creates a donut shaped, spatial beam profile. The mask is at approximately two
focal lengths upstream from the focusing mirror and its image is located at two focal lengths downstream.
At this location, right before entering the interaction chamber, an aperture with the size of the circular disk
blocks most of the infrared donut shaped profile. The XUV, having a much shorter wavelength and
divergence propagates through the center of the aperture with a small fraction of the fundamental light that
was scattered by the gas jet. Following the aperture, a 200 nm aluminum foil (Luxel Corp.), with
approximately 20-50% transmission in the XUV range, blocks the remaining fundamental light and
harmonics with A > 70 nm. Optimization of the HHG yield is achieved by observing the harmonic spectrum
using a grazing incident spectrograph with a multichannel plate detector, phosphor plate, and CCD camera.
We optimized the HHG production as a function of jet pressure, X,y and z position of the jet relative to the
focus, pulse width of the laser (optimum at minimum pulse width), and laser energy (optimum at maximum
fundamental energy). Using an XUV calibrated photodiode (AXUV 100, Opto Diode Corp.) we measured
the total energy on target in the 21%* harmonic (38 nm) to be ~10 nJ. Thisis afactor of 20 times greater than
measured for the previous beam line. We performed a knife edge measurement of the XUV focus for the
Si/Sc mirror which is consistent with a spot diameter of 4 um at 1/e® and a peak laser fluence of 80 mJcm?
Because of the greater bandwidth of the OPCPA in the upgraded THOR laser, we achieved an IR laser
pulse width of 25 fs.

Gas Cluster Explosion Dynamics Using XUV light

Our previous experiments on the interaction of intense near-infrared laser pulses with noble gas clusters
have shown the gjection of anomalously high ion charge states, and revealed that the clusters’ explosion
mechanism (either Coulombic or hydrodynamic) depends on the cluster size and Z constitution®. While the
interaction of these clusters with infrared has been extensively explored, the effects of shorter wavelengths
like extreme ultraviolet (XUV) have not. In this regime individual photons carry enough energy to eject
bound atomic electrons via photoionization. We have used the newly constructed THOR-XUV beamline to
study the explosion dynamics of Ar and Xe clusters to compare with our previous XUV experiments and for
CH, and Xe doped CH, to compare with our data from the LCLS experiments. We have also completed
preliminary experiments on Van der Waals clusters of O, and CO, to compare with the planned experiments
measuring the ionization potentials of oxygen ionsin crystalline oxide nanoparticles.

! K. Hoffmann, B. Murphy, N. Kandadai, B. Erk, A. Helal, J. Keto, and T. Ditmire, “Rare gas Cluster Explosions with
intense short pulse XUV Light,” Phys. Rev. A83, 43203-212(2011).

2 B.Erk, K. Hoffmann, B. F. Murphy, N. Kandadai, A. Helal, J. Keto, and T. Ditmire, “Observation of shells in
Coulomb explosion of rare-gas clusters”, Physical Review A 83, 043201 (2011).
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Our new data for Xe clusters reproduced the previously observed charge states above Xe&**, which would be
expected for ionization of atoms (IP Xe*-Xe™ = 40.9 eV). We previously saw up to Xe* with a sharp drop
in the intensities above Xe™. This is again observed in new experiments shown in Fig.1. Our previous
estimates for continuum lowering predict single photon ionization of Xe* but not for production of charge
states above Z=5+. While these charge states were observed in FEL experiments for similar intensities (~
10" Wem), the fluences in the FEL experiments were ~10° larger than even our current ones (7 Jcm? vs
80 mJcm?) and a factor of 10° larger than our previous experiments.> We have now reproduced our
previous observations with significantly different laser and XUV beam line conditions. We verified in both
the previous and current experiments that IR light, suggested by others to be leaking through pinholesin the
Al filter, did not contribute to cluster heating. A glass slide was translated into the XUV beam following
the Al filter. The dlide completely blocks high harmonics but would transmit stray IR light and low
harmonics potentially not blocked by the filter. The slide completely extinguished both the TOF signal and
the signal on the XUV diode. We reproduced
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Fig. 1. New data show charge states Z = 10+.

The confirmation of previous results is important because recent studies of XUV heating of clusters using
harmonic light failed to observe charge states above Xe&**.> Because of the high contrast of THOR after the
upgrade, there is no possibility of preheating of the clusters by prepulses in the laser. These would not
produce harmonics. The XUV intensities and fluences between the two labs are very similar, but the Xe
TOF spectrum reported was excited by the 13" and 15" harmonics with a S/N of ~50, which is insufficient
to observe the higher ion states observed in Fig. 1. Our experiments were conducted for predominantly the
21% harmonic (25% 19" and 23 observed) where we expected and observed production of Xe* in atomic
jets (eg. <N> = 1). Since the apparatus for the two experiments were similar, with similar fluences in the
two experiments, we would expect similar results.

At the increased XUV intensity (x200) compared to our previous experiments, we have begun to observe
effects which might be from multiphoton absorption of XUV kight. In earlier experiments measuring the
TOF spectrum for free electrons emitted by the exploding cluster, we saw sharp peaks consistent with direct
photoionization of atoms within the cluster by the XUV light.! These electrons were observed for each of

the harmonics at electron energies hv-IP. At the higher intensity, we have observed sharp peaks in the
electron TOF spectra from Ar and CH, clusters at energies near 54 €V corresponding to the production of

photoelectrons at energies of 2hv-1P. We are investigating the origin of these electron features.

® H. Wabnitz, et al., “Multiple ionization of atomic clusters by intense soft x-rays from a free electron laser, Nature
420, 482(2002).

*E. Ackad, N. Bigaouette, K. Briggs, and L. Ramunno, “Clusters in Intense XUV pulses: Effects of cluster size on
expansion of dynamics and ionization,” Phys. Rev. A83, 063201(2011).

® B. Shutte, M. Arbeiter, Th Fennel, M.J.J. Vrakking, and A. Rouzee, “Rare-gas Clusters in Intense Extreme-
Ultraviolet Pulses from a High-Order Harmonic Source,” Phys. Rev. Lett. 112, 073003(2014).
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We have made extensive studies of methane clusters with XUV in order to compare with the previous
resultsin SLAC experiments at photon energies of 800 and 2000 eV. [Pub. 5] The most dramatic difference
between the two experiments is the intensity of the proton peak, which is 3 times brighter than the
hydrocarbon peaks when exciting with 800 eV x-raysat LCLS. For XUV light, the hydrogen fragmentation
is three times smaller than for the hydrocarbon peaks. We observe CH;" and larger cluster ions in both
experiments, and the peak intensity increases with cluster size. For both experiments the cluster explosion
is more energetic as observed by the increased peak widths as the cluster size increases. Finally, we see that
the height of the proton and CHs" peaks generated during the cluster explosion increases until a cluster size
of ~30,000 molecules, and then decrease. In the ion energy spectra we observe a transition between
Coulomb and hydrodynamic explosion of the clusters at approximately the same cluster size.

Futur e Resear ch Plans

Our future plans involve studying continuum lowering in mixed species clusters. We have finished the
construction of alaser ablation of micro-particle LAM nanoparticle source to be installed on the XUV beam
line. We have now observed the explosion of silver nanoparticles and microparticles produced by using the
central zone (~10%) of the THOR laser beam at 800 nm. Experiments on oxide nanoparticles such as SiO,,
TiO,, and ZrO, will measure continuum lowering in mixed low and high Z clusters.
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Introduction

We are interested to understand how very intense laser pulses excite electrons in atoms and molecules,
with intensities in the range I > 0.1 PW/cm?. This is the trigger for all high-field physics effects of
recent and current interest, from multi-electron ejection to high-harmonic generation to the newly
emergent area of atto-science. The combination of phase-coherent character and short-time nature
of laser pulses in experimental use creates substantial challenges to theoretical study in this domain.
We have listed the existing challenges and discussed the successes in an invited review [1]. The
intensities are high enough to mandate development of non-perturbative approaches and this has
led to several partially conflicting and partially overlapping theoretical methods. We are currently
extending [2] to a full range of ellipticities the success reported previously [3] with application of
the so-called SENE method, and continue to pursue when resources are available an application
of the powerful Schmidt decomposition, appropriate to TDSE wave functions that must contend
with strongly conditional behavior in breakup processes. High-field ionization is a very relevant
example.

Research Summary and in Progress

In 2013 and 2014 we introduced the new SENE approach [3] to theoretical analysis of high-
field ionization events, building on our leading studies of angular and linear momentum distri-
butions arising from single and double ionization under elliptical polarization [4, 5, 6, 7, 8, 9,
10], with continuing DOE-BES support. The new method combines short-range solutions of the
time-dependent Schrodinger equation (TDSE) with long-range solutions of time-dependent New-
ton equations (TDNE). The key feature of the approach is detection of the wave function by purely
numerical ‘detectors’ around a ring surrounding the ion at a radius of about 10-20 a.u. [11]. Rapid
numerical analysis yields the electron momenta on the ring without in any way disturbing the evolv-
ing wave function. These momenta become the initial conditions for particle trajectories via the
TDNE. This exploits the strong points of both the TDSE (capturing quantum features accurately
from the ionization onset) and the TDNE (efficient calculation of propagation following electron re-
lease). In particular, the initial momenta are (i) independent of intuition associated with tunneling,
which is avoided altogether, and (ii) are developed further under the full influences of both the laser
field and the ion’s Coulomb force. In 2015 we have extended [2] our application of the method to a
wide range of ellipticities, comparing well with experimental reports.
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Figure 1: Ionized electron momentum distributions obtained with the SENE method. Strong similarities can be seen
with experimental data reported for high-field helium ionization by Pfeiffer, et al. [12].

The numerical detector SENE method has obvious attractive features, but substantial develop-
ment of it is required. Results have been reported only for high ellipticity, and for a single electron.
This was suitable for a successful comparison [3] to existing experimental data. Low and mid-range
ellipticities are currently being tested [2], so far sucessfully, as shown in Fig. 1. We note that
the asymmetry of the SENE result here in Fig. 1 for € = 0.2 is strongly confirmed by the similar
asymmetry in the experimental record on helium for € = 0.3 in Fig. 2b of Pfeiffer, et al. [12].

Our plan is to further extend its range of applicability in order to attack, with a short-range
wave function calculation and subsequent SENE momentum analysis (longitudinal and transverse,
average and variance) of an ionizing electron in the vicinity of the semi-fictional ionization ‘exit
point’ of tunneling theory. This is an important missing link needed for systematic comparison of
quantified tunneling theory with current experiments. It is the source of current controversy and an
issue that was waiting to become recognized (see Pfeiffer, et al. [12], Shafir, et al. [13], Hoffman,
et al. [14], and Sun, et al. [15]).

The origin of the confusion, or controversy or whatever term is best, was well anticipated in
an overview a decade earlier by Ivanov, Spanner and Smirnova. As they said [16]:  “Identifying
the wavepacket dependence on v, is much harder. The crucial difficulty stems from the fact that
the laser field accelerates the electron while it tunnels out. The velocity distribution along the field
is changed continuously during tunneling. --- Uncertainty in the moment of tunneling, which is
responsible for the uncertainty in the initial velocity, also means that it is virtually impossible to
separate the initial velocity distribution from the distortions caused by the electric field during this
temporal uncertainty.”

As resources permit, we will also continue to extend our work on entanglement and momentum
conditionality in the ionization process. This will provide systematic and normalized evaluations
of the purely quantum contribution to correlation in multi-electron ionization. The benefit will be
creation of a previously unavailable feedback route able to manage theoretical assessments of the
true quantum components of correlation in outgoing electron momenta, and coordinate them with
experimental results. We expect this will also allow two-way exchange of information for a new
form of experimental guidance.
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Program Scope

The many-orders-of-magnitude gains in X-ray brightness achieved by free-electron laser sources such as
the LCLS are driving a fundamental review of the data analysis methods in X-ray science. It is not just a
question of doing the old things faster and with greater precision, but doing things that previously would
have been considered impossible. Our group at Cornell is working closely with experimental groups at
LCLS and elsewhere to develop data analysis tools that exploit the full range of opportunities made possible
by the new light sources. We also provide imaging expertise to David Mueller’s electron microscopy group
and Sol Gruner’s detector group, both at Cornell.

Sparse data crystallography

What makes crystallography with small crystals at synchrotrons 