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FOREWARD
This volume summarizes the 35th 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 PIs 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 KylerLeon 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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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/xray-probe experiments. Seeding techniques generate intense, narrow-bandwidth x-ray pulses with
increased temporal coherence compared with SASE pulses. We exploit these enhanced capabilities 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 emission 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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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. Krässig, A. Rudenko2 , D.
Rolles2 & 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 1018 W/cm2
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. During 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 unexpectedly 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
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Figure 1: A Sankey diagram illustrating transition probabilities between the accessible electron configurations of an Ar atom exposed to an intense XFEL pulse at 480 eV. Ar 11+ 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 (CH3 I and C6 H5 I) to hard x-ray (∼ 5 − 8 keV)
irradiation at extreme intensities approaching 1020 W/cm2 with both SASE and seeded pulses. For
atoms, observations of the maximal charge state followed the basic sequential single photon ionization model, but detailed charge state distributions exhibit resonance effects. For CH3 I 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,1 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 damage 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 Leadership 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 1010 photons/µm2 , (b) 30 fs and 1011 photons/µm2 , and (c) 2 fs and 1011 photons/µm2 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 µm 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 Å−1 to give a real space resolution of 1.9 Å, 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,11 K. Ferguson,11 T. Gorkhover11
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 configuration. 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 compared 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 transitions 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. Krässig)
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 Laboratory 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 collect electrons only within a small energy range, ETOFs can register all electrons emitted into the
analyzer acceptance. The downside of spectroscopy with ETOFs 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 configuration 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 digitized 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. Picón, C. S. Lehmann, S. H. Southworth, C. Bostedt, G. Doumy, P. J. Ho, E. P. Kanter,
B. Krässig, A. M. March, D. Moonshiram, L. Young, S. T. Pratt, A. Rudenko,2 D. Rolles,2 R.
Wehlitz,6 L. Cheng,7 J. F. Stanton,7 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: Illustration 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-raypump/x-ray-probe experiments, as sketched in Fig. 3. We performed such an experiment on XeF2
molecules at the LCLS. A 690-eV pump pulse excites the Xe 3d → f shape resonance and triggers
core-hole decay and nuclear dynamics. The Xe 3d hole decays by sequential emission of several
Auger electrons. In XeF2 , 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 F2+ 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, positionsensitive 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 timedependent 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 XeF2 were measured over the 660–740 eV range at Wisconsin’s Synchrotron Radiation Center. This energy range encompasses the ionization thresholds and near-edge regions of
Xe 3d5/2 , Xe 3d3/2 , and F 1s electrons. Particularly interesting are strong resonant features in the
XeF2 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 measurements 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 ultrafast 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 N2 , mainly producing the N+ -N+ 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+ -N3+
breakup channel.

Ultrafast measurements of molecular nuclear dynamics using two x-ray pulses
(C. S. Lehmann, A. Picón, S. H. Southworth, C. Bostedt, G. Doumy, P. J. Ho, E. P. Kanter, B.
Krässig, A. M. March, D. Moonshiram, L. Young, S. T. Pratt, A. Rudenko,2 D. Rolles,2 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-raypump/x-ray-probe measurements on XeF2 , we also observed time-dependent kinetic energy release
(KER) spectra for the two-ion breakup channels of N2 and O2 molecules. A sketch of the N2
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 N2 (∼410 eV) and O2
(∼540 eV). Our analysis focuses on N2 , although similar dynamics are involved for O2 . The pump
pulse induced K -shell ionization and Auger decay of N2 that leaves it in manifolds of transient
intermediate states (primarily N2+
states with two valence-shell holes) that continue to evolve.
2
The manifold of intermediate states includes both dissociative states that break apart promptly
into N+ -N+ 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+ -N+ to the N+ -N3+ channel that we
observe as time-dependent structure in the KER, i.e., as a function of internuclear distance between
+
3+ channel,
the two N+ ions. The probe pulse can also convert quasi-bound N2+
2 states to the N -N
but in that case the structure produced in the KER is fixed in energy without time dependence.
In contrast with the XeF2 molecule that involves a complex set of Auger decay and charge redistribution steps, N2 involves a single Auger decay and a set of N2+
2 transient states that have been
extensively studied experimentally and their potential curves calculated [51]. To simulate the timedependent 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 N2+
2 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 XeF2 experiments,
but at reduced resolution for the N2 and O2 measurements. We have submitted an LCLS proposal
to follow up on our N2 results with new measurements in which the spectrometer potentials and
other experimental parameters will be optimized for each molecule studied. This x-ray-pump/xray-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 coincidence 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,11 K. Ferguson,11 T.
Gorkhover,11 P. Stefan,11 Y. Feng,11 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 lacking. 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 absorption 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 → π* 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. Krässig, 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 XeF2 , we found evidence that the total charge produced in the
XeF2 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 XeF2 molecule
and then moving on to other species such as IBr, and CH2 BrI. 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 CH2 BrI 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 XeF2 . 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 XeF2 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,4 A. L. Cavalieri3 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 measuring 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 techniques 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 µm 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 measurement, 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,3 L. F. DiMauro5 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 simultaneously, with a streaking laser wavelength of 17 µm. 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 spectrometers 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. Picón, J. Mompart,8 S. H. Southworth)
Seeding techniques for x-ray free electron lasers (XFELs) 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 highdegree 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−1 3p
core-excited state and an 850-eV Stokes pulse that connects the core-excited state to the 2p5 3p valenceexcited 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 |ii is the
ground state, the intermediate state |ei is the 1s → 3p core-excited state, and the final states |fi
are the valence-excited states 2p5 3p 1 S0 and 1 D2 . In our numerical simulations, both pulses were
modeled with 83-fs Gaussian line shapes and FWHM intensities of 1 x 1016 W cm−2 (pump) and
1 x 1014 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,9 N. Huse,10 R.
Schoenlein,11 T. Assefa,12 Z. Németh,13 C. Bressler,12 G. Vankó,13 and W. Gawelda12 )
Using our high-repetition-rate pump-probe setup at beamline 7ID-D at the APS we have explored the photoexcitation of [Mn(CO)5 ]2 (dimanganese decacarbonyl) in isopropanol. Along with
being an important reagent in organic synthesis, [Mn(CO)5 ]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 Mn2 (CO)9 and 2) the formation of two identical radicals in their doublet
ground state, Mn(CO)5 , 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 photosensitizer for photocatalytic hydrogen generation
(A. M. March, G. Doumy, S. H. Southworth, L. Young, T. Assefa,12 A. Britz,12 Z. Németh,13 C.
Bressler,12 G. Vankó,13 and W. Gawelda12 )
The catalytic splitting of water into hydrogen and oxygen with the aid of visible light is a desirable 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 complex 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 3 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 reconstructing 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,9 N. Huse,10 R.
Schoenlein,11 J. McCusker,14 E. Jakubikova,15 A. Britz,12 T. Assefa,12 Z. Németh,13 C. Bressler,12
G. Vankó,13 and W. Gawelda12 )
Analysis of our x-ray absorption and x-ray emission measurements of laser excited [Fe(dcpp)2 ]2+
has continued and revealed intriguing results. [Fe(dcpp)2 ]2+ is a novel polypyridyl Fe(II) 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)3 ]2+ or [Fe(terpy)2 ]2+ . While Oh symmetry permits both the 3 T1 and the 5 T2
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 1 A1 ground state), only Fe(II) compounds
with a 5 T2 state as the lowest excited state have been observed so far. Electrochemical and excitedstate lifetime measurements indicated that [Fe(dcpp)2 ]2+ 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 α 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 subsequent spin crossover (SCO) process. The resulting high spin state is that probed by the x-rays.
Analysis of the K α emission spectrum revealed that the high spin state is a quintet state, similar
to [Fe(bpy)3 ]2+ or [Fe(terpy)2 ]2+ . 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-Nax ) ∼2.05Å and R(Fe-Neq ) ∼2.21Å which is not in agreement with DFT calculations for [Fe(dcpp)2 ]2+ but is similar to the excited state structure of [Fe(terpy)2 ]2+ . Yet, the
excited state lifetime of [Fe(dcpp)2 ]2+ is an order of magnitude shorter than that of [Fe(terpy)2 ]2+ .
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. Vankó,13
W. Gawelda12 and other collaborators)
We have continued studies of the model system [Fe(II)(CN)6 ]4− (ferrocyanide) in an aqueous
solution after laser excitation using x-ray absorption spectroscopy (XAS) and x-ray emission spectroscopy (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)5 H2 O]3− via ligand dissociation, 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)6 ]3− .
Previously, we collected XANES data and XES K β1,3 (1s-3p) data at both wavelengths as well EXAFS 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)5 H2 O]3− and
[Fe(III)(CN)6 ]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)5 H2 O]3− and
[Fe(II)(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 β1,3 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. Vankó,13 W. Gawelda12 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 catalysts. At the oxidation state +IV, 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 conditions, until just last year, when a stable high-valent nitridoiron(V) complex has been reported in
trans-[(cyclam)Fe(III)(N3)2 ]PF6 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 β1,3 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 derived 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 exhibit 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 photochemical energy conversion, and serve as model systems to probe the coupling between electronic
and vibrational motions during photoinduced ultrafast electron transfer reactions using equilibrium 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 couplings, 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 K α and K β 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 measurement. 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. Transient 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 β exhibits 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, temporary 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[bpy3 ]2+ 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-Suriñach,16 A. Guda,17 C. S. Lehmann, S. H. Southworth, A. Picón,
X. Zhang, G. Doumy, A. M. March, L. Young, and A. Llobet16 )
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 oxygen evolving complex (OEC) can carry out the four-electron water splitting reaction to hydrogen
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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 monochromatic 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 implementation 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 macrocyclic 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)3 ]2+ 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 h 2 NP h 2 )2 (CH3 CN)]2+ multimolecular system
(D. Moonshiram, A. Guda,17 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 challenges. 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 H2 O + 4hν = O2 + 2 H2 ) and/or
reduction of CO2 to methanol or other carbon based fuels (2 H2 O + CO2 + 6 hν = CH3 OH + 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 reduction catalyst of the general form Ni(PP h 2 NP h 2 )2 (CH3 CN)]2+ [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 understanding 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(PP h 2 NP h 2 )2 (CH3 CN)]2+ catalyst, [Ru(bpy)3 ]2+ 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 µs. 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 7BM, 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 pumpprobe 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 K α and K β 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. Finite 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,18 Z. Yan,18 L. Ocola, M. Pelton,19
and L. Young)
Coherent x-ray diffraction imaging (CXDI) is a sensitive microscopic method for imaging crystalline and noncrystalline objects at high spatial resolution. CXDI is particularly useful for measuring 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 micrometer 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 microns to tens of nanometers. Using optical techniques, these laser trapped particles can be manipulated 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 µm diameter, ∼4 µm 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-µm Si wafer between two 150-µm
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-µm x
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1-µm 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,18 Z. Yan,18 Y. Bao,18 J-H. Lee,18 Y. Weizmann,18 and N. F. Scherer18 )
In addition to participating in the optical trapping/x-ray diffraction experiments being conducted 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-metaparticle consisting of 35-nm dia. Au nanoparticles chemically attached to a 300-nm dia SiO2 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 transition 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 transforms 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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[1] A. Picón, C. Buth, G. Doumy, B. Krässig, L. Young, and S. H. Southworth, “Optical control of resonant Auger
processes,” Phys. Rev. A 87, 013432 (2013).

21

Argonne National Laboratory
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Z. Németh, E. Rozsályi, T. Rozgonyi, J. Uhlig, V. Sundström, M. M. Nielsen, L. Young, S. H. Southworth, C.
Bressler, and W. Gawelda, “Detailed characterization of a nanosecond-lived excited state: x-ray and theoretical
investigation of the quintet state in photoexcited [Fe(terpy)2 ]2+ , J. Phys. Chem C 119, 5888 (2015).
[23] A. M. March, T. A. Assefa, C. Bressler, G. Doumy, A. Galler, W. Gawelda, E. P. Kanter, Z. Németh, M.
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T. Möller, and C. Bostedt, “Femtosecond and nanometer visualisation of structural dynamics in superheated
nanoparticles,” submitted (2015).
[36] K. R. Ferguson, M. Bucher, T. Gorkhover, S. Boutet, H. Fukuzawa, J. E. Koglin, Y. Kumagai, A. Lutman, A.
Marinelli, M. Messerschmidt, K. Nagaya, J. Turner, K. Ueda, G. J. Williams, P. H. Bucksbaum, and C. Bostedt,
“Transient lattice compression in the solid-to-plasma transition,” submitted (2015).
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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 PIs: I. 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 D2 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 molecularframe 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 (e.g., ALS, Århus, 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 CH3I 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 highpower 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.

26

J.R. Macdonald Laboratory

Structure and Dynamics of Atoms, Ions, 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.i
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. Hernández, 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, φ, 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 H2+ 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 n1) formation upon dissociation of D2 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 A and (b) normalized yield Y
of D* fragments from D2 dissociation in an 8×1013-W/cm2, 5fs, 730-nm laser pulse. The power spectrum of the Fourier
transform showing the odd and even frequencies for (c) A
and (d) Y, respectively, as expected from the photon-phase
analysis . (High frequency marked by red box). Bottom: CEPKER map for 5-fs, 800-nm FTL pulse and chirped pulses
(left–negative, right–positive) with the same bandwidth and
peak intensity (1.8×1013-W/cm2). (Adapted from Mohammad
Zohrabi PhD thesis, Kansas State University 2014).
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Strong-field dissociation of CO2+ and CS2+ driven by a pump–dump-like mechanism, T.
Severt, M. Zohrabi, U. Ablikim, K.J. Betsch, Bethany Jochim, B. Berry, K.D. Carnes, Tereza
Uhlíková, B.D. Esry, and I. Ben-Itzhak – The target CS2+ beam “cools” vibrationally in flight to
the interaction region, since states above v=7 in the X 3Π ground state predissociate. A single
photon absorption may excite the CS2+ to the A3Σ- 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
1ω, in Fig. 2(b). The KER of the peak labeled 0ω 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 CS2+ is excited to the
vibrational continuum of the A3Σ- and stretches, stimulated emission becomes energetically
forbidden because of the shape of the X 3Π 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 CO2+ KER spectrum, shown in Fig. 2(d), exhibits a similar 0ω 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 CO2+ and metastable for CS2+ [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 0ω and 2ω-ATD
peaks relative to the main 1ω 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 CS2+ [this work and
Šedivcová et al. J. Chem. Phys. 125,
164308 (2006)], and (c) of CO2+
[from Šedivcová et al. J. Chem.
Phys. 124, 214303 (2006)]. The
measured KER spectrum (b) of CS2+
dissociation into C++S+ in a 25-fs,
790-nm, 1×1014-W/cm2 pulse, and
(d) of CO2+ dissociation into C++O+
in a 40-fs, 790-nm, 1.4×1015-W/cm2
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.
References:
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29. “Long term carrier-envelope-phase stabilization of a terawatt-class Ti:Sapphire laser”, Adam M. Summers,
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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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Strong-field dynamics of few-body atomic and molecular systems
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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 H+
2
Recent progress
As part of our effort to achieve quantitatively
good agreement between theory and experiment, we
investigated the carrier-envelope phase (CEP) dependence of dissociation of H+
For this bench2.
mark system, dissociation can be calculated nearly
exactly [R1] — as long as ionization is negligible —
and kinematically complete momentum imaging measurements can be performed [R2]. While there
was general agreement between the time-dependent
Schrödinger 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 experimental 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. Unfortunately, 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 averaging. The peak intensity, however, was limited to
1×1014 W/cm2 to avoid incurring large errors due to
our neglect of ionization (see Refs. [R1,R4] for details
of the calculation). The trivial 2π-periodicity [R5,R6]
of the normalized spatial asymmetry
A=

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 experimental conditions: (i) the greater intensity used
in the experiment and (ii) the deviation of the experimental 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-

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

Figure 1: (a) The normalized asymmetry A(E, ϕ). (b) The
asymmetry parameter integrated over the indicated energy regions, fit to sinusoidal curves (see the text). (From Pub. [P4].)
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ing the theoretical error bars at these higher intensities [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 intensity. Therefore, while performing the calculation
at the correct intensity is important, it does not explain the greater asymmetry seen in the experiment
and actually makes the agreement worse. The full
energy-dependent A in Fig. 2(b), however, shows definite qualitative agreement with the experiment (up
to an overall constant shift in the CEP ϕ).
To address the second point above, we used a
more realistic pulse in the TDSE. Unfortunately, only
the experimental pulse’s power spectrum was available. Assuming a flat spectral phase, we computed
the time-dependent field E(t) to use in the TDSE.

Figure 2: (a) The calculated magnitude of A as a function of
the peak intensity I0 of a Gaussian laser pulse under the conditions of the experiment in Fig. 1. The two curves denote KER
integrations to match Fig. 1. The error bars represent the estimated theoretical errors [R3]. (b) The full energy dependence
of A at I0 =4×1014 W/cm2 . (Adapted from Ref. [R3].)

Figure 3(c) shows that the pulse was indeed not Gaussian. The other panels in the figure show the theoretical 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 experimentalists 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
I0 =1.6×1014 W/cm2 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 I0 as (a). (c) The
pulse’s electric field E(t) calculated from the measured power
spectrum assuming a flat spectral phase and ϕ=0. (d) The
I0 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 axial recoil approximation, is valid when the radial kinetic energy is much higher than the rotational kinetic 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 approximation previously [R7] for H+
2 +nω→p+H in 800-nm

pulses, concluding that it can indeed fail as quantified
by the change in hcos2 θi(t) from the end of the pulse
to t → ∞ — i.e. ∆hcos2 θi. 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
H+
2 (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 ∆hcos2 θi. Of course, H+
2 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 electronic structure fixed to isolate the effect of mass. We
also chose the initial vibrational state to keep the initial energy as constant as possible. We found that
the relative change in ∆hcos2 θi actually increased
with mass through the three physical isotopes before
slowly decreasing through the unphysical isotopes —
not until the mass increases 35× to the “Cl2 ” case
does ∆hcos2 θi drop to 10%.
Given that hcos2 θi is an average quantity, however, 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 = tf ) and at the detector (t → ∞). While
there is correlation between ∆hcos2 θi 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 appear and disappear in time after the pulse. Thus, applying 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

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 = tf ) and at the detector (t → ∞) of the p+H fragments
produced from H+
2 by 3-cycle pulses at 800 nm and 1600 nm
at the intensity 5×1013 W/cm2 . (Adapted from Ref. [R4].)

Strong-field coherent control over charge exchange
Recent Progress
Alkali-halides have long been studied in ultrafast chemistry [R8] in large part because they have
a simple—but intriguing—structure. For most IRdriven coherent control purposes, only their lowest
two Born-Oppenheimer potentials need be considered. But, as shown in Fig. 5(a) for LiF, these potentials have a characteristic avoided crossing at relatively large distances between the ionic and covalent
channels that is ideal for controlling the non-BornOppenheimer 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 neglecting rotation, but including the full non-BornOppenheimer 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 Li+ +F− . Most of
the wavepacket thus underwent a nonradiative transition 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 dissociation into Li+F (black) and Li+ +F− (red) as a function
of the delay τ 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, 1×1012 -W/cm2 , Gaussian pulse 66 fs
after the pump while the wavepacket is at the crossing. Since calculations with a single-color probe pulse
convinced us that Raman transitions were primarily responsible for controlling the branching ratio, we
chose the two colors to be λ1 =789 nm and λ2 =811 nm
since their difference would then lie within the pumppulse bandwidth—and thus within the energy distribution of the wavepacket—providing ample opportunity for interference between quantum pathways.
Moreover, the delay τ between the two colors provided 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 Li+ +F− channel more than 80% of the
time. We can thus control charge exchange in the
strong-field regime.

tation included to confirm that the degree of control
we obtained is not an artifact of the reduced dimensionality. To gauge whether this control will be possible experimentally, we will also need to average over
intensity and possibly over the initial rotational distribution for this relatively heavy system. We will
also work with Ben-Itzhak’s experimental group —
since they can potentially perform a kinematically
Future Plans
complete measurement of this process — to identify
We will repeat these calculations with nuclear ro- experimentally convenient pulse parameters.
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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 molecular 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 experimentally 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 angledependence 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 alignment 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 distribution 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 exploits 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 impulsive rotational wavepacket in rotationally cold
molecules, which causes the molecular axis distribution to evolve with time after the alignment pulse is gone. A probe pulse then drives
an orientation dependent process and the delaydependent yield of a product (the molecular
ion yield in the case of non-dissociative ionization by the probe, for instance) is measured.The
measured signal is a convolution of the orientation dependence of the process and the timedependent molecular axis distribution. By expanding the orientation dependence in a basis of Wigner functions, and evaluating the expectation 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 coefficients that determine the orientation dependence of the probe process. By varying the ex- Figure 1: The algorithm for extracting the the anperimental 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 itmolecular axis distribution as well. An outline self is determined by the pump pulse duration and
intensity, and the rotational temperature. The angle
of the algorithm is shown in Fig. 1.
dependence of S is expanded in a Wigner function baThis technique has several unique advansis, 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
Euler 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, hcos2 θi 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

37

J.R. Macdonald Laboratory

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:
[P1] X. Ren, V. Makhija, A.-T. Le, J. Tross, S. Mondal, C. Jin, C. Trallero and V. Kumarappan,
“Shape Resonance and Cooper Minimum in High Harmonic Generation from Strongly Aligned
Nitrogen”, In CLEO: 2013, JTh2A.11. San Jose, California: Optical Society of America, 2013.
[P2] X. Ren, V. Makhija, A.-T. Le, J. Troß, S. Mondal, C. Jin, V. Kumarappan and C. TralleroHerrero, “Measuring the angle-dependent photoionization cross section of nitrogen using highharmonic generation”, Physical Review A 88, 043421 (2013).
[P3] X. Ren, V. Makhija, V. Kumarappan, “Multipulse Three-Dimensional Alignment of Asymmetric Top Molecules”, Physical Review Letters 112, 173602 (2014).
[P4] X. Ren, V. Makhija, H. Li, M. F. Kling, V. Kumarappan, “Alignment-assisted field-free
orientation of rotationally cold CO molecules”, Physical Review A 90, 013419 (2014).
[P5] J. Yang, V. Makhija, V. Kumarappan, M. Centurion, “Reconstruction of three-dimensional
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Strong field rescattering physics and attosecond physics
C. D. Lin
J. R. Macdonald Laboratory, Kansas State University
Manhattan, 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. A5], 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 selfimaging interatomic separations of a molecule with mid-infrared lasers. The first proof-ofprinciple experiment was reported in 2012 [Blaga et al, Nature 483, 194 (2012)] for diatomic N2
and O2 molecules using 2 𝜇𝜇 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, 3.1μm laser and COLTRIM, they have been able to
generate high-energy photoelectron spectra of acetylene (C2H2) which are prealingned or antialigned. The COLTRIM allows them to measure high-energy photoelectron spectra in
coincidence with the molecular ions. Based on the coincidence data of C2H2+, 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 C2H2 experiments that result in C2H++ H+.
Analysis so far supports a stretched C-H bond but with the C-C bond remains nearly the same.
Additional molecules such as CS2 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
XUV 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 laserdressed 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
1012 W/cm2, 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)
A1. Chao Yu, Hui Wei, Xu Wang Anh Thu Le , Ruifeng Lu, and C. D. Lin, “Reconstruction
of two-dimensional molecular structure with laser-induced electron diffraction from laser-aligned
polyatomic molecules”, Sci. Repts. (accepted)
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).
A3. Michael Pullen , Benjamin Wolter, Anh-Thu Le, Matthias Baudisch, Michaël Hemmer, Arne
Senftleben, Claus Dieter Schröter, Joachim Ullrich, Robert Moshammer, C. D. Lin, Jens Biegert,
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“ Imaging an aligned polyatomic molecule with laser-induced electron diffraction”, Nature
Comms. 6, 7262 (2015).
A4. Hui Wei, Anh-Thu Le, Toru Morishita, Chao Yu, and C. D. Lin ” Benchmarking accurate
spectral phase retrieval of single attosecond pulses” , Phys. Rev. A 91, 023407 (2015).
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A6. Qianguang Li, Xiao-Min Tong , Toru Morishita , Cheng Jin , Hui Wei , and C. D. Lin,
“Rydberg states in strong field ionization of hydrogen by 800, 1200 and 1600 nm lasers”, J. Phys.
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“, Phys. Rev. Lett. 113, 033001 (2014).
A9. Junliang Xu, Cosmin Blaga, K. K. Zhang, Y. H. Lai, C. D. Lin, T. Miller, P. A. Agostini and
L. F. DiMauro, “ Diffraction using laser-driver broadband electron wave packets”,
Nature. Comms. 5, 5635 (2014).
A10. Cheng Jin , Guoli Wang, Hui Wei, Anh-Thu Le, C. D. Lin , “Waveforms for Optimal subkeV High-Order Harmonics with Synthesized Two- or Three-Color Laser Fields”, Nature
Comms. 5, 4003 (2014).
A11. Wei-Chun Chu, Toru Morishita, and C. D. Lin, “Probing dipole-forbidden autoionizing
states by isolated attosecond pulses”, Phys. Rev. A89, 033427 (2014).
A12. Wei-Chun Chu, Toru Morishita and C. D. Lin, ” Probing and controlling autoionization
dynamics with attosecond light pulses in a strong dressing laser field”, Chin. J. Phys. 52, 301
(2014).
A13. Qianguang Li, Xiao-Min Tong, Toru Morishita, Hui Wei, and C. D. Lin, “Fine structures
in the intensity dependence of excitation and ionization probabilities of hydrogen atom in intense
800 nm laser pulses”, Phys. Rev. A89, 023421 (2014).
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).
B2. M. Reduzzi, W.-C. Chu, C. Feng, A. Dubrouil, F. Calegari, F. Frassetto, L. Poletto, M.
Nisoli, C.-D. Lin, G. Sansone, “Attosecond control of quantum beating in electronic molecular
wave packets”, submitted to New J. Phys.
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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 3rd 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 CH3I
molecules. We have studied the UV-induced dissociation of halogentated benzenes in a timeresolved experiment at the FLASH free-electron laser in Hamburg. And we have investigated the
fragmentation dynamics of halomethanes after inner-shell ionization by performing photoelectronion 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 CH3I molecules, Y. Malakar, B. Kaderiya, F.
Ziaee, W.L. Pearson, K.R. Pandiri, M. Zohrabi, I. 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 timeresolved 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 disFig. 1: Delay-dependent KER spectrum
recorded for the CH3+ + I+ channel. The
intensity was 1.5 x 1014 W/cm2 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 (CH2I2), and are currently setting up for an new measurement on CH3I, 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. Savelyev1, R.
Boll1, C. Bomme1, B. Erk1, S. Techert1, J. Küpper1, M. Brouard2, A. Rouzee3, N. Berrah4, R.
Moshammer5, H. Stapelfeldt6, A. Rudenko, and D. Rolles; 1DESY, Hamburg, Germany; 2Oxford
University, UK; 3Max-Born-Institut, Berlin, Germany; 4University of Connecticut; 5Max Planck
Institute for Nuclear Physics, Heidelberg, Germany; 6Arhus 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. Bomme1, E. Savelyev1, T. Osipov2, H.
Xiong3, N. Berrah3, and D. Rolles; 1DESY, Hamburg, Germany; 2LCLS, 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 CH2+-I+-Cl+ triple coincidences recorded after I(4d) photoionization
of CH2ICl at 107 eV photon energy. Right panel: The corresponding angle between the momentum vectors
of I+ and Cl+ 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 highrepetition 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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(OHFWURQLFDQG1XFOHDU'\QDPLFV7ULJJHUHGE\;UD\;89DQG2SWLFDO
([FLWDWLRQV1RQOLQHDU,QWHUDFWLRQVDQG8OWUDIDVW,PDJLQJ

$UWHP5XGHQNR

-50DFGRQDOG/DERUDWRU\'HSDUWPHQWRI3K\VLFV.DQVDV6WDWH8QLYHUVLW\0DQKDWWDQ.6
UXGHQNR#SK\VNVXHGX


3URJUDPVFRSH7KHPDLQJRDOVRIWKLVUHVHDUFKDUH L WRXQGHUVWDQGEDVLFSK\VLFVRI QRQOLQHDU OLJKWPDWWHU
LQWHUDFWLRQVLQDEURDGVSDQRIZDYHOHQJWKVIURPWHUDKHUW]DQGLQIUDUHG ,5 WR;89DQG;UD\GRPDLQVDQG LL 
WRDSSO\WKHNQRZOHGJHJDLQHGIRUUHDOWLPHLPDJLQJRIXOWUDIDVWSKRWRLQGXFHGUHDFWLRQV7KHVHJRDOVDUHEHLQJ
SXUVXHG XVLQJ ERWK ODEEDVHG ODVHU DQG KLJKKDUPRQLF VRXUFHV DQG H[WHUQDO IUHHHOHFWURQ ODVHU IDFLOLWLHV 7KH
SURJUDPDLPVDWVWXG\LQJOLJKWLQGXFHGSKHQRPHQDLQV\VWHPVRILQFUHDVLQJFRPSOH[LW\IURPLVRODWHGDWRPVWR
VPDOODQGPLGVL]HPROHFXOHVUHFHQWO\H[WHQGLQJWRWKHQDQRVFDOHSDUWLFOHV
5HFHQWSURJUHVV
;UD\LQWHUDFWLRQVZLWKPDWWHUPXOWLSKRWRQLRQL]DWLRQDQGFKDUJHWUDQVIHUSKHQRPHQD
 LQFROODERUDWLRQZLWK'5ROOHVDQG$UJRQQH1DWLRQDO/DEJURXS 
7KHGHYHORSPHQWRIKLJKLQWHQVLW\VKRUWSXOVHG;89DQG;UD\UDGLDWLRQVRXUFHVSURPLVHVUHYROXWLRQDU\QHZ
LPDJLQJ WHFKQLTXHV LQ GLYHUVH VFLHQWLILF ILHOGV DSSURDFKLQJ DQJVWURP VSDWLDO DQG IHPWRVHFRQG RU HYHQ VXE
IHPWRVHFRQG WHPSRUDOUHVROXWLRQ 7KHEDVLFSUHUHTXLVLWH IRUGHVLJQLQJWKHVHH[SHULPHQWVLV XQGHUVWDQGLQJWKH
UHVSRQVHRILQGLYLGXDODWRPVDQGWUDFLQJHOHFWURQLFDQGQXFOHDUG\QDPLFVLQWKHYLFLQLW\RIWKHDWRPWKDWDEVRUEHG
;UD\SKRWRQ V ,QH[WHQGHGV\VWHPVWKLVVKHGVOLJKWRQEDVLFPHFKDQLVPVRIORFDOUDGLDWLRQGDPDJHDQGLVDOVR
YLWDOIRUQRYHOSKDVHUHWULHYDOPHWKRGVDWKLJKLQWHQVLWLHV$GGUHVVLQJWKHVHLVVXHVZHKDYHUHFHQWO\SHUIRUPHGD
VHULHVRIH[SHULPHQWVFRPSDULQJPXOWLSKRWRQPXOWLSOHLRQL]DWLRQRILVRODWHGDWRPVDQGVLPLODUDWRPVLQPROHFXODU
V\VWHPVE\LQWHQVHVRIW;UD\ NH9 UDGLDWLRQ:HIRXQGWKDWLQWHUPHGLDWHUHVRQDQWH[FLWDWLRQVDUHFUXFLDO
IRURXUXQGHUVWDQGLQJRIH[WUHPHO\KLJKFKDUJHVWDWHVREVHUYHGDWFHUWDLQZDYHOHQJWKV>3@$SSO\LQJWKH
WHFKQLTXH RI FRLQFLGHQW LRQ PRPHQWXP LPDJLQJ ZH REVHUYHG WKH VLJQDWXUHV RI HIILFLHQW XOWUDIDVW FKDUJH
UHGLVWULEXWLRQIURPWKHDEVRUELQJDWRPWRLWVQHLJKERXUVLQPROHFXODUV\VWHPV>3@6LQFHWKHQZHSHUIRUPHGD
VHULHVRIGHGLFDWHGODVHUSXPS±;UD\SUREH>3@DQG;89SXPS±;89SUREH>33@H[SHULPHQWVDLPHG
DW VWXG\LQJ WKH PHFKDQLVPV RI WKLV FKDUJH UHDUUDQJHPHQW LQ SDUWLFXODU HOHFWURQ WUDQVIHU 0DLQ GHYHORSPHQWV
ZLWKLQWKHODVW\HDUIRFXVHGRQH[WHQGLQJVLPLODUVLQJOHSXOVHH[SHULPHQWVLQWRKDUG;UD\GRPDLQDQGXOWUDKLJK
LQWHQVLWLHV DQG RQ HPSOR\LQJ QRYHO SXPSSUREH VFKHPHV LQFOXGLQJ WLPHUHVROYHG SKRWR DQG $XJHU HOHFWURQ
VSHFWURVFRS\DQG;UD\SXPS±;UD\SUREHVFKHPHV
6LQFH ;)(/ LPDJLQJ H[SHULPHQWV PHQWLRQHG DERYH LGHDOO\ UHTXLUH DQJVWURP ZDYHOHQJWKV DQG H[WUHPH
LQWHQVLWLHV !  :FP  WR UHDFK DWRPLF UHVROXWLRQ WKHUH LV D VWURQJ QHHG WR H[WHQG EDVLF H[SHULPHQWV RQ
LQGLYLGXDODWRPVPDOOPROHFXOHUHVSRQVHLQWRWKLVSDUDPHWHUUHJLPH5HFHQWO\ZHKDYHDFFRPSOLVKHGILUVWVWHSV
LQWKLVGLUHFWLRQE\VWXG\LQJLRQL]DWLRQRIUDUHJDVDWRPVDQGVPDOOSRO\DWRPLFPROHFXOHVE\XOWUDLQWHQVH;UD\
UDGLDWLRQDWNH9SKRWRQHQHUJ\UDQJH7KHH[SHULPHQWVZHUHSHUIRUPHGXVLQJWKHQDQRIRFXVRIWKHFRKHUHQW
LPDJLQJEHDPOLQH &;, DW/&/6)RFXVLQJIHZP-IVKDUG;UD\/&/6SXOVHVWRDVSRWVL]HOHVVWKDQQP
LQGLDPHWHUZHZHUHDEOHWRUHDFKWKHLQWHQVLWLHVH[FHHGLQJ :FPXQSUHFHGHQWHGIRUWKLVSKRWRQHQHUJ\
UDQJH8QGHUWKHVHFRQGLWLRQVZHZHUHDEOHWRVWULSDOOHOHFWURQVIURPDUJRQDWRPVDOOEXWWZRVHOHFWURQVIURP
NU\SWRQDQGUHDFKHGWKHUHFRUGFKDUJHVWDWHIRU[HQRQLRQL]DWLRQDWNH9(YHQWKRXJKWKHKLJKHVWFKDUJH
VWDWHV LV UHDFKHG DW WKH KLJKHVW SKRWRQ HQHUJ\  NH9  WKH ZDYHOHQJWK GHSHQGHQFH RI WKH VSHFWUD VKRZV
VLJQLILFDQWRYHUDOOHQKDQFHPHQWLQWKHSURGXFWLRQRIFKDUJHVWDWHVIURP;H WR;HDWWKHLQWHUPHGLDWHSKRWRQ
HQHUJLHV aNH9 &RPSDULQJWKHGDWDZLWKWKHVLPXODWLRQEDVHGRQWKH;$720PRGHORI56DQWUD¶VJURXS
ZHFRQFOXGHWKDWWKHVLPSOHVHTXHQWLDOLRQL]DWLRQSLFWXUHQHHGVWREHPRGLILHGWRLQFOXGHUHVRQDQWH[FLWDWLRQVWR
H[SODLQWKHREWDLQHGUHVXOWVDOWKRXJKWKHUHVRQDQWHIIHFWVDUHQRWDVH[WUHPHDVLQWKHVRIW;UD\UHJLPH>3@
)ROORZLQJ WKH DSSURDFK ZH GHYHORSHG HDUOLHU IRU WKH ;89 DQG WKH VRIW;UD\ GRPDLQV ZH FRPSDUHG WKH
LRQL]DWLRQ RI LVRODWHG [HQRQ DWRPV DQG LRGLQH DWRPV HPEHGGHG LQWR PROHFXODU V\VWHPV DQG REWDLQHG ILUVW
H[SHULPHQWDOUHVXOWVRQXOWUDIDVWFKDUJHUHDUUDQJHPHQWLQVPDOODQG PHGLXPVL]H PROHFXOHV,QFRQWUDVWWRRXU
UHVXOWVLQWKHVRIW;UD\UHJLPH>3@WKHSUHVHQFHRIPROHFXODUSDUWQHUVGRHVQRWVLJQLILFDQWO\UHGXFHWKHKLJKHVW
FKDUJHVWDWHREVHUYHGIRUKLJK=HOHPHQWVLQVPDOOV\VWHPV:HREVHUYHG,LRQVIURPLRGRPHWKDQH &+, DW
NH9 FRPSDUHGWR;H 7KHPRVWOLNHO\UHDVRQIRUWKLVLVDOLPLWHGDPRXQWRIHOHFWURQVDYDLODEOHIURPWKH
QHLJKERXULQJDWRPVDQGYHU\ODUJHSKRWRQGHQVLW\DOORZLQJIRUIXUWKHULRQL]DWLRQRISDUWLDOO\QHXWUDOL]HGLRGLQH
7RYHULI\WKLVZHFROODERUDWHGRQVLPLODUH[SHULPHQWVRQ;H&+,DWWKH-DSDQHVH;)(/IDFLOLW\6$&/$ZKLFK
ZHUHDOVRSHUIRUPHGDWKDUG;UD\SKRWRQHQHUJLHVEXWDWPXFKORZHULQWHQVLWLHV>3@7KHUHWKHRXWFRPHZDV
UDWKHUVLPLODUWRHDUOLHUUHVXOWVLQWKHVRIW;UD\GRPDLQFRQILUPLQJWKDWWKLVLVWKHKLJKSKRWRQGHQVLWLHVRQWDUJHW
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ZKLFK UHVXOWV LQ KLJKHU LRQL]DWLRQ RI PROHFXOHV +RZHYHU IRU ODUJHU V\VWHPV OLNH LRGREHQ]HQH &+,  WKH
PD[LPXPFKDUJHVWDWHREVHUYHGHYHQDWKLJKHVWLQWHQVLWLHVLVa,LQGLFDWLQJWKDWWKHFKDUJHWUDQVIHUIURPWKH
QHLJKERXULQJDWRPVVWLOOSOD\VDQLPSRUWDQWUROHLIHQRXJKHOHFWURQVDUHSUHVHQW7KHKLJKHVWFKDUJHVWDWHRIFDUERQ
ZKLFKGRHVQRWGLUHFWO\DEVRUE;UD\SKRWRQV & LVLQJRRGDJUHHPHQWZLWKWKHSUHGLFWLRQRIRXUFKDUJHWUDQVIHU
PRGHOGHYHORSHGLQ>3@
)XUWKHUPRUH LQ RUGHU WR UHYHDO WKH HIIHFW RI WKH VSHFWUDO DQG WHPSRUDO VKDSH RI WKH ;UD\ SXOVHV RQ ;UD\
LQGXFHGPXOWLSKRWRQSURFHVVHVZHFRPSDUHGWKHUHVXOWVREWDLQHGZLWKWKHUHJXODU/&/6SXOVHVJHQHUDWHGE\WKH
6$6( VFKHPH DQG ZLWK WKH VHOIVHHGHG ;UD\ SXOVHV :KHUHDV IRU LVRODWHG DWRPV ;H  ZH REVHUYH UHGXFHG
SURGXFWLRQRIWKHKLJKHVWFKDUJHVWDWHVIRUVHHGHGSXOVHVZKLFKZHDWWULEXWHWRWKHVXSSUHVVLRQRIUHVRQDQWHIIHFWV
WKHUHVXOWVRQ&+,PROHFXOHVGHPRQVWUDWHWKHRSSRVLWHWUHQG KLJKHUFKDUJHVWDWHVRI, PRVWOLNHO\EHFDXVHRI
GLIIHUHQWFKDUJHWUDQVIHUG\QDPLFVUHVXOWLQJIURPQDUURZHUWHPSRUDOSURILOHRIWKHVHHGHGSXOVHV

Figure 1.,RGLQH0VKHOO$XJHUHOHFWURQVSHFWUDDW
 H9 SKRWRQ HQHUJ\ /HIW WKH UHVXOWV IURP WKH

/&/6H[SHULPHQWRQ&+,IRUWZRGLIIHUHQWGHOD\V

EHWZHHQ WKH 89 SXPS DQG ;UD\ SUREH SXOVHV

5LJKW 0HDVXUHG V\QFKURWURQ VSHFWUXP IRU &+,
FRXUWHV\ RI 7 0DUFKHQNR DQG 0 6LPRQ 830&

3DULV  FRPSDUHG WR WKH FDOFXODWHG GLVWULEXWLRQ IRU

WKH DWRPLF LRGLQH 3HUIRUPHG E\ 0 3DWWDQHQ
6\QFKURWURQ6ROHLO 



:KHUHDV WKH LRQ PHDVXUHPHQWV GHVFULEHG DERYH DQG HPSOR\HG LQ UHFHQW SXPSSUREH PHDVXUHPHQWV >3
@\LHOGGLUHFWLQIRUPDWLRQRQWKHGLVWDQFHGHSHQGHQFHRIWKHHOHFWURQLFUHDUUDQJHPHQWSURFHVVHVWKH\GRQRW
DOORZRQHWRGLVHQWDQJOHORFDO$XJHUGHFD\IROORZHGE\WKHYDOHQFHFKDUJHWUDQVIHUIURPLQWHUDWRPLF$XJHUW\SH
SURFHVVHV 7KLV ZRXOG UHTXLUH PHDVXULQJ WKH FKDQQHOVHOHFWLYH $XJHU HOHFWURQ VSHFWUD $V D ILUVW VWHS LQ WKLV
GLUHFWLRQZHPHDVXUHGPROHFXODU$XJHUVSHFWUDLQ&+,DQG&+)PROHFXOHVGLVVRFLDWHGE\DQPSXOVHVDV
DIXQFWLRQRIWKHLQWHUQXFOHDUGLVWDQFHZKLFKFDQEHUHFRQVWUXFWHGIURPWKHLRQPHDVXUHPHQWVVLPLODUWRHDUOLHU
H[SHULPHQWV)LJGLVSOD\VWKHPHDVXUHG$XJHUHOHFWURQVSHFWUDIRULRGLQH0VKHOOLRQL]DWLRQ$VFDQEHVHHQ
IURPWKHULJKWSDQHORIWKHILJXUHWKH$XJHUVSHFWUXPRIWKH&+ ,PROHFXOHFOHDUO\GLIIHUVIURPWKHGLVWULEXWLRQ
VLPXODWHGIRUWKHLVRODWHGLRGLQHDWRP VOLJKWO\VKLIWHGSHDNSRVLWLRQVGLIIHUHQWUHODWLYHLQWHQVLWLHVRIWKHSHDNV 
7KH/&/6&+,SXPSSUREHVSHFWUXPDW]HUR89;UD\GHOD\ EODFNOLQHLQWKHOHIWSDQHORI)LJ  FORVHO\
UHVHPEOHVWKHV\QFKURWURQGDWDLHWKHVSHFWUDIRUWKHLQWDFWPROHFXOH,IKRZHYHUWKHPROHFXOHLVGLVVRFLDWHG
E\WKHQPSXOVH IVGHOD\UHGOLQHLQ)LJOHIW WKHEUDQFKLQJUDWLRRIGLIIHUHQWSHDNVFKDQJHVWRZDUGV
WKHRQHVVLPXODWHGIRUWKHDWRPLFLRGLQHUHIOHFWLQJWKHWUDQVLWLRQWRZDUGVWKHLRQL]DWLRQRIWKHLVRODWHGLRGLQHDWRP
$VDQH[WVWHSLQWKLVGLUHFWLRQZHSHUIRUPHGQPSXPS±;89SUREHH[SHULPHQWVDW)/$6+HPSOR\LQJ
SKRWRHOHFWURQVIURP,GLRQL]DWLRQDVDQREVHUYDEOH HIIRUWOHGE\'5ROOHV )XUWKHUPRUHLQRUGHUWRJHWPRUH
LQVLJKWLQWRWKHG\QDPLFVIROORZLQJWKHLQQHUVKHOODEVRUSWLRQLQWKH;UD\GRPDLQZHSDUWLFLSDWHGLQ DUHFHQW
WZRFRORXU;UD\SXPS±;UD\SUREHH[SHULPHQWVDW/&/6OHGE\WKH$UJRQQH1DWLRQDO/DEJURXS

 ,PDJLQJ RI QXFOHDU ZDYH SDFNHWV DQG VWUXFWXUDO UHDUUDQJHPHQW G\QDPLFV WULJJHUHG E\ VLQJOHSKRWRQ DQG
VWURQJILHOGLRQL]DWLRQ LQFROODERUDWLRQZLWK9.XPDUDSSDQ'5ROOHVDQG,%HQ,W]KDN 
7KLVSDUWRIWKHSURJUDPDLPVDWYLVXDOL]LQJXQGHUVWDQGLQJDQGFRQWUROOLQJIXQGDPHQWDOSKRWRLQGXFHGQXFOHDU
G\QDPLFVLQVPDOOPROHFXOHVZLWKWKHIRFXVRQWKHFRPSDULVRQEHWZHHQVWURQJILHOGLQGXFHGDQGVLQJOHSKRWRQ
LQGXFHG G\QDPLFV 7KHVH VWXGLHV UHO\ RQ FRLQFLGHQW PRPHQWXP LPDJLQJ RI LRQLF IUDJPHQWV FRPELQHG ZLWK
FKDQQHOVHOHFWLYH)RXULHUVSHFWURVFRS\DQGHPSOR\ERWK,5,5DQG989,5SXPSSUREHVFKHPHV$GHWDLOHG
XQGHUVWDQGLQJRIWKHQXFOHDUZDYHSDFNHWPRWLRQJDLQHGLQVXFKH[SHULPHQWVDUHDOVRDQHVVHQWLDOSUHUHTXLVLWHRI
WKHVWXGLHVHPSOR\LQJ;UD\SUREHVGHVFULEHGDERYH
$QLOOXVWUDWLYHH[DPSOHRIVXFKODVHUWULJJHUHGZDYHSDFNHWG\QDPLFVLVJLYHQE\WKHVRFDOOHGVFLVVRUVPRWLRQ
RIKDORPHWKDQHV$QRXWFRPHRIDSXPSSUREHH[SHULPHQWUHYHDOLQJWKHGHWDLOVRIWKHVFLVVRUVPRWLRQLQ&+,
PROHFXOHLVVKRZQLQ)LJ,Q)LJDWKHGHOD\GHSHQGHQW\LHOGRI,HOLPLQDWLRQLVVKRZQZKLFKH[KLELWVD
SURQRXQFHGRVFLOODWLRQRIaIVSHULRGZKLFKDSSUR[LPDWHO\FRUUHVSRQGVWRWKHSHULRGRIWKHVFLVVRUVPRWLRQ
7KHIDVW)RXULHUWUDQVIRUPRIWKLV\LHOGSORWWHGLQ)LJEUHYHDOVDSURQRXQFHGSHDNDWWKHFRUUHVSRQGLQJIUHTXHQF\
aFP ,WDSSHDUVQDWXUDOWKDWWKHQHZ,,ERQGLVPRUHOLNHO\IRUPHGIRUWKHPLQLPXPGLVWDQFHEHWZHHQWKH
WZR,DWRPV+RZHYHUDVHFRQGOHVVSURQRXQFHGSHDNDSSHDUV DWWLPHVKLJKHUIUHTXHQF\PDWFKLQJZHOOWKH
NQRZQVSHFWURVFRSLFYDOXHIRUWKHIUHTXHQF\RIWKH&,V\PPHWULFVWUHWFK
$VDQH[DPSOHRIVLQJOHSKRWRQLQGXFHGQXFOHDUZDYHSDFNHWG\QDPLFVZHVWXG\WKHGLVVRFLDWLYHLRQL]DWLRQ
RIPROHFXODUR[\JHQHPSOR\LQJWKHWKKDUPRQLFRIQPDVDSXPS7KHPROHFXOHH[FLWHGLQWRWKHWKHܽସ ȫ௨ 
LRQLFVWDWHZDVGLVVRFLDWHGE\WKH,5SXOVHDQGWKHUHDFWLRQZDVSUREHGE\PHDVXULQJWKH\LHOGDQGNLQHWLFHQHUJ\
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Figure 2: D 7KH\LHOGRIWKH,PROHFXODULRQSURGXFHGIURPWKH&+
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VSHFWUXPRIWKHFUHDWHG2 LRQVDVDIXQFWLRQRIWKH989,5GHOD\7KHUHVXOWVDUHVXPPDUL]HGLQ)LJZKHUH
WKHGHOD\GHSHQGHQW.(5VSHFWUXPRI2LRQV D DQGWKHGHOD\GHSHQGHQFHRIWKH\LHOGVRILQGLYLGXDOFKDQQHOV
E DUHSORWWHG7KHORZHQHUJ\FKDQQHOUHVXOWVIURPWKHDEVRUSWLRQRIDVLQJOH,5SKRWRQ+RZHYHUWKHRQHSKRWRQ
FRXSOLQJEHWZHHQWKHܽସ ȫ௨ DQGWKHGLVVRFLDWLYH݂ ସ ȫ VWDWHVRFFXUVDWUDWKHUODUJH5KHQFHDVORZHUULVHWLPHIRU
WKLVFKDQQHOLQ)LJE7KHKLJKHQHUJ\FKDQQHOUHVXOWVIURPWKHQHWWZRSKRWRQDEVRUSWLRQ+RZHYHUWKHGLUHFW
WZRSKRWRQ WUDQVLWLRQ EHWZHHQ WKHܽସ ȫ௨ DQG݂ ସ ȫ VWDWHV LV IRUELGGHQ E\ WKH GLSROH VHOHFWLRQ UXOHV 7KXV WKLV
FKDQQHOUHVXOWVIURPWKHWKUHHSKRWRQWUDQVLWLRQDQGVXEVHTXHQWVWLPXODWHGHPLVVLRQRIRQHSKRWRQVLPLODUWRZHOO
NQRZQZDQGZLQ+GLVVRFLDWLRQ$VWKHWKUHHSKRWRQFRXSOLQJRFFXUVQHDUO\DWWKH)UDQF&RQGRQUHJLRQRI
WKHQHXWUDO2UHVXOWLQJLQDIDVWHUULVHWLPHRIWKLVFKDQQHO+RZHYHUDWODUJHU989,5GHOD\VPRVWRIWKHZDYH
SDFNHWSURSDJDWHVWRZDUGVODUJHU5DQGGRHVQRWUHWXUQWRWKHUHJLRQRISKRWRQFRXSOLQJQHDU)UDQN&RQGRQ
UHJLRQRI989DEVRUSWLRQH[SODLQLQJVXEVHTXHQWGHFUHDVHRIWKHKLJK.(52 \LHOG













Figure 3.D 7KH.(5VSHFWUXPRI2PHDVXUHGDVDIXQFWLRQRIWKH989,5GHOD\E 7KHPHDVXUHGGHOD\GHSHQGHQW\LHOGV
RIWKHORZDQGKLJKHQHUJ\FKDQQHOV .(5EHORZDQGDERYHH9UHVSHFWLYHO\ 


)XWXUHSODQV
:HSODQWRFRQWLQXHWKHUHVHDUFKDFWLYLWLHVLQERWKDUHDVRXWOLQHGDERYHDQGLQFUHDVHWKHLQWHUQDOFURVVOLQNV
EHWZHHQWKHP,QSDUWLFXODUWKH++*VHWXSFDSDEOHRILRQL]LQJLRGLQHGVKHOOKDVEHHQEXLOWXSDW-50/DQG
ZLOO EH XVHG IRU WKH SXPSSUREH H[SHULPHQWV RQ FKDUJH WUDQVIHU IROORZLQJ WKH G DEVRUSWLRQ ZKLFK FDQ EH
SHUIRUPHG DW KLJK UHS UDWHV DQG ZLWK PXFK EHWWHU WLPH UHVROXWLRQ FRPSDUHG WR WKH )(/EDVHG H[SHULPHQWV
0RUHRYHU EDVHG RQ WKH RXWFRPH RI WKH ODVHURQO\ PHDVXUHPHQWV GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ ZH DOVR
SURSRVHGDVHULHVRIH[SHULPHQWVDLPHGWRVWXG\WKHFRUUHODWLRQEHWZHHQWKHHOHFWURQLFUHDUUDQJHPHQWFKDUJH
WUDQVIHU SURFHVVHV DQG WKH ERXQG ZDYH SDFNHW PRWLRQV 7KH H[SHULPHQWV DW )/$6+ DQG 6$&/$ IDFLOLWLHV DUH
VFKHGXOHGIRUWKHHQGRIEHJLQQLQJRIDQGWKHFRUUHVSRQGLQJ/&/6SURSRVDOKDVEHHQVXEPLWWHG


3XEOLFDWLRQVIURPWKH'2(IXQGHGUHVHDUFK LQWKHODVW\HDUV 
>3@ ³6LQJOHSDUWLFOH VWUXFWXUHGHWHUPLQDWLRQ E\ FRUUHODWLRQVRI VQDSVKRW ;UD\ GLIIUDFWLRQSDWWHUQV´ ' 6WDURGXE $ $TXLOD 6 %DMW0
%DUWKHOPHVV $ %DUW\ &%RVWHGW - '%R]HN 1&RSSROD5% 'RDN6: (SS % (UN / )RXFDU / *XPSUHFKW&< +DPSWRQ $
+DUWPDQQ5+DUWPDQQ3+ROO6.DVVHPH\HU1.LPPHO+/DNVPRQR0/LDQJ1'/RK//RPE$90DUWLQ.1DVV&5HLFK
'5ROOHV%5XGHN$5XGHQNR-6FKXO]5/6KRHPDQ5*6LHUUD+6ROWDX-6WHLQEUHQHU)6WHOODWR66WHUQ*:HLGHQVSRLQWQHU
0)UDQN-8OOULFK/6WUGHU,6FKOLFKWLQJ+1&KDSPDQ-&+6SHQFH0-%RJDQ1DWXUH&RPPXQLFDWLRQV  
>3@³8OWUDHIILFLHQWLRQL]DWLRQRIKHDY\DWRPVE\LQWHQVH;5D\V´%5XGHN6.6RQ/0)RXFDU6:(SS%(UN5+DUWPDQQ0
$GROSK 5 $QGULWVFKNH $ $TXLOD1 %HUUDK& %RVWHGW - %R]HN 1&RSSROD  ) )LOVLQJHU + *RUNH 7 *RUNKRYHU + *UDDIVPD /
*XPSUHFKW$+DUWPDQQ*+DXVHU6+HUUPDQQ++LUVHPDQQ3+ROO$+|PNH/-RXUQHO&.DLVHU1.LPPHO).UDVQLTL.8
.KQHO00DW\VHN00HVVHUVFKPLGW'0LHVQHU70|OOHU50RVKDPPHU.1DJD\D%1LOVVRQ*3RWGHYLQ'3LHWVFKQHU&5HLFK

49

J.R. Macdonald Laboratory

'5XSS*6FKDOOHU,6FKOLFKWLQJ&6FKPLGW)6FKRSSHU66FKRUE&'6FKU|WHU-6FKXO]06LPRQ+6ROWDX/6WUGHU.8HGD
*:HLGHQVSRLQWQHU56DQWUD-8OOULFK$5XGHQNRDQG'5ROOHV1DWXUH3KRWRQLFV  
>3@³5HVRQDQFHHQKDQFHGPXOWLSOHLRQL]DWLRQRINU\SWRQDWDQ[UD\IUHHHOHFWURQODVHU´%5XGHN'5ROOHV6.6RQ/)RXFDU%(UN
6:(SS5%ROO'$QLHOVNL&%RVWHGW66FKRUE5&RIIHH-%R]HN67ULSSHO70DUFKHQNR06LPRQ/&KULVWHQVHQ6'H6
:DGD.8HGD,6FKOLFKWLQJ56DQWUD-8OOULFKDQG$5XGHQNR3K\V5HY$  
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5ROOHV /)RXFDU%5XGHN6:(SS0&U\OH&%RVWHGW66FKRUE-%R]HN$5RX]HH 70DUFKHQNR06LPRQ))LOVLQJHU/
&KULVWHQVHQ6'H67ULSSHO-.SSHU+6WDSHOIHOGW6:DGD.8HGD06ZLJJHUV00HVVHUVFKPLGW&'6FKU|WHU50RVKDPPHU
,6FKOLFKWLQJ-8OOULFKDQG$5XGHQNR3K\V5HY/HWW  
>3@³,QQHUVKHOOPXOWLSOHLRQL]DWLRQRISRO\DWRPLFPROHFXOHVZLWKDQLQWHQVH[UD\IUHHHOHFWURQODVHUVWXGLHGE\FRLQFLGHQWLRQPRPHQWXP
LPDJLQJ´%(UN'5ROOHV/)RXFDU%5XGHN6:(SS0&U\OH&%RVWHGW66FKRUE-%R]HN$5RX]HH70DUFKHQNR06LPRQ/
&KULVWHQVHQ6'H67ULSSHO-.SSHU+6WDSHOIHOGW6:DGD.8HGD06ZLJJHUV00HVVHUVFKPLGW&'6FKU|WHU50RVKDPPHU,
6FKOLFKWLQJ-8OOULFKDQG$5XGHQNR-3K\V%$W0RO2SW3K\V  
>3@³7LPH5HVROYHG0HDVXUHPHQWRI,QWHUDWRPLF&RXORPELF'HFD\LQ1H´.6FKQRUU$6HQIWOHEHQ0.XUND$5XGHQNR/)RXFDU*
6FKPLG73IHLIHU.0H\HU'$QLHOVNL5%ROO'5ROOHV0.EHO0).OLQJ<+-LDQJ60RQGDO.8HGD70DUFKHQNR0
6LPRQ*%UHQQHU57UHXVFK66FKHLW9$YHUEXNK-8OOULFK&'6FKU|WHU50RVKDPPHU3K\V5HY/HWW  
>3@³8OWUDIDVWG\QDPLFVLQDFHW\OHQHFORFNHGLQDIHPWRVHFRQG;89VWRSZDWFK´<+-LDQJ$6HQIWOHEHQ0.XUND$5XGHQNR/)RXFDU
2+HUUZHUWK0).OLQJ0/H]LXV-97LOERUJ$%HONDFHP.8HGD'5ROOHV57UHXVFK<==KDQJ<)/LX&'6FKU|WHU-8OOULFKDQG
50RVKDPPHU-3K\V%$W0RO2SW3K\V  
>3@³)HPWRVHFRQGSKRWRHOHFWURQGLIIUDFWLRQRQODVHUDOLJQHGPROHFXOHV7RZDUGVWLPHUHVROYHGLPDJLQJRIPROHFXODUVWUXFWXUH´5%ROO'
$QLHOVNL&%RVWHGW-'%R]HN/&KULVWHQVHQ5&RIIHH6'H3'HFOHYD6:(SS%(UN/)RXFDU).UDVQLTL-.SSHU$
5RX]HH%5XGHN$5XGHQNR66FKRUE+6WDSHOIHOGW06WHQHU66WHUQ67HFKHUW67ULSSHO0--9UDNNLQJ-8OOULFKDQG'5ROOHV
3K\V5HY$ 5   
>3@ ³;5D\ GLIIUDFWLRQ IURP LVRODWHG DQG VWURQJO\ DOLJQHG JDVSKDVH PROHFXOHV ZLWK D IUHHHOHFWURQ ODVHU´ - .SSHU 6 6WHUQ /
+ROPHJDDUG))LOVLQJHU$5RX]HH'5ROOHV$5XGHQNR3-RKQVVRQ$90DUWLQ0$GROSK$$TXLOD6%DMW$%DUW\&%RVWHGW
-'%R]HN5&RIIHH1&RSSROD7'HOPDV6(SS%(UN/)RXFDU7DLV*RUNKRYHU/*XPSUHFKW$+DUWPDQQ5+DUWPDQQ*
+DXVHU3+ROO1.LPPHO.8.XKQHO-0DXUHU00HVVHUVFKPLGW50RVKDPPHU&5HLFK%5XGHN56DQWUD,6FKOLFKWLQJ&
6FKPLGW66FKRUE-6FKXO]+6ROWDX/6WUXHGHU7-DQ0--9UDNNLQJ*:HLGHQVSRLQWQHU7$:KLWH&:XQGHUHU*0HLMHU-
8OOULFK+6WDSHOIHOGWDQG+1&KDSPDQ3K\V5HY/HWW  
>3@ ³7RZDUGVDWRPLF UHVROXWLRQ GLIIUDFWLYHLPDJLQJRILVRODWHG PROHFXOHVZLWK ;UD\ IUHHHOHFWURQ ODVHUV´6 6WHUQ / +ROPHJDDUG )
)LOVLQJHU$5RX]HH$5XGHQNR3-RKQVVRQ$90DUWLQ$%DUW\&%RVWHGW-%R]HN5&RIIHH6(SS%(UN/)RXFDU5+DUWPDQQ
1.LPPHO.8.KQHO-0DXUHU00HVVHUVFKPLGW%5XGHN'6WDURGXE-7K¡JHUVHQ*:HLGHQVSRLQWQHU7$:KLWH+6WDSHOIHOGW
'5ROOHV+1&KDSPDQDQG-.SSHU)DUDGD\'LVFXVVLRQV  
>3@³,PDJLQJFKDUJHWUDQVIHULQLRGRPHWKDQHXSRQ[UD\SKRWRDEVRUSWLRQ´%(UN5%ROO67ULSSHO'$QLHOVNL/)RXFDU%5XGHN
6:(SS5&RIIHH6&DUURQ66FKRUE.5)HUJXVRQ06ZLJJHUV-'%R]HN06LPRQ70DUFKHQNR-.SSHU,6FKOLFKWLQJ-
8OOULFK&%RVWHGW'5ROOHV$5XGHQNR6FLHQFH  
>3@³0XOWLSOHLRQL]DWLRQDQGIUDJPHQWDWLRQG\QDPLFVRIPROHFXODULRGLQHVWXGLHGLQ,5;89SXPSSUREHH[SHULPHQWV´.6FKQRUU$
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%RVWHGW-'%R]HN+1&KDSPDQ5&RIIHH1&RSSROD3'HFOHYD7'HOPDV6:(SS%(UN))LOVLQJHU/)RXFDU/*XPSUHFKW
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6FKOLFKWLQJ&6FKPLGW)6FKRO]66FKRUE-6FKXO]-6HOWPDQQ06WHQHU66WHUQ67HFKHUW-7K¡JHUVHQ67ULSSHO-9LHIKDXV
0--9UDNNLQJ+6WDSHOIHOGW-.SSHU-8OOULFK$5XGHQNRDQG'5ROOHV)DUDGD\'LVFXVVLRQV  
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-3K\V%$W0RO2SW3K\VLQSUHVV  
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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 H2 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-variablerepresentation code [1] for solving in full dimensionality the TDSE for two-electron atoms exposed to timedependent 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) Θ1=0°, (c) 60°, and (d)
30°, indicated by the back arrows.
The black dots with error bars are absolute experimental
TDCSs from Bräuning et al. [R1]. E1 and E2 denote
asymptotic electron energies. Our calculated results (red
dashed lines) are normalized to the experimental data.
(a,c) Equal (E1=E2) 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 ωX. If ωX
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 nonsequential 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 ωX >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, 1014 W/cm2 XUV pulses.
(c,d) Corresponding conditional DI angular
distributions for the emission of one electron along
the XUV polarization direction (Θ2=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 1014 W/cm2
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-IRcycle 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 H2 (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 IRlaser, 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 O2 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 O2 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, 3x1012W/cm2 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 O2+(f 4g) state, this
yield images the motion of a vibrational wave packet
in the binding O2+(a 4u) 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]
(“[2]”).
By comparison of the experimental KER and quantum-beat spectra with numerical simulations, we could
distinguish published adiabatic O2+ 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 CO2 [R8] and the CH3-I stretch mode in CH3I [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 quantummechanically [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 Å [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 resolution. As a complement of this goal I’m developing novel ultrafast optical sources.

1
1.1

High harmonic generation spectroscopy
Towards a photoionization experiment with high harmonic generation spectroscopy with A. Starace

Experimentally, it is easy to measure the harmonic yield with elliptically polarized field when the ellipticity
η 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 η 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 important 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 access to the whole parameters which describe the photorecombination cross section:


2
1 − β/2
(tot)
YHHG ∝ e−αη σ(EΩ , 0◦ ) 1 + f (η 2 )
,
1+β
(1)
where f (η 2 ) ∝ η 2 for small η , α = F0 E0 /(F Ip ), and
σ(E, θ = 0) 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 (~ν = 1.55eV ). The yield of each harmonic
is normalized to it’s respective yield for linearly polarized light
HHG yield as laser ellipticity increases was predicted (η = 0).
before based on the semiclassical model.
This last expression Eq. 1is extremely important as it provides a parametrization that is very similar in
functional form to the well know photoionization equation in terms of the β parameter. This equation can
further be decomposed to arrive to the following equation relating the harmonic yield, cross section and β
parameter,
Y (EΩ , η = 0) ∝ EW P × σ(EΩ )[1 + β(EΩ )].

1.2

(2)

Interferometric studies with higher order harmonic generation with V. Kumarappan
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One of the main benefits of using HHG as a spectroscopic tool is the possibility of providing heterodyne measurements. Therefore, one of our goals is
to extract, not only the absolute value of the photoionization 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 unaligned harmonics while 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 field creating and interference pattern.
angle relative to an unaligned sample. Experimentally, 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 experimentally measured theoretically calculated relative phases for harmonics 13, 15 and 17 is shown
in Fig. 3. While the agreement between the experiment and theory is not extremely good, they both
agree in the trends. We also performed several scans
around the first J-type revival in C2 H4 , corresponding 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 indicate show large differences in the harmonic yield for
different isomers of the the same molecular specie.
In particular, studies of the isomers cis- and trans1,2-dichloroethylene (DCE) and cis- and trans-2butene suggest that the difference in the ionization yields for the cis-1,2-DCE is 7-9 times higher
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 N2 retrieved from experiment. b) Theoretfor 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 spectroscopic, 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 intensities, 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 composition. Such observations lead to the conclusion that
for randomly aligned molecules, the Keldysh parameter is still the characteristic parameter for strong
field ionization.

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
stable systems worldwide. Besides the high energy
per pulse the CEP noise represents one of the best
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 experiments the environment for this scans was not
intensities.
controlled. All the turbo pumps and other equipment 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.

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 entire 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 devised a method to use the depleted pump emerging
from the OPA to generate few-cycle pulses from all
three beams simultaneously. Because pulse broadening occurs via self-phase-modulation (SPM), which
is also a parametric process, the relative CEP between all pulses is maintained.
In order to have sub-cycle laser pulses, the pump
beam (800 nm) and the 6 mJ S+I beam need to
be spectrally broadened and then synthesized. Any

Figure 5: The broadened spectrum of pump, signal and idler.
The sum of the three pulses yields more than 2.5 mJ of energy
per pulse and 2.4 octaves of bandwidth.
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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
questions 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. 1a
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 [2Po 1/2]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.
Future work will focus on applying the
Fig. 2: Transient absorption measurement of
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
such as oxygen and nitrogen. Preliminary
density. (b) Fourier transformation along time
results in nitrogen show wavepacket
delay axis of (a) reveals NIR laser coupling
behavior that is strikingly similar to
between bound Rydberg states resulting in
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 π3s Rydberg state
following excitation to the ππ* 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 CO2. Photoelectron image for CO2 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 C2H6, CF4 and C2H2F2 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 MFPADs, when integrated over all directions of
the photon polarization, yield shapes consistent with the symmetry point group of the
target molecule. For C2H6, that shape also images the shape of the molecule, with lobes
showing preferential ejection along the C-H bonds. For CF4 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 C2H2F2 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 C2H2F2 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
as a function of KER for the symmetric breakup channel
of C2H4 after core ionization with linear polarized light.

Fig. 4b: MFAAD: Auger electron angular
distribution for the symmetric breakup channel
of ethylene (for island III 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 N2 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-S2 and
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S2-S1) 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+ + C2HF+ and CF+ + CH2F+, we
have observed intriguing phenomena of bond rearrangement involving the migration of
constituent hydrogen and fluorine atoms. To our surprise the hydrogen elimination
channel C2F2+ + H2+ was very much suppressed (1%) compared to the H2+ emission in
C2H4 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 2T2 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 CH2 and H2 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 CH2 fragment and the 3-

body breakup channel H + H + CH2 (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 0o,
for the main dissociation channels of methane and fully deuterated methane. Our experimental results for
CD4 (red triangles) and for CH 4 (orange squares) are presented with the data of Krishnakumar et al. (green
dots) for CH4. 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- + CH3 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 CD4. 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 CH2- 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.
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 - repump - 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.
Fig. 7: Ground state geometry of o-nitrophenol
(left) and one possible transition state geometry
following UV photoexcitation (right).

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 innervalence 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 (NH3)2 (top)
and NH3-H2O clusters (bottom).

Fig. 8b: KER for the (NH3)2 (top) and NH3H2O 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)2 and
NH3-H2O clusters via PhotoIon PhotoIon 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.

Fig. 9: Experimentally determined angular momentum of
rotating helium nanodroplets as a function of droplet size.
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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 rotationinduced 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
nano- to micrometer sized rotors.
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 (Xe26+)
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 energyand 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 14th harmonic of the 800nm

70

Lawrence Berkeley National Laboratory

driver pulse that can directly access the prominent droplet 1s2p absorption band centered
at 21.6 eV. Nanodroplets containing 104 to 106 helium atoms doped with small
contributions (< 10-3) 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 timedependent 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)2(dppp2)]2+ “light-switch” complex with proximal and distal metal to ligand
charge-transfer states, 3MLCTprox and 3MLCTdis respectively. Center Bottom: Differential XANES
spectrum at the Ru L3-edge, of the transient excited state at a delay of 250 ps following
photoexcitation. Center Top: Reconstructed spectra of the ground state (1GS) and 3MLCT excited state
at 250 ps. Solid lines are fits using TD-DFT (ORCA simulation). Right: Molecular Structures of 1GS
and transient 3MLCT 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)]2+ which exhibits photo-induced chargetransfer 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 (3MLCT HOMO). Complementary
studies at APS 11-ID 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)]2+ 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-π-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
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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 lowenergy 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, NOx, NHx and CHx 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 1010 W/cm2) 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 (1014 W/cm2). Right: time
dependent polarization at frequencies in the continuum extracted from the transient absorption spectrum
using the proposed method of extraction.

MCTDHF 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 LBNLMCTDHF 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 closecoupling expansion over channels, Γ, of the full many-electron solution,
Ψ (+ ) = ∑ Γ ψ Γ ( r1,L, rN )ϕ Γ ( rN +1 ) .
This new implementation will eliminate the use of
Gaussian basis functions and spherical Bessel functions to represent the single particle
scattering solutions, ϕ Γ ( rN +1 ) , 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 ϕ Γ ( rN +1 ) 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, H2 + CH2-, H- + H + CH2 .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 + CH3, H2 + CH2 , H + H + CH2.
Our calculations have shown that DEA proceeds through a single, triply degenerate 2T2
Feshbach resonance and that Jahn-Teller splitting through molecular distortions in this
2
T2 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
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eV. The lower peak feeds both H- + NH2 and NH2- + H, while the upper resonance
produces predominantly H- + NH2. The ground state H- + NH2 and NH2- + 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 2A1 resonance that can only correlate
with H- + NH2 (2B1), while the upper 10 eV resonance state can cross the lower state at
large distances and correlates with NH2 production. Our calculations confirm that the 6
eV resonance is a doubly excited Feshbach state that does indeed correlate with H + NH2
(2B1) and give angular distributions close to what has been measured for that channel.
The lowest NH2 + H asymptote, on the other hand, does not correspond to resonance but
rather becomes an NH3- virtual state at small N—H internuclear separation. At large N—
H separations, it parallels the 2A1 resonance and thus NH2- 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 2E state which splits into dissociative and non-dissociative
components and that the dissociative component correlates diabatically with H +
NH2*(2A1). Our computed angular distributions again confirm this assignment.
Molecular-Frame Photo-Electron Angular Distributions (MFPADs) (T. N. Rescigno, C. W.
McCurdy)

Fig 18: Comparison of computed (left) and measured (right) C-1s MFPADs for C2H2F2. The carbon
being ionized is on the H2 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, H2O, NH3),
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 CF4. 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 C2H2F2 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 MFPADs 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 π* level below the carbon K-edge, the corevacancy created would rapidly localize on one of the carbon atoms, so that subsequent
ionization of the π* 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 (1s2s22p6). Our calculations
predict that effect should be observable in other molecules with symmetry-equivalent
halogens, such as C2F2 or CCl4.

Fig 19: Recoil frame photoelectron angular
distributions for F-1s ionization in CF4 at 5 eV
photoelectron energy. Vertical indicates
polarization direction, aligned with dissociation
axis. Left: unpublished ALS measurements;
center: calculated with localized hole; right:
calculated with delocalized hole.

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

The group 2a atoms offer an interesting contrast to the much studied case of twophoton 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 (hν + A(ns2 ) ! A+(np) + e-), reflecting the importance of the correlating
configuration np2 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 Ionization (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 O2+, 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 O2 and N2 .
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. HeadGordon)
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 SFNOCI
method.
The point of the
combination
is
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
the resulting SFmolecule in the identical (2,2) active space defined by the high spin triplet
CAS can then
reference, using the cc-pVTZ basis. SF-CAS yields virtually no binding,
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 wellconditioned 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.
clusters
for
Using
small
He7
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
forming trajectory, evolving from a
to 6 ground state atoms and 1 excited dimer
delocalized 2p type state to localize onto a dimer
atom, with kinetic energy release 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 (He2)* is bound and acts as a (He2)+ 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 H2 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
OGessner@lbl.gov

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, moleculesemiconductor interfaces, as well as buried molecule-semiconductor and semiconductorsemiconductor interfaces.2-9 The ALS based studies complement our femtosecond

Fig. 1: Picosecond time-resolved XPS (TRXPS) study of photo-induced charge transfer at a
molecular heterojunction.7 a) Schematic of CuPC-C60 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 C60
domain, which serve as electron donors and acceptors, respectively. b) TRXPS spectra in the range
of the C1s photolines of CuPC (A,C) and C60 (B). Absorption of a visible pump pulse leads to a
transient shift (green and black curves) of the C60 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.2,3 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).7 The system consists of a bilayer
of C60 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 C60 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 Xray 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.
Publications 2013-2015
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2.
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Sturm, Fabian Weise, Matthew Strader, Hana Cho, Ming-Fu Lin, Camila Bacellar, Champak Khurmi,
Marcus Hertlein, Jinghua Guo, Hendrik Bluhm, Tolek Tyliszczak, David Prendergast, Giacomo
Coslovich, Joseph Robinson, Robert A. Kaindl, Robert W. Schoenlein, Ali Belkacem, Thorsten Weber,
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photovoltaics”, Appl. Phys. Lett. 106, 121602 (2015).
Stefan Neppl and Oliver Gessner, “Time-resolved X-ray Photoelectron Spectroscopy Techniques for
the Study of Interfacial Charge Dynamics”, J. Electron Spectrosc. Relat. Phenom., in press, DOI:
10.1016/j.elspec.2015.03.002.
Oliver Gessner and Markus Gühr, “Monitoring Ultrafast Chemical Dynamics by Time-Domain X-Ray
Photo- and Auger-Electron Spectroscopy”, Acc. Chem. Res., submitted.

93

Page is intentionally blank.

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@lbl.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 timedependent 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=n3.
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-N2. 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/LBNL-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

R. Feng et al. / Journal of Electron Spectroscopy and Related Phenomena 123 (2002) 199 – 209

absorption cross section (arb units)

206

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
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sets over the whole
ously published except
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overall
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for
low-energy peak.
energy range of the high resolution spectrum (4–56
gives confidence in the overall accuracy of the
Fig. 5. Absolute differential oscillator strengths for the valence shell photoabsorption of benzene in the energy range 4–56 eV at |0.05 eV
fwhm resolution. The insert shows an expanded view of the spectrum below 16 eV together with some assignments. The vertical ionization
potentials [47–49] of the outer valence shell of benzene are indicated by the vertical lines.

eV). This very good quantitative agreement, together
with the excellent agreement with many other previ-

absolute oscillator strengths determined in the present work, and therefore of the Bethe–Born factors
[15,40] determined for our HR and LR spectrometers. A further independent, more stringent, test of
the accuracy of the absolute oscillator strength scale
is to apply the S(22) sum rule [21] and to compare
the results with experimental values of the static
dipole polarizability as described in the following
section.

3.4. Sum-rule analysis and static dipole
polarizability of C6 H6
It is well known that many important properties of
atoms and molecules can be obtained from dipole
sum-rules [18,19,21,28] resulting from the integration of excitation-energy-weighted dipole differential
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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 H2+. 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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Engineered Electronic and Magnetic Interactions in Nanocrystal Quantum Dots
Victor I. Klimov
Chemistry Division, C-PCS, MS-J567, Los Alamos National Laboratory
Los Alamos, New Mexico 87545, klimov@lanl.gov, http://quantumdot.lanl.gov
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
QDs in 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 (ρlas) as a function of biexciton lifetime (τXX) for high- either theoretically or experimentally.
(black) and low- (red) loss cavities (1 ps and 1 ns cavity photon lifetimes,
As part of this project’s effort on
respectively). Right (experiment): By incorporating an alloyed layer at the
core/shell interface, we achieve a ca. 3-fold reduction in the Auger decay rate, “engineered multiexciton interactions”, we
which translates into the reduced ASE and lasing thresholds; the demonstrated have conducted coordinated theoretical and
threshold values establish a new record for colloidal QDs.
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 gain in
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 (ρlas) scales inversely with the biexciton lifetime (τXX) as ρlas ∝ (τXX)-½ (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 τXX becomes much more dramatic under cw excitation when carrier generation
directly competes with Auger recombination at the pumping stage. For example, the increase of τXX from 50 ps to
1 ns leads 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 crosssections) 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 CdSe0.5S0.5 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-emphasizes 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 allows for the realization of principally new
applications that explicitly rely on quantumconfined electronic excitations.
As part of this project’s “nanoscale
emitter” effort, we have conducted single-QD
Figure 2. Left: Synthesized CsPbI3 QDs have a cubic shape with the side studies of inorganic CsPbX3 perovskite (X = I or
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 these QDs behave as quantum emitters at room
probability at time zero (g(2) at τ = 0) of only 0.06. The emission intensity
i.e., show strong photon
switches randomly between the ON and the OFF states (bottom) assigned to temperature,
antibunching in the emitted light (Fig. 2, top
the neutral (X) and charged (X*) exciton states, respectively.
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 Mn2+-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 Mn2+ dopants. In magnetically-doped semiconductors, where paramagnetic
dopants (e.g., Mn2+) 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 Mn2+ spins.
Importantly, however, thermodynamic spin fluctuations become increasingly relevant in this few-spin
limit. In nanoscale volumes, the statistical (N)1/2 fluctuations of N spins are expected to generate giant effective
magnetic fields Beff, 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 Beff that exist – even at zero applied magnetic field – in a new
class of Mn2+-doped CdSe colloidal nanocrystals. At zero applied magnetic field, extremely rapid (300-600GHz)
spin precession of photoinjected electrons is observed, indicating Beff of 15-to-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 Mn2+ 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/Cd1-xZnxSe1-ySy/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-LED 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-III-VI2 (e.g.,
CuInSexS2-x) compounds. Presently, progress towards making heavy metal-free electroluminescent devices with IIII-VI2 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 CuInSexS2-x core,
thus realizing the “giant-QD” strategy within the I-III-VI2 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 CuInSexS2-x 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 CuInSexS2-x 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 Mn2+ 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 chemical 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-II. 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 connection 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 Opportunities,” 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 transformation 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 Nanoscale” 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. Nonperiodic 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 techniques x-ray free electron lasers. This work includes serial femtosecond nanocrystal imaging on the fewAngstrom 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 fragment velocity maps, and electron holography. Here we are exploring fundamental energy-relevant processes 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 simultaneously achieve this level of temporal resolution with simultaneous chemical and structural sensitivity. 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 spectroscopy 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 understand 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 electron and hole, as well as the presence of low-energy ligand field excited states greatly influence the lifetime 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 subfemtosecond 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 generation (HHG). We are constructing new intense sources of attosecond pulsed vacuum ultraviolet radiation 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 ionization, and a number of theories about this will be tested during the next contract period. This is an example of coupled motion among multiple electrons, which goes beyond the single active electron approximation 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, doubleslotted spoilers, strong laser fields, and novel data sorting methods, as well as future methods such as selfseeding, 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 requirements of this program, and so we also perform some of this research in PULSE Institute space within 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 Resources 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 different areas of expertise:
1. UTS: Ultrafast Theory and Simulation (Martinez)
2. ATO: Attoscience (Bucksbaum, Gühr, Cryan)
3. SPC: Solution Phase Chemistry (Gaffney)
4. NPI: Non-periodic X-ray Imaging (Stan)
5. SFA: Strong Field AMO Physics (Bucksbaum)
6. NLX: Nonlinear X-ray Science (Reis, Ghimire)
7. EDN: Electron Dynamics on the Nanoscale (Heinz)
8. EIM: Excitations in Molecules (Guehr, Wolf)
Support operations (finance, HR, safety, purchasing, travel) are directed by the Associate Laboratory Director for Science and the Chemical Sciences Director and their staff. They provide oversight and delegate 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 maintained 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 Sciences Division, as shown in figure 4.1. Our location near these facilities and research organizations at
SLAC greatly aids collaboration.
Other important connections: The PIs have affiliations with other Stanford University research and academic 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:
•

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 infrastructure for CXI experiments.
• Some of our graduate students provide user support through to LCLS users, particularly in cooperation 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 Laboratory Directors and the SLAC Director.
• We have assisted in the development of timing tools currently in use at LCLS.
• Several of our postdocs and students have transferred to permanent staff positions at LCLS.
• Several LCLS Scientists and Staff have become members of the PULSE Institute, and this provides a connection to the larger research community of Stanford.
• 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 NPI and SFA subtasks, respectively. In this renewal proposal, Sebastian Boutet participates
in the NPI subtask.
• PULSE has helped LCLS to institute a Graduate Fellowship program, and PULSE manages several LCLS graduate student campus appointments.
• 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 Science 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 program supported by Stanford through the PULSE Institute. Each year one or more scientists receive sabbatical travel supplements to permit them to be in residence in PULSE. This year, Jan-Michael had a partial 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 PIs 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 cooperative 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
the large coherent bandwidth obtainable with
XUV pulses created in strong-field driven highorder harmonic generation (HHG). In
collaboration with Shungo Miyabe, we
developed an effective 3-state model for the
system that includes the auto-ionizing
continuum. This year we have started
collaboration with Daniel Haxton (LBNL) in
order to verify the results obtained with our
simple model by comparing to full simulation
performed with Haxton’s MCTDHF approach.
Our initial calculations, reported last year,
focused on atomic sodium targets and XUV
Figure 1 – Population of ground, valence, and
pulses [1]. Atomic sodium is attractive because
autoionizing (virtual) states as a function of time
there are many excited states within 3 eV of the
inside the x-ray pulse. This calculation uses our 3state model to calculate ISRS for CO molecules
ground state, which is approximately the
exposed to 530 eV x-ray pulses with an intensity near
bandwidth of a 500 as pulse. We are working to
1018 W/cm2
employee this same effective 3-state model to
other systems such as NO and CN and NO2,
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 1B1 ground state, which
closely resembles the neutral molecule ground state, and the 1A1 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 1A1 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 H2O targets. Molecular orientation
should provide a method to control the
relative population of the 1A1 and 1B1 states,
similar to what was observed in N2 [4].

HHG in Vibrationaly Excited Molecules:
We have continued our previous work of
HHG from vibrationaly-excited molecules.
We have found that following impulsive
Figure 2 – Modulation of HHG yield following THz
vibrational excitation the HHG spectrum excitation. The THz pump and probe pulses are crossproduced in SO2 is modulated, not only in polarizied.
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.

Figure 3 – High harmonic spectrum from SO2 as a
function of delay between impulsive Raman excitation
and HHG probe pulse. Overlap between the pump and
probe pulses occurs near 1.5 ps. Longer time delays are
pump pulse preceding probe pulse.

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
produce angularly separated attosecond
bursts
that
can
be
individually
manipulated and then refocused using a
set of XUV mirrors.
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 NO2. We plan to use a second timedelayed 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 excitoncarrier 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 MX2 (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 C60 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 MoS2 and WS2. In Fig.
1 we present the PLE spectra from the MoS2 monolayer. In addition to the strong ground-state excitonic
Fig. 1: Exciton Rydberg series in monolayer MoS2. (a)
PLE spectrum exhibiting the peaks corresponding to
creation of the first (2s) and second (3s) excited states for
MoS2 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 WS2
monolayers, which were previously investigated by direct absorption spectroscopy.
Observation of biexciton states in WSe2 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 WSe2. (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 WS2
In a recent investigation, the Heinz group identified a transition in the behavior of photoexcited layers of
atomically thin WS2. 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 bandgap (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 WS2 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 WS2.
(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 WS2 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 C60/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 C60 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 C60 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 C60 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-fielddriven 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

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 usual 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-rayoptical 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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SLAC National Accelerator Laboratory, Menlo Park, CA 94025
Email: cstan@slac.stanford.edu
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 XFELs 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 Xrays 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 nanosecond 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 inhouse 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 XFELs 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 highrepetition-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
nonequilibrium
process.
Environmentally
and
technologically important cases of solidification occur far
from equilibrium starting from a deeply supercooled
liquid, such as the freezing of water in clouds or the
production of metal shapes by casting. Under these
conditions, metastable solids may form, but the structural
dynamics of these metastable intermediates cannot be
investigated with standard X-ray probing techniques due
to their short lifetimes and to the stochasticity of
nucleation.

Fig. 1. a) XFEL pulses generate explosions in liquid jets
carrying samples, creating gaps which must be filled by the
jets before the next XFEL pulse. The growth of the gap has
a multistage dynamics which depends on the jet diameter.
b) The early stage of gap dynamics can be modeled with a
simple logarithmic function of the jet diameter and of a
characteristic timescale that depends on the properties of
the jet and of the XFEL pulse. All experimental data can be
collapsed to a master curve, which can be used to predict
the time that elapses before the jet returns to the interaction
region, and to design jets for new XFEL facilities.

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 10-4) 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 wideangle 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 inhouse 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 XFELs 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 subpicosecond quantum 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 ATI 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 π/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 (1014 W/cm2) 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 π/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 abovethreshold 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 timedependent atomic core potential in a strong laser field.
Fig 2. ATI spectrum of Ar in a 400nm field of
~1014 W/cm2, with an 800nm probe field at 1%
intensity. (top) the energy distribution angleintegrated 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 μm 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 ~1014
W/cm2 . Zooming into very low energies reveal
distinct narrow ring structures, which have energies
consistent with Rydberg states correlated with the
P1/2 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 5f and 4f 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 N2
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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SLAC National Accelerator Laboratory, 2575 Sand Hill Rd MS 59, Menlo Park, CA 94025
Email: kgaffney@slac.stanford.edu
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 xray 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 Kβ 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. Ionization 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 Kβ
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 Kβ fluorescence spectrum sensitive to the
3d spin moment.
We have used Kβ fluorescence to study photo-induced spin crossover in poly-pyridal Fe(II) 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)3]2+, an archetypical spin crossover
complex, has demonstrated the value of this experimental approach. The sensitivity of the Kβ
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)3]2+ occurs sequentially through a triplet (3T) 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 L3-edge RIXS to study the archetypical
photodissociation of CO from Fe(CO)5 and the generation of the catalytically active Fe(CO)4. Our
investigation demonstrated that singlet and triplet reaction channels proceed in parallel for Fe(CO)4. 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)4 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 x-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, [Ir2(dimen)4] 2+, where dimen = diisocyano-paramenthane, 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 [Ir2 (dimen)4]2+ 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 Møller 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.
Publications Supported by AMOS Program
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Chem. A 115: 2920.
Jha, S. K., M. B. Ji, K. J. Gaffney and S. G. Boxer (2011). Direct measurement of the protein response to an
electrostatic perturbation that mimics the catalytic cycle in ketosteroid isomerase. Proc. Natl. Acad. Sci. U. S. A.
108: 16612.
Ji, M. B. and K. J. Gaffney (2011). Orientational relaxation dynamics in aqueous ionic solution: Polarizationselective two-dimensional infrared study of angular jump-exchange dynamics in aqueous 6M NaClO4. J. Chem.
Phys. 134: 044516.
Ji, M. B., R. W. Hartsock, Z. Sun and K. J. Gaffney (2011). Interdependence of Conformational and Chemical
Reaction Dynamics during Ion Assembly in Polar Solvents J. Phys. Chem. B 115: 11399.
Chergui, M. (2012). On the interplay between charge, spin and structural dynamics in transition metal complexes.
Dalton Trans. 41: 13022.
Jha, S. K., M. B. Ji, K. J. Gaffney and S. G. Boxer (2012). Site-Specific Measurement of Water Dynamics in the
Substrate Pocket of Ketosteroid Isomerase Using Time-Resolved Vibrational Spectroscopy. J. Phys. Chem. B 116:
11414.
Ji, M. B., R. W. Hartsock, Z. Sung and K. J. Gaffney (2012). Influence of solute-solvent coordination on the
orientational relaxation of ion assemblies in polar solvents. J. Chem. Phys. 136: 014501.
Kunnus, K., I. Rajkovic, S. Schreck, W. Quevedo, et al. (2012). A setup for resonant inelastic soft x-ray scattering
on liquids at free electron laser light sources. Rev. Sci. Instr. 83.
Zhang, W. K., M. B. Ji, Z. Sun and K. J. Gaffney (2012). Dynamics of Solvent-Mediated Electron Localization in
Electronically Excited Hexacyanoferrate(III). J. Am. Chem. Soc. 134: 2581.
Zhang, W. K., Z. G. Lan, Z. Sun and K. J. Gaffney (2012). Resolving Photo-Induced Twisted Intramolecular Charge
Transfer with Vibrational Anisotropy and TDDFT. J. Phys. Chem. B 116: 11527.
Lemke, H. T., C. Bressler, L. X. Chen, D. M. Fritz, et al. (2013). Femtosecond X-ray Absorption Spectroscopy at a
Hard X-ray Free Electron Laser: Application to Spin Crossover Dynamics. J. Phys. Chem. A 117: 735.
Sun, Z., W. K. Zhang, M. B. Ji, R. W. Hartsock, et al. (2013). Aqueous Mg2+ and Ca2+ Ligand Exchange
Mechanisms Identified with 2DIR Spectroscopy. J. Phys. Chem. B: accepted.
Sun, Z., W. K. Zhang, M. B. Ji, R. W. Hartsock, et al. (2013). Contact Ion Pair Formation between Hard Acids and
Soft Bases in Aqueous Solutions Observed with 2DIR Spectroscopy. J. Phys. Chem. B: accepted.
Trigo, M., M. Fuchs, J. Chen, M. P. Jiang, et al. (2013). Fourier-transform inelastic X-ray scattering from time- and
momentum-dependent phonon-phonon correlations. Nature Phys. 9: 790.
McFarland, B. K., J. P. Farrell, S. Miyabe, F. Tarantelli, et al. (2014). Ultrafast X-ray Auger probing of photoexcited
molecular dynamics. Nature Comm. 5.
Zhang, W. K., R. Alonso-Mori, U. Bergmann, C. Bressler, et al. (2014). Tracking Excited State Charge and Spin
Dynamics in Iron Coordination Complexes Nature 509: 345.
Wernet, P., K. Kunnus, I. Josefsson, I. Rajkovic, et al. (2015). Orbital-specific mapping of the ligand exchange
dynamics of Fe(CO)5 in solution. Nature 520: 78.
Zhang, W. K. and K. J. Gaffney (2015). Mechanistic Studies of Photoinduced Spin Crossover and Electron Transfer
in Inorganic Complexes. Acc. Chem. Res. 48: 1140.

129

Page is intentionally blank.

SLAC National Accelerator Laboratory

Ultrafast Theory and Simulation, Todd J. Martínez PI
SLAC National Accelerator Laboratory, 2575 Sand Hill Rd. MS 59, Menlo Park, CA 94025
Email: toddmtz@slac.stanford.edu
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
Figure 1. SS-NEB minimum energy path connecting
valuable “signposts” on the potential energy
the symmetry-equivalent twisted-pyramidalized S0/S1
surfaces – hallmarks of areas in configuration
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 S0/S1 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 excited state dynamics for proton hopping time
electronic structure model based on an exciton after photoexcitation using FOMO-CASCI on
Hamiltonian, where all the components of the model were a 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 GPUaccelerated 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)5, as
well as energy-relevant complexes like Ru(bpy)3 and Fe-containing analogs.

Publications Supported by the AMOS Program
Evenhuis, C. and T. J. Martinez (2011). "A scehem to interpolate potential energy surfaces and derivative
coupling vectors without performing a global diabatization." J. Chem. Phys. 135: 224110.
Tao, H., T. K. Allison, T. W. Wright, A. M. Stooke, C. Khurmi, J. van Tilborg, Y. Liu, R. W. Falcone, A.
Belkacem and T. J. Martinez (2011). "Ultrafast internal conversion in ethylene. I. The excited state
lifetime." J. Chem. Phys. 134: 244306.
Tao, H., L. Shen, M. H. Kim, A. G. Suits and T. J. Martinez (2011). "Conformationally selective
photodissociation dynamics of propanal cation." J. Chem. Phys. 134: 054313.
Thompson, A. L. and T. J. Martinez (2011). "Time-resolved photoelectron spectroscopy from first
principles: Excited state dynamics of benzene." Faraday Disc. 150: 293-311.
Yang, S. and T. J. Martinez (2011). Ab initio multiple spawning: First principles dynamics around conical
intersections. Conical Intersections: Theory, Computation and Experiment. W. Domcke and H. Koppel.
Singapore, World Scientific.

132

SLAC National Accelerator Laboratory

Allison, T. K., H. Tao, W. J. Glover, T. W. Wright, A. M. Stooke, C. Khurmi, J. van Tilborg, Y. Liu, R.
W. Falcone, T. J. Martinez and A. Belkacem (2012). "Ultrafast internal conversion in ethylene. II.
Mechanisms and pathways for quenching and hydrogen elimination." J. Chem. Phys. 136: 124317.
Kim, J., H. Tao, J. L. White, V. S. Petrovic, T. J. Martinez and P. H. Bucksbaum (2012). "Control of 1,3cyclohexadiene photoisomerization using light-induced conical intersections." J. Phys. Chem. A 116:
2758-2763.
Kuhlman, T. S., W. J. Glover, T. Mori, K. B. Moller and T. J. Martinez (2012). "Between ethylene and
polyenes - the nonadiabatic dynamics of cis-dienes." Faraday Disc. 157: 193-212.
Mori, T., W. J. Glover, M. S. Schuurman and T. J. Martinez (2012). "Role of Rydberg States in the
Photochemical Dynamics of Ethylene." J. Phys. Chem. A 116: 2808-2818.
Petrovic, V. S., M. Siano, J. L. White, N. Berrah, C. Bostedt, J. D. Bozek, D. Beroege, M. Chalfin, R. N.
Coffee, J. P. Cryan, L. Fang, J. P. Farrell, L. J. Frasinski, J. M. Glownia, M. Guehr, M. Hoener, D. M. P.
Holland, J. Kim, J. P. Marangos, T. Martinez, B. K. McFarland, R. S. Minns, S. Miyabe, S. Schorb, R. J.
Sension, L. S. Spector, R. Squibb, H. Tao, J. G. Underwood and P. H. Bucksbaum (2012). "Transient XRay fragmentation; Probing a prototypical photoinduced ring-opening." Phys. Rev. Lett. 108: 253006.
Mori, T. and T. J. Martinez (2013). "Exploring the Conical Intersection Seam: The Seam Space Nudged
Elastic Band Method." J. Chem. Theo. Comp. 9: 1155-1163.
Petrovic, V. S., S. Schorb, J. Kim, J. L. White, J. P. Cryan, J. M. Glownia, L. Zipp, D. Broege, S. Miyabe,
H. Tao, T. Martinez and P. H. Bucksbaum (2013). "Enhancement of strong-field multiple ionization in the
vicinity of the conical intersection in 1,3-cyclohexadiene ring-opening." J. Chem. Phys. 139: 184309.
Glover, W. J. (2014). "Smoothing out excited-state dynamics: Analytical gradients for dynamically
weighted complete active space self-consistent field." J. Chem. Phys. 141: 171102.
Joalland, B., T. Mori, T. J. Martinez and A. G. Suits (2014). "Photochemical dynamics of ethylene cation
C2H4+." J. Phys. Chem. Lett. 5: 1467-1471.
McFarland, B. K., 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, T.
Schultz, L. S. Spector, M. Swiggers, I. Tenney, S. Wang, J. L. White, W. White and M. Guehr (2014).
"Ultrafast X-Ray Auger probing of photoexcited molecular dynamics." Nature Comm. 5: 4235.
Punwong, C., T. J. Martinez and S. Hannongbua (2014). "Direct QM/MM simulation of photoexcitation
dynamics in bacteriorhodopsin and halorhodopsin." Chem. Phys. Lett. 610-611: 213-218.
Sisto, A., D. R. Glowacki and T. J. Martinez (2014). "Ab initio nonadiaabtic dynamics of
multichromophore complexes: A scalable graphical-processing-unit-acclerated exciton framework." Acc.
Chem. Res. 47: 2857-2866.
Spector, L. S., M. Artamonov, S. Miyabe, T. Martinez, T. Seideman, M. Guehr and P. H. Bucksbaum
(2014). "Axis-dependence of molecular high harmonic emission in three dimensions." Nature Comm. 5:
3190.
Wolf, T. J. A., T. S. Kuhlman, O. Schalk, T. J. Martinez, K. B. Moller, A. Stolow and A.-N. Unterreiner
(2014). "Hexamethylcyclopentadiene: time-resolved photoelectron spectroscopy and ab initio multiple
spawning simulations." Phys. Chem. Chem. Phys. 16: 11770-11779.
Hohenstein, E. G., M. E. F. Bouduban, C. Song, N. Luehr, I. S. Ufimtsev and T. J. Martinez (2015).
"Analytic first derivatives of floating occupation molecular orbital-complete active space configuration
interaction on graphical processing units." J. Chem. Phys. 143: 014111.
Song, C., L.-P. Wang, T. Sachse, J. Preiss, M. Presselt and T. J. Martinez (2015). "Efficient
implementation of effective core potential integrals and gradients on graphical processing units." J. Chem.
Phys. 143: 014114.

133

Page is intentionally blank.

Understanding Photochemistry using
Extreme Ultraviolet and Soft X-ray Time Resolved Spectroscopy
Markus Gühr 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. Gühr, 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 S1 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 S1 to the
cationic states; the multi-photon probe process involves several neutral resonant states in between the S1 and
cationic states, as we know from signal vs. IR intensity measurements. The energy-difference of S1 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 multiphoton 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 VO2. We used two
800 nm beams in TG geometry) to excite the insulator-to-metal transition in VO2 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 1a 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 ~15µm, smaller periods can be regularly achieved using diffractive optics.
Figure 1a 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.
a)

b)

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 Å in the ππ∗ 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 ππ∗
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 π∗ NEXAFS peak associated with the π∗
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, ~1013 W/cm2) 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.
2.
3.
4.
5.

Ultrafast Isomerization Initiated by X-Ray Core Ionization, C. Liekhus-Schmaltz,et al. Nature Comm.
accepted (2015) (this task not lead)
Probing Molecular Photoexcited Dynamics by Soft X-Rays, M. Gühr in: Ultrafast Dynamics Driven by
Intense Light Pulses, eds.: M. Kitzler S. Graefe (Springer, Heidelberg, 2016)
MeV Ultrafast Electron Diffraction at SLAC, S. P. Weathersby, et al., Rev. Sci. Instr. 86, 073702 (2015)
Femtosecond X-ray-induced fragmentation of fullerenes, N. Berrah, et al. J. Mod. Opt. (2015) (this task
not lead)
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. Dürr, S. S. P. Parkin, M. Gühr, 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. Gühr, 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. Dürr, S. S. P. Parkin, M. Gühr, 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. Gühr 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. Dürr, S. S. P. Parkin, M. Gühr, Optics Express 24, 4340 (2015)
11. A low-cost mirror mount control system for optics setups, M. Gopalakrishnan and M. Gühr, Amer. J.
Phys. 83, 186 (2015)
12. Extreme ultraviolet spectrometer based on a transmission electron microscopy grid, E. Sistrunk and M.
Gühr, 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. Gühr, 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. Gühr, 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. Gühr,, 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. Gühr, 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. Gühr,
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. Gühr, 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 timefrequency 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 bandgap. We have started by looking at the angular distribution of 5th and 7th harmonics for a linearly
polarized 2 𝜇𝑚 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 𝜇𝑚 wavelength with ~50 fs pulses at the mJ level.
Currently, we are working on extending the wavelength to 4 𝜇𝑚 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 interand 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 𝜇𝑚 wavelength. A difference frequency generation setup is being developed to
reach the 4 𝜇𝑚 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. I. 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
Principal Investigator: Andreas Becker
JILA and Department of Physics, University of Colorado at Boulder,
440 UCB, Boulder, CO 80309-0440
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 twophoton 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 [DOE4,
DOE6]. 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, DOE6]. 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-Xray 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 [DOE8].
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 fewcycle driver can lead to an isolated circularly polarized attosecond pulse.
References
[1] J.Itatani et al., Phys. Rev. Lett. 88, 173903 (2002).
[2] M. Schultze et al., Science 328, 1658 (2010).
[3] A.L. Cavalieri et al., Nature 449, 1029 (2007).
[4] E. P. Wigner, Phys. Rev. 98, 145 (1955).
[5] F. T. Smith, Phys. Rev. 118, 349 (1960).
[6] T. Popmintchev, M.C. Chen, P. Arpin, M.M. Murnane, and H.C. Kapteyn, Nat. Photon. 4, 822
(2010).
[7] M. Lein, J. Phys. B 40, R135 (2007).

[8] P.B. Corkum, Phys. Rev. Lett. 71, 1994 (1993).
[9] K.J. Schafer, B. Yang, L.F. Di Mauro, and K.C. Kulander, Phys. Rev. Lett. 70, 1599 (1993).
[10] M.R. Miller, A. Jaron-Becker and A. Becker, submitted for publication.
[11] N. Takemoto and A. Becker, Phys. Rev. Lett. 105, 203004 (2010).
[12] C. Hernandez-Garcia et al., submitted for publication.
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[DOE7] J. Su, H. Ni, A. Becker and A. Jaron-Becker, Numerical simulations of attosecond
streaking time delays in photoionization (invited paper), Chinese Journal of Physics 52, 404
(2014)
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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 xray 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 Ho3N@C80 Ionized 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 bioimaging techniques and radio-therapies. Recently, we reported on a multi-photon absorption and
fragmentation investigation of C60 [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, Ho3N@C80.
The experiment was carried out at the AMO hutch at the LCLS. Gas phase Ho3N@C80
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 C80 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 5µm×5μm which delivered less fluence than in the case of
the C60 experiment [pub11,12]. Parent ions up to quintuply charged Ho3N@C805+ were observed,
suggesting a stable structure even with 5 charges on the parent molecule. Atomic Ho+ ions,
originating from the encapsulated Ho3N 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 Ho3N@Cmn+;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+, HoC2+, HoC4+, and
HoC3N+ albeit in small quantities. The fragmentation dynamics observed is unlike the case of the
C60 experiment. This leads us to believe that under the present experimental conditions, only a
few multiphoton ionization cycles led to the Ho2+ and C3+ 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-C2, HoCN, HoC4, HoC3N) [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 Cn- 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 doublycharged positive chains C32+ and C52+. We believe these to be the first observations of photon
induced triple-detachment producing such small, stable molecular products. The C32+ product
must have a lifetime of at least 13 fs in order to be observed in our experiment. The C52+ 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 C60-. 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 (C2- C12-) at the ALS.
1.
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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 [24]. 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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structure of trifluorotoluene (C6H5CF3), an
asymmetric-top molecule, can be retrieved
successfully [6].

Recent Progress

Figure 1. (a) Anisotropy/alignment parameter
2
<cos α> 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, CS2 (blue circles), and the
++
doubly ionized molecules CS2 (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

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
(1012-1013 W/cm2) relevant for many
experimental methods that involve
alignment and/or ionization of molecules.
CS2 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
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 1013
W/cm2, 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 1013
W/cm2.
Differencediffraction patterns were
generated by taking the
difference
between
patterns at high intensity
Figure 2. Molecular structure retrieved from difference diffraction
and patterns at low
patterns. The lower spot corresponds to the C-S distance, while the
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
used were captured at
intensity the interatomic distances are larger, in agreement with twothe time of maximum
photon excited states.
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 1a. This structure is in good agreement
with the ground state structure within the uncertainty of the measurement of 0.03 Å. For higher
intensities, the bond lengths become longer than the ground state by approximately 0.1 Å. The
longer bond length is consistent with two-photon excited states of CS2. 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

153

Centurion

Å (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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,QWKLVUHVHDUFKSURJUDPZHDGGUHVVWKHIXQGDPHQWDOSK\VLFVRIWKHLQWHUDFWLRQRIDWRPVDQGPROHFXOHV
ZLWKLQWHQVHXOWUDVKRUWODVHUILHOGV7KHPDLQREMHFWLYHVDUHWRGHYHORSQHZWKHRUHWLFDOIRUPDOLVPVDQGDFFXUDWH
FRPSXWDWLRQDOPHWKRGVIRUab initio QRQSHUWXUEDWLYHLQYHVWLJDWLRQVRIPXOWLSKRWRQTXDQWXPG\QDPLFVDQGYHU\
KLJKRUGHUQRQOLQHDURSWLFDOSURFHVVHVRIRQHWZRDQGPDQ\HOHFWURQTXDQWXPV\VWHPVLQLQWHQVHODVHUILHOGV
WDNLQJLQWRDFFRXQWGHWDLOHGHOHFWURQLFVWUXFWXUHLQIRUPDWLRQDQGHOHFWURQFRUUHODWHGHIIHFWV3DUWLFXODUDWWHQWLRQ
ZLOOEHSDLGWRWKHH[SORUDWLRQRIWKHHIIHFWVRIHOHFWURQFRUUHODWLRQRQKLJKKDUPRQLFJHQHUDWLRQ ++* DQG
PXOWLSKRWRQLRQL]DWLRQ 03, SURFHVVHVPXOWLHOHFWURQUHVSRQVHDQGXQGHUO\LQJPHFKDQLVPVUHVSRQVLEOHIRU
WKHVWURQJILHOGLRQL]DWLRQRIGLDWRPLFDQGVPDOOSRO\DWRPLFPROHFXOHVDVZHOODVWKHGHYHORSPHQWRIQHZWLPH
IUHTXHQF\ WUDQVIRUP DQG RSWLPDO FRQWURO DOJRULWKPV IRU WKH FRKHUHQW FRQWURO RI ++* SURFHVVHV IRU WKH
JHQHUDWLRQRIVKRUWHUDQGVWURQJHUDWWRVHFRQGODVHUSXOVHV

Recent Progress
 6XEF\FOH7UDQVLHQW++*'\QDPLFVDQG6SHFWURVFRS\LQWKH$WWRVHFRQG7LPH'RPDLQ

7KHUHFHQWGHYHORSPHQWRIDWWRVHFRQG PHWURORJ\KDVHQDEOHG WKHUHDOWLPHH[SHULPHQWDO REVHUYDWLRQRI
XOWUDIDVWHOHFWURQG\QDPLFVDQGWUDQVLHQWVXEF\FOHVSHFWURVFRS\LQDWRPLFDQGPROHFXODUV\VWHPV:KLOHWKH\
DUHVRPHUHFHQWH[SHULPHQWDODQGWKHRUHWLFDOVWXGLHVRIVXEF\FOHWUDQVLHQWDEVRUSWLRQWKHUHKDVEHHQQRVWXG\RI
WKH VXEF\FOH WUDQVLHQW EHKDYLRU RI WKH KDUPRQLF HPLVVLRQ :H KDYH UHFHQWO\ LQLWLDWHG VXFK D GLUHFWLRQ E\
H[WHQGLQJ WKH self-interaction-free 7'')7 >@ ZLWK SURSHU H[FKDQJHFRUUHODWLRQ [F  HQHUJ\ IXQFWLRQDO
DOORZLQJ WKH FRUUHFW ORQJUDQJH DV\PSWRWLF EHKDYLRU DQG WKH WLPHGHSHQGHQW JHQHUDOL]HG SVHXGRVSHFWUDO
7'*36 PHWKRG>@IRUWKHILUVWab initioVWXG\RIWKHVXEF\FOH++*G\QDPLFVRI+HDWRPV>@:HH[SORUHG
WKHG\QDPLFDOEHKDYLRURIWKHVXEF\FOH++*IRUWUDQVLWLRQVIURPWKHH[FLWHGVWDWHVWRWKHJURXQGVWDWHDQGIRXQG
RVFLOODWLRQVWUXFWXUHVZLWKUHVSHFWWRWKHWLPHGHOD\EHWZHHQWKH VLQJOHH[WUHPHXOWUDYLROHW ;89 DWWRVHFRQG
SXOVH 6$3 DQGQHDULQIUDUHG 1,5 ¿HOGV7KHRVFLOODWRU\SDWWHUQLQWKHSKRWRQHPLVVLRQVSHFWUDKDVDSHULRG
RIIVZKLFKLVKDOIRIWKH1,5ODVHURSWLFDOF\FOHVLPLODUWRWKDWUHFHQWO\PHDVXUHGLQWKHH[SHULPHQWVRQ
WUDQVLHQWDEVRUSWLRQRI+H>@:HSUHVHQWWKHSKRWRQHPLVVLRQVSHFWUDIURPVSVSVSVSDQGVS
H[FLWHGVWDWHVDVIXQFWLRQVRIWKHWLPHGHOD\:HH[SORUHWKHVXEF\FOHDF6WDUNVKLIWSKHQRPHQRQLQ1,5¿HOGV
DQGLWVLQÀXHQFHRQWKHSKRWRQHPLVVLRQSURFHVV2XUDQDO\VLVXQFRYHUVWKHPHFKDQLVPVUHVSRQVLEOHIRUWKH
REVHUYHGSHDNVSOLWWLQJLQWKHSKRWRQHPLVVLRQVSHFWUD
0RUHUHFHQWO\ZHKDYHIXUWKHUH[WHQGHGWKHsubcycle ++*VWXG\WRWKH$UDWRPV>@:HSUHVHQWDQGDQDO\]H
WKHKDUPRQLFHPLVVLRQVSHFWUDIURPVQSSQVSQGSQSSQGSQSDQGSQVH[FLWHGVWDWHVDQG
WKH SSí YLUWXDO VWDWH DV IXQFWLRQV RI WKH WLPH GHOD\ ,Q DGGLWLRQ ZH H[SORUH WKH VXEF\FOH DF 6WDUN VKLIW
SKHQRPHQRQ LQ 1,5 ILHOGV DQG LWV LQIOXHQFH RQ WKH KDUPRQLF HPLVVLRQ SURFHVV 2XU DQDO\VLV UHYHDOV VHYHUDO
QRYHOIHDWXUHVRIWKHVXEF\FOH++*G\QDPLFVDQGVSHFWUDDVZHOODVWHPSRUDOHQHUJ\OHYHOVKLIW


6XEF\FOH7UDQVLHQW0XOWLSKRWRQ,RQL]DWLRQLQWKH$WWRVHFRQG7LPH'RPDLQ

,QHDUO\H[SHULPHQWVRQPXOWLSKRWRQLRQL]DWLRQ 03, DQGDERYHWKUHVKROGLRQL]DWLRQ $7, UHVHDUFKKDV
IRFXVHGRQWKHSURSHUWLHVRIWKHHPLWWHGHOHFWURQVLQWKHenergyGRPDLQ HOHFWURQHQHUJ\VSHFWUDZKLFKPDQLIHVW
WKHIDPRXV$7,SHDNVWUXFWXUH +RZHYHUUHFHQWDGYDQFHVLQODVHUWHFKQRORJ\RSHQHGWKHSRVVLELOLW\RIFORFNLQJ
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WKHHOHFWURQG\QDPLFVRQDQDWWRVHFRQGVFDOHLQWKH timeGRPDLQ7KHWLPHGRPDLQDQDO\VLVFDQXQFRYHUQRYHO
QHZ DQG XQH[SORUHG IHDWXUHV LQ WKH ZHOOUHVHDUFKHG SKHQRPHQRQ RI 03,$7,  ,Q D UHFHQW ZRUN ZH KDYH
SHUIRUPHGWKHILUVWIXOO\ab initioH[SORUDWLRQRIWKHsubcycleWUDQVLHQW03,G\QDPLFVRIDWRPLFDQGPROHFXODU
V\VWHPV VXEMHFW WR LQWHQVH QHDU,5 ILHOGV RQ WKH VXEIHPWRVHFRQG WLPH VFDOH >@ 03, EXUVWV ZLWKLQ D VLQJOH
RSWLFDOF\FOHDUHIRXQGLQWKHWLPHGHSHQGHQWLRQL]DWLRQUDWHVQRWRQO\IRUGLDWRPLFPROHFXOHV+DQG++H
EXWDOVRIRUWKH+DWRP7KHDQDO\VLVRIWKHHOHFWURQGHQVLW\UHYHDOVWKDWVHYHUDOGLVWLQFWGHQVLW\SRUWLRQVFDQEH
VKDSHGDQGGHWDFKHGIURPWKHWDUJHWZLWKLQDKDOIF\FOHRIWKHODVHUILHOG:HQRWHWKDWWKHVWUXFWXUHVRIWKH03,
UDWHVLQWKHWLPHGRPDLQGLVFXVVHGLQWKLVSDSHUDUHQRWUHODWHGWRWKHDERYHWKUHVKROGSHDNVWUXFWXUHVRIWKH
HOHFWURQVSHFWUDLQWKHHQHUJ\GRPDLQ:KHQFUHDWHGXQGHUWKHLQIOXHQFHRIWKHH[WHUQDOILHOGWKHSRUWLRQVRIWKH
RXWJRLQJZDYHSDFNHWDUHORFDOL]HGLQVSDFHDQGWLPHEXWFRQWDLQYDULRXVHQHUJ\FRQWULEXWLRQV7KDWLVZK\WKH
VKDSH RI WKH VWUXFWXUH LV FKDQJHG DV WKH RXWJRLQJ ZDYH SDFNHW PRYHV DZD\ IURP WKH FRUH 7KH VWUXFWXUHV
GHVFULEHGDERYHFDQEHREVHUYHGRQWKHQDQRPHWHUOHQJWKVFDOH
 +LJK3UHFLVLRQ6WXG\RI++*RI+LQ,QWHQVH(OOLSWLFDOO\3RODUL]HG/DVHU)LHOGV
:HSUHVHQWDQab initio 'SUHFLVLRQFDOFXODWLRQDQGDQDO\VLVRI++*RIWKHK\GURJHQPROHFXODULRQVXEMHFW
WRLQWHQVHHOOLSWLFDOO\SRODUL]HGODVHUSXOVHVE\PHDQVRIWKHWLPHGHSHQGHQWJHQHUDOL]HGSVHXGRVSHFWUDOPHWKRG
LQWZRFHQWHUSURODWHVSKHURLGDOFRRUGLQDWHV>@7KHFDOFXODWLRQVDUHSHUIRUPHGIRUWKHJURXQGDQGILUVWH[FLWHG
HOHFWURQLFVWDWHVRI+DWWKHHTXLOLEULXPLQWHUQXFOHDUVHSDUDWLRQR DXDVZHOODVIRUWKHVWUHWFKHGPROHFXOH
DWR DX7KHVSHFWUDODQGWHPSRUDOVWUXFWXUHVRIWKH++*VLJQDODUHH[SORUHGE\PHDQVRIWKHZDYHOHWWLPH
IUHTXHQF\DQDO\VLV6HYHUDOQRYHODVSHFWVRIHOOLSWLFLW\GHSHQGHQWG\QDPLFDOEHKDYLRUVDUHXQFRYHUHG:HIRXQG
WKDWWKHSURGXFWLRQRIDERYHWKUHVKROGKDUPRQLFVIRUQRQ]HURHOOLSWLFLW\LVJHQHUDOO\UHGXFHGDVFRPSDUHGZLWK
OLQHDUO\ SRODUL]HG ILHOGV +RZHYHU EHORZWKUHVKROG KDUPRQLFV VWLOO DSSHDU TXLWH VWURQJ H[FHSW ZKHQ WKH
SRODUL]DWLRQSODQHLVSHUSHQGLFXODUWRWKHPROHFXODUD[LV:HDNHYHQKDUPRQLFVDUHGHWHFWHGLQWKH++*VSHFWUD
RI VWUHWFKHG PROHFXOHV 7KLV HIIHFW FDQ EH H[SODLQHG E\ WKH EURNHQ LQYHUVLRQ V\PPHWU\ GXH WR G\QDPLF
ORFDOL]DWLRQRIWKHHOHFWURQGHQVLW\QHDURQHRIWKHQXFOHL0XOWLSKRWRQUHVRQDQFHDQGWZRFHQWHULQWHUIHUHQFH
HIIHFWVDUHDQDO\]HGIRUWKHH[SORUDWLRQRIWKHTXDQWXPRULJLQRIWKHSUHGLFWHG++*VSHFWUDODQGG\QDPLFDO
EHKDYLRU>@
 &RKHUHQW3KDVH0DWFKHG989*HQHUDWLRQE\)LHOGFRQWUROOHG%RXQG6WDWHVDQG'\QDPLFDO2ULJLQRI1HDU
DQG%HORZ7KUHVKROG+DUPRQLF*HQHUDWLRQRI$WRPVLQDQ,QWHQVH0LG,5/DVHU)LHOG

++*KDVEHHQWKHHQDEOLQJWHFKQRORJ\IRUXOWUDIDVWVFLHQFHLQWKH989DQGVRIW;UD\VSHFWUDOUHJLRQV
5HFHQWO\ XOWUDIDVW VRXUFHV RI EHORZWKUHVKROG KDUPRQLFV ZLWK SKRWRQ HQHUJLHV EHORZ WKH WDUJHW LRQL]DWLRQ
SRWHQWLDOKDYHEHHQGHPRQVWUDWHG6XFKKDUPRQLFVDUHFULWLFDOWRWKHH[WHQVLRQRIWLPHUHVROYHGSKRWRHPLVVLRQ
VSHFWURVFRS\WRPHJDKHUW]UHSHWLWLRQUDWHVDQGWRWKHGHYHORSPHQWRIKLJKDYHUDJHSRZHU989VRXUFHVEHFDXVH
WKH\FDQEHJHQHUDWHGZLWKUHODWLYHO\ORZGULYLQJODVHULQWHQVLWLHV aî:FP 8OWUDIDVW989VRXUFHVRI
ORZRUGHUKDUPRQLFVDUHDOVRFULWLFDOWRROVIRUVWXG\LQJZDYHSDFNHWG\QDPLFVLQ ERXQGVWDWHVRIDWRPVDQG
PROHFXOHV +RZHYHU FRPSDUHG WR WKH KLJKRUGHU DERYHWKUHVKROG KDUPRQLFV ZKLFK KDYH EHHQ H[WHQVLYHO\
VWXGLHGOLWWOHDWWHQWLRQKDVEHHQGHYRWHGWRWKHGHYHORSPHQWDQGFKDUDFWHUL]DWLRQRIEHORZWKUHVKROGKDUPRQLF
VRXUFHV5HFHQWO\LQFROODERUDWLRQZLWKWKHH[SHULPHQWDOJURXSOHGE\'U=&KDQJLQ8&)ZHH[WHQGRXUselfinteraction-freeWLPHGHSHQGHQWGHQVLW\IXQFWLRQDOWKHRU\ 7'')7 >@DQGJHQHUDOL]HG)ORTXHWIRUPDOLVP>@
DQG GHPRQVWUDWH D QHZ UHJLPH RI SKDVHPDWFKHG EHORZWKUHVKROG KDUPRQLFV JHQHUDWLRQ IRU ZKLFK WKH
JHQHUDWLRQDQGSKDVHPDWFKLQJLVHQDEOHGRQO\QHDU6WDUNVKLIWHGUHVRQDQFHVWUXFWXUHVRIWKHDWRPLFWDUJHW>@
7KHFRKHUHQW989OLQHHPLVVLRQH[KLELWVVXEPH9OLQHZLGWKORZGLYHUJHQFHDQGTXDGUDWLFJURZWKZLWK
LQFUHDVLQJWDUJHWGHQVLW\DQGFDQEHFRQWUROOHGE\WKHVXEF\FOHILHOGRIDIHZF\FOHGULYLQJODVHUZLWKLQWHQVLW\
RIRQO\:FPZKLFKLVDFKLHYDEOHGLUHFWO\IURPIHZF\FOHIHPWRVHFRQGRVFLOODWRUVZLWKQDQR-RXOHHQHUJ\
7KLV ZRUN RSHQV WKH GRRU WR WKH IXWXUH GHYHORSPHQW RI FRPSDFW KLJK IOX[ DQG XOWUDIDVW 989 OLJKW VRXUFHV
ZLWKRXWWKHQHHGIRUFDYLW\RUQDQRSODVPRQLFHQKDQFHPHQW7KLVZRUNKDVEHHQUHFHQWO\SXEOLVKHGLQ1DWXUH
3KRWRQLFV>@

0RUHUHFHQWO\ZHKDYHSUHVHQWHGDQab initio LQYHVWLJDWLRQRIWKHEHORZWKUHVKROGKDUPRQLFV %7+V RI

156

Chu

KHOLXPDWRPVLQIHZF\FOH,5ODVHUILHOGVE\DFFXUDWHO\VROYLQJWKHWLPHGHSHQGHQW6FKU|GLQJHUHTXDWLRQDQG
0D[ZHOO¶VHTXDWLRQVLPXOWDQHRXVO\>@:HILQGWKDWWKHHQKDQFHPHQWRIWKH%7+FDQRFFXURQO\QHDUWKH
UHVRQDQFHVWUXFWXUHRI+HIRUZKLFKWKLVPHFKDQLVPLVLQDJUHHPHQWZLWKWKHUHFHQWH[SHULPHQWDOVWXG\>@
0RUHRYHU ZH LQWURGXFH D QHZ WLPHIUHTXHQF\ PHWKRG WKH synchrosqueezed transform 667  >@ IRU WKH
DFFXUDWHDQDO\VLVRIWKHWLPHIUHTXHQF\++*VSHFWUXPEHORZWKHWKUHVKROG2XUUHVXOWVXQFRYHUWKHG\QDPLFDO
RULJLQ RI QHDU DQG EHORZ WKUHVKROG KDUPRQLFV DV ZHOO DV WKH UROH RI PXOWLUHVFDWWHULQJ WUDMHFWRULHV WR WKH
UHVRQDQFHHQKDQFHG%7+>@
6XEF\FOH2VFLOODWLRQVLQ9LUWXDO6WDWHV%URXJKWWR/LJKW
8QGHUVWDQGLQJDQGFRQWUROOLQJWKHG\QDPLFHYROXWLRQRIHOHFWURQVLQPDWWHULVDPRQJWKHPRVWIXQGDPHQWDO
JRDOVRIDWWRVHFRQGVFLHQFH:KLOHWKHPRVWH[RWLFEHKDYLRUVFDQEHIRXQGLQFRPSOH[V\VWHPVIDVWHOHFWURQ
G\QDPLFVFDQEHVWXGLHGDWWKHIXQGDPHQWDOOHYHOLQDWRPLFV\VWHPVXVLQJPRGHUDWHO\LQWHQVH :FP 
ODVHUV WR FRQWURO WKH HOHFWURQLF VWUXFWXUH LQ SURRIRISULQFLSOH H[SHULPHQWV ,Q FRRSHUDWLRQ ZLWK WKH 8&)
H[SHULPHQWDO JURXS ZH SUREH WKH WUDQVLHQW FKDQJHV LQ WKH DEVRUSWLRQ RI DQ LVRODWHG DWWRVHFRQG H[WUHPH
XOWUDYLROHW ;89 SXOVHE\KHOLXPDWRPVLQWKHSUHVHQFHRIDGHOD\HGIHZF\FOHQHDULQIUDUHG 1,5 ODVHUSXOVH
ZKLFKXQFRYHUVDEVRUSWLRQVWUXFWXUHVFRUUHVSRQGLQJWRODVHULQGXFHGµµYLUWXDO¶¶LQWHUPHGLDWHVWDWHVLQWKHWZR
FRORUWZRSKRWRQ ;891,5 DQGWKUHHSKRWRQ ;891,51,5 DEVRUSWLRQSURFHVV>@7KHVHSUHYLRXVO\
XQREVHUYHGDEVRUSWLRQVWUXFWXUHVDUHPRGXODWHGRQKDOIF\FOH aIV DQGTXDUWHUF\FOH aIV WLPHVFDOHV
UHVXOWLQJIURPTXDQWXPRSWLFDOLQWHUIHUHQFHLQWKHODVHUGULYHQDWRP
 &RKHUHQW&RQWURORIWKH(OHFWURQ4XDQWXP3DWKVIRUWKH2SWLPDO*HQHUDWLRQRI6LQJOH8OWUDVKRUW
$WWRVHFRQG/DVHU3XOVH
:HUHFHQWO\UHSRUWDQHZPHFKDQLVPDQGH[SHULPHQWDOO\UHDOL]DEOHDSSURDFKIRUWKHFRKHUHQWFRQWURORI
WKHJHQHUDWLRQRIDQLVRODWHGDQGXOWUDVKRUWDWWRVHFRQG as ODVHUSXOVHIURPDWRPVE\PHDQVRIWKHRSWLPL]DWLRQ
RIWKHWZRFRORU>@DQGWKUHHFRORU>@ODVHUILHOGVZLWKSURSHUWLPHGHOD\V2SWLPL]LQJWKHODVHUSXOVHVKDSH
DOORZVWKHFRQWURORIWKHHOHFWURQTXDQWXPSDWKVDQGHQDEOHVKLJKKDUPRQLFJHQHUDWLRQIURPWKHORQJDQGVKRUW
WUDMHFWRU\HOHFWURQVWREHHQKDQFHGDQGVSOLWQHDUWKHFXWRIIUHJLRQ7KHQZHIXUWKHULQYHVWLJDWHGWKHHIIHFWRI
PDFURVFRSLF SURSDJDWLRQ RQ WKH VXSHUFRQWLQXXP KDUPRQLF VSHFWUD DQG WKH VXEVHTXHQW DWWRVHFRQGSXOVH
JHQHUDWLRQ >@ 7KH HIIHFWV RI PDFURVFRSLF SURSDJDWLRQ DUH LQYHVWLJDWHG LQ QHDU DQG IDU ILHOG E\ VROYLQJ
0D[ZHOO¶VHTXDWLRQ7KHUHVXOWVVKRZWKDWWKHFRQWULEXWLRQRIVKRUWWUDMHFWRU\HOHFWURQHPLVVLRQLVLQFUHDVHG
ZKHQWKHPDFURVFRSLFSURSDJDWLRQLVFRQVLGHUHG+RZHYHUWKHFKDUDFWHULVWLFVRIWKHGRPLQDQWORQJWUDMHFWRU\
HOHFWURQHPLVVLRQ LQWKHVLQJOHDWRPUHVSRQVHFDVH DUHQRWFKDQJHGDQGDQLVRODWHGDQGVKRUWHUas SXOVHFDQ
EHJHQHUDWHGLQWKHQHDUILHOG0RUHRYHULQWKHIDUILHOGWKHFRQWULEXWLRQRIORQJWUDMHFWRU\HOHFWURQHPLVVLRQLV
VWLOOGRPLQDQWIRUERWKRQD[LVDQGRIID[LVFDVHV$VDUHVXOWDQLVRODWHGDQGVKRUWHUas SXOVHFDQEHJHQHUDWHG
GLUHFWO\
0RUHUHFHQWO\ZHSURSRVHDQHI¿FLHQWPHWKRGIRUWKHJHQHUDWLRQRIXOWUDEURDGEDQGVXSHUFRQWLQXXPVSHFWUD
DQGLVRODWHGXOWUDVKRUWDWWRVHFRQGODVHUSXOVHVIURP+HDWRPVZLWKWZRFRORUPLGLQIUDUHGODVHU¿HOGV>@$Q
DFFXUDWHPRGHOSRWHQWLDOLVFRQVWUXFWHGZKLFKUHSURGXFHVJURXQGDQGKLJKO\LQJVLQJO\H[FLWHGVWDWHVDVZHOODV
RVFLOODWRUVWUHQJWKRIWKH+HDWRPWRDKLJKSUHFLVLRQ:HIRXQGWKDWWKHRSWLPL]LQJWZRFRORUPLG,5ODVHUSXOVH
DOORZV WKH ++* FXWRII WR EH VLJQL¿FDQWO\ H[WHQGHG OHDGLQJ WR WKH SURGXFWLRQ RI DQ XOWUDEURDGEDQG
VXSHUFRQWLQXXP$VDUHVXOWDQLVRODWHGDWWRVHFRQGSXOVHFDQEHJHQHUDWHGGLUHFWO\E\WKHVXSHUSRVLWLRQRI
WKHVXSHUFRQWLQXXPKDUPRQLFV

:HKDYHFRPSOHWHGVHYHUDOLQYLWHGUHYLHZDUWLFOHVRQWKHUHFHQWGHYHORSPHQWRIself-interaction-free WLPH
GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\ 7'')7  IRU WKH QRQSHUWXUEDWLYH WUHDWPHQW RI DWRPLF DQG PROHFXODU
PXOWLSKRWRQSURFHVVHVLQLQWHQVHXOWUDVKRUWODVHUILHOGVLQWKHSDVW\HDUV>@
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,QDGGLWLRQWRFRQWLQXLQJWKHRQJRLQJUHVHDUFKHVGLVFXVVHGDERYHZHSODQWRLQLWLDWHWKHIROORZLQJVHYHUDO
QHZSURMHFWGLUHFWLRQV D ([WHQVLRQRIWKHH[SORUDWLRQRIWKHFRKHUHQWFRQWURODQGJLDQWHQKDQFHPHQWRI03,
DQG++*GULYHQE\LQWHQVHIUHTXHQF\FRPEODVHUILHOGV>@WRUDUHJDVDWRPV E ([WHQVLRQRIWKH7'*36
PHWKRGLQPRPHQWXPVSDFH >@WRWKHVWXG\RI++*$7,SURFHVVHVLQLQWHQVHIUHHHOHFWURQ[UD\ODVHU
ILHOGV F  'HYHORSPHQW RI %RKPLDQ PHFKDQLFV DSSURDFK >@ IRU WKH H[SORUDWLRQ RI WKH HOHFWURQ TXDQWXP
G\QDPLFVDVVRFLDWHGZLWK++*03,SURFHVVHV G 'HYHORSPHQWRIQRQSHUWXUEDWLYHPHWKRGVIRUWKHDFFXUDWH
WUHDWPHQW RI WUDQVLHQW DEVRUSWLRQ DQG VXEF\FOH ++* G\QDPLFV LQ 1,5 ;89 DWWRVHFRQG SXOVHV H 
'HYHORSPHQWRIQHZWLPHIUHTXHQF\PHWKRGWKHsynchrosqueezing transform 667 >@IRUWKHH[SORUDWLRQ
RIWKHQRYHOTXDQWXPG\QDPLFVIRUEHORZDQGQHDUWKUHVKROGKDUPRQLFVRIGLDWRPLFPROHFXOHV
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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 31st 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 12 A0 [J.N. Byrd et al., Int. J. of Qu. Chem., 109, 3112
(2009)] and 2 A00 [J.N. Byrd et al., Int. J. of Qu. Chem 109, 3626 (2009)] PESs of Li3 , to ab initio
calculations of the long-range PES of its ground state X 2 A0 , including van der Waals coefficients
and three-body dispersion damping terms for the atom-diatomic dissociation limit [P1]. We also
extended our work on K2 Rb2 relevant to KRb+KRb scattering [J.N. Byrd et al., PRA 82, 010502
(2010)] to all alkali tetramers formed from X2 +X2 →X4 , X2 +Y2 →X2 Y2 , and XY+XY→X2 Y2
association reactions [P2], and found two stable tetramer structures, rhombic (D2h ) 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)2 .
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 + H2 [P3] systems, we investigated resonances near the scattering threshold in the reactive benchmark system H2 +Cl [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 H2 +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-H2 [N3], comparing our quantum calculations with a statistical model.
Finally, we kept working on molecular ions: previously, we reported ab initio calculations of
+
2 +
the X 2 Σ+
u and B Σg states of Be2 , and predicting two local minima separated by a large barrier
2
+
in B Σg [S. Banerjee et al., CPL 496, 208211 (2010)]. We extended this work to Ca+
2 in [P5].
+
+
We are in the process to complete two other systems: Mg2 [N4] and Sr2 [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 [N6].
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2) Inter-molecular long-range interactions
In our previous work on K2 Rb2 [J.N. Byrd et al., PRA 82, 010502 (2010)], we calculated the
minimum energy path for the reaction KRb+KRb→K2 +Rb2 and found it to be barrierless. However, 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 external 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 expression 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 85 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 H2 +D [N9], using
(g)

Ĥ =

−C6 /R6
h̄Ω/2
(r)
∗
h̄Ω /2
−h̄δ − C6 /R6

!

.

This dressed Hamiltonian, within the rotating wave approximation (RWA), describes the interaction
of H2 with D with its ground state g dressed with a Rydberg state r by a laser detuned by δ
and Rabi frequency Ω. We showed in [N9] that Rydberg-dressed interactions could be used to
tune H2 +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 photoassociative 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. Côté, 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 1 Σ+ and a 3 Σ+ states at the Feshbach
resonance being excited to B 1 Π by a pump pulse followed by a dump pulse into a target rovibrational level in the X 1 Σ+ ground state. To describe the transitions between X 1 Σ+ and B 1 Π,
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we used the Hamiltonian (assuming RWA and dipole approximation)
Ĥ =

~
T̂ + VX1 Σ+ (R)
µ
~ (R) · E(t)
~
µ
~ (R) · E(t)
T̂ + VB1 Π (R) − h̄ωL

!

,

where T̂ is the kinetic energy operator and Vi (R) are the respective potential energy curves. We
simulated the pump-dump PA process using a time-dependent wave packet approach (TDWP),
~
~ 0 f (t) cos(ωL t) with a gaussian profile
assuming the laser pulse to be transform-limited E(t)
= E
2
f (t) = exp[−α(t−tc ) ]. We represented Ĥ on a Fourier grid with a variable grid step, and solved the
∂
time-dependent Schrödinger equation (ih̄ ∂t
Ψ(t) = Ĥ(t)Ψ(t)), by expanding the evolution operator
(exp[−iĤt/h̄]) 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 associative 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 Be+
2 , 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 molecular 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.
New DOE sponsored publications since August 2013
N1. J.N. Byrd, S, Ghosal, and R, Côté, Long-range interaction between two RbCs diatomic
molecules. In preparation for Phys. Rev. A).
N2. Ionel Simbotin and Robin Côté, Jost function description of near threshold resonances for
coupled-channel scattering. Chemical Physics (In Press, available on line July 2 2015):
arXiv:1505.03170.
N3. Ionel Simbotin and Robin Côté, Effect of nuclear spin symmetry in cold and ultracold reactions: D + para/ortho-H2 . New J. Phys. 17, 065003 (2015).
N4. Sandipan Banerjee, John A. Montgomery, Jr., H. Harvey Michels, and Robin Côté, Comparison of the Alkaline Earth diatomic homonuclear molecular ions. In preparation for J. Chem.
Phys.
N5. Sandipan Banerjee, John A. Montgomery, Jr., H. Harvey Michels, and Robin Côté, Ab initio
+
2
2 +
potential curves for the X 2 Σ+
u , A Πu , and B Σg states of Sr2 . In preparation for Chem.
Phys. Lett.
N6. Marko Gacesa, John A. Montgomery, Jr., H. Harvey Michels, and Robin Côté, Creation of
ultracold NaCa+ molecular ion via photoassociation. In preparation for Phys. Rev. A.
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N7. J.N. Byrd, M. Gacesa, and R, Côté, The formation of tetramers of alkali metals by controlling
inter-molecular interactions. In preparation for Phys. Rev. Lett.
N8. Jia Wang, Marko Gacesa, and Robin Côté, Rydberg Electrons in a Bose-Einstein Condensate.
Phys. Rev. Lett. 114, 243003 (2015).
N9. Jia Wang, Jason N. Byrd, Ion Simbotin, and Robin Côté, Tuning ultracold chemical reactions
via Rydberg-dressed interactions. Phys. Rev. Lett. 113, 025302 (2014).
N10. Jia Wang and Robin Côté, A new long-range chemical bound using Rydberg-dressing. In
preparation for Phys. Rev. Lett.
N11. M. Gacesa, I. Simbotin, D. Shu, and R. Côté, Using multiple light-induced conical intersections
to shape a molecular wave packet. In preparation for Phys. Rev. Lett.
Prior DOE sponsored publications since 2010
P1. Jason N. Byrd, H. Harvey Michels, John A. Montgomery, Jr., and Robin Côté, Long-range
three-body atom-diatom potential for doublet Li3 , Chem. Phys. Lett. 529, 23 (2012).
P2. Jason N. Byrd, H. Harvey Michels, John A. Montgomery, Robin Côté, and William C. Stwalley, Structure, energetics, and reactions of alkali tetramers, J. Chem. Phys. 136, 014306
(2012).
P3. Ion Simbotin, Subhas Ghosal, and Robin Côté, A case study in ultracold reactive scattering:
D + H2 , Phys. Chem. Chem. Phys. 13, pp. 19148-19155 (2011).
P4. Ion Simbotin, Subhas Ghosal, and Robin Côté, Threshold resonance effects in reactive processes, Phys. Rev. A 89, 040701(R) (2014).
P5. Sandipan Banerjee, John A. Montgomery, Jr., Jason N. Byrd, H. Harvey Michels, and Robin
+
2
2 +
Côté, Ab initio potential curves for the X 2 Σ+
u , A Πu , and B Σg states of Ca2 , Chem.
Phys. Lett. 542, 138-142 (2012).
P6. W. W. Smith, D.S. Goodman, I. Sivarajah, J.E. Wells, S. Banerjee, R. Côté, H.H. Michels,
J.A. Mongtomery Jr., and F.A. Narducci, Experiments with an ion-neutral hybrid trap: cold
charge-exchange collisions, Appl. Phys. B 114, 75 (2014).
P7. Jason N. Byrd, John A. Montgomery, and Robin Côté, Controllable Binding of Polar Molecules
and Metastability of One-Dimensional Gases with Attractive Dipole Forces, Phys. Rev. Lett.
109, 083003 (2012).
P8. Jason N. Byrd, Robin Côté, and John A. Montgomery, Long-range interactions between like
homonuclear alkali metal diatoms, J. Chem. Phys. 135, 244307 (2011).
P9. Jason N. Byrd, John A. Montgomery, and Robin Côté, Long-range forces between polar alkalimetal diatoms aligned by external electric fields, Phys. Rev. A 86, 032711 (2012).
P10. Robin Côté, Ultracold molecules: their formation and application to quantum computing.
Advances in Chemical Physics 154, Chap. 7, pp. 403-448, John Wiley and Sons (New York)
(2014).
P11. N. Samboy, J. Stanojevic, and R. Côté, Formation and properties of Rydberg macrodimers,
Phys. Rev. A 83, 050501(R) (2011).
P12. Nolan Samboy and Robin Côté, Rubidium Rydberg macrodimers, J. Phys. B 44, 184006
(2011).
P13. Nolan Samboy and Robin Côté, Rubidium Rydberg linear macrotrimers. Phys. Rev. A 87,
032512 (2013).
P14. M. Gacesa, S. Ghosal, J.N. Byrd, and R, Côté, Feshbach-optimized photoassociation of ultracold 6 Li87 Rb molecules with short pulses, Phys. Rev. A 88, 063418 (2013).
P15. Jason N. Byrd, H. Harvey Michels, John A. Montgomery, Jr., and Robin Côté, Associative
detachment of rubidium hydroxide. Phys. Rev. A 88, 032710 (2013).
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Optical Two-Dimensional Spectroscopy of Disordered
Semiconductor Quantum Wells and Quantum Dots
Steven T. Cundiff
Department of Physics, University of Michigan, Ann Arbor, MI 48109
cundiff@umich.edu
September 15, 2015

Program Scope: The goal of this program has been to implement optical 2-dimensional coherent spectroscopy 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 PI 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. However, quantum dots have an important distinction from atoms, namely they have degrees of freedom associated 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 temperatures 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 results in 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 spectroscopy. 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 sidebands 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 a lot of attention as a possible solid state realization of
a qubit for quantum information applications. This application requires that the exciton can undergo a Rabi
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Figure 1: 2D rephasing amplitude spectra for InAs self-organized using prepulse 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 a dot 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 this is true. These measurements used a prepulse to drive the quantum 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 diagonal 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, a new peak appears above the diagonal. This peak occurs because there is already a population
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 as the initial 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 groundstate to exciton and exciton to biexciton transtions (both must be included). The simulation agrees very well
with the experiments. A manuscript describing these results is in 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
simultaneously, 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.
The first issues were the substantial difference in wavelength as well as the 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 a regenerative ti:sapphire amplifier
running at 250 kHz repetition rate.
Another issue was dealing with the different type of sample, name solution phase
rather than a wafer. To make things more
challenging, we wanted to go to low temperature to study phonon-carrier scattering. We
tried making thin films using spin casting and
drop casting, however we found that these resulted in excess scattering, which caused the
2D spectrum to be unacceptably noisy. So
overcome this, we switched to using a glassforming liquid, namely heptamethylnonane.
After some trial and error, we were able to
get acceptable sample quality at low temperature. A series of 2D spectra at 10 K as
function of waiting time, T , are shown in
Fig. 2. This spectrum clearly shows strong
elongation along the diagonal due to inhomogeneous broadening from the size dispersion of the dots. The cross-diagonal 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 T , as expected quantum dots.
if there are coherences within one of the manifolds. In addition, there appear to be off-diagonal features that are parallel to the diagonal peak. These get
stronger at large T . 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 effects in
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 a single 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 a lesser extent than size variations. The inhomogeneous broadening means that linear measurements on ensembles, such as absorption or luminescence,
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 transitions 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 is increasing 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 emission frequencies so that an inhomogeneous distribution is spread out along the diagonal. It is then 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 biexciton 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 a variation 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, PbSe/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, “Correlation and dephasing effects on the non-radiative coherence between bright excitons in an InAs QD
ensemble measured with 2D spectroscopy,” Solid State Commun. 163, 65-69 (2013).
4. G. Moody, R. Singh, H. Li, I.A. Akimov, M. Bayer, D. Reuter, A.D. Wieck and S.T. Cundiff, “Fifthorder 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. Gammon 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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SISGR: Understanding and Controlling Strong-Field Laser Interactions with Polyatomic Molecules
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Marcos Dantus, dantus@msu.edu
Department of Chemistry and Department of Physics and Astronomy, Michigan State University, East Lansing MI 48824

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-ofmagnitude 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-molecularoptical 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/Å). 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 (C10H12) molecules using a pair of phase-locked femtosecond nearinfrared 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 π-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 timedelayed probe). In the figure we show the stimulated emission due to laser pulses with a π-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 H3+ from polyatomic molecules. We want to determine how the H3+ 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
ScienceJet 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 “Spatialtemporal 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 subAngstrom 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 selfimaging 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 N2 at midinfrared 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), σ(E), is
retrieved as compared to the angle-dependent
DCS, σ(θ), 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
ionization.
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 N2 and argon recorded at a
wavelength of 2.0 μm and an intensity of 270 TW/cm2. The
error bars indicate the N-1/2 Poisson statistical fluctuations
for each time bin, N being the number of detected electrons.
The vertical dashed line marks the 2Up 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, N2 and Ar photoelectron
spectrum were recorded under identical laser
conditions using either intense 2.0 μm or 2.3 μm
pulses (see Fig. 1). The detector collects
electrons in a small angle (2°) along the laser
polarization direction. The relevant difference
between the N2 and Ar experiment is an
observed oscillation on the N2 plateau resulting
from the interference of the broadband EWP on
the molecular structure. To retrieve the
structural
information, we adopt the mature
Figure 2: FABLES bond length retrieval and Fourier
rectification-based
analysis
method
of
transform. (a) The intramolecular interference fringes
conventional electron diffraction (CED). As
extracted from the nitrogen plateau data at 2.0 μm (light
shown in Fig. 2(a), the oscillation frequency
blue open circles) and 2.3 μm (dark blue solid squares).
depends upon the wavelength or in other words,
The error bars represent the standard deviations of the two
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-dotted 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 Å for
μm, respectively. The vertical arrow in (b) denotes the
2.0 and 2.3 μm experiments, respectively. In
known N2 equilibrium distance, Req. Our retrieved bond
comparison, the known N2 equilibrium distance,
lengths deviate from Req by 0.01Å.
Req, is 1.10 Å.
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 N2 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 titaniumsapphire 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 µm. 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 µm, 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 N2 experiment, we drive HHG using 1.3
and 2 µm 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 halfrevival (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
results to the state-of-the-art scattering wave
Figure 3: Experimental (a) intensity and (b) group
photoionization dipole calculated by Robert
delay of HHG in aligned nitrogen for 10 different
Lucchese et al. [8]. We average the calculated
alignment angles between 0 and 90 degrees. The
experiment is compared to one orbital (HOMO) angle
dipole over a molecular ensemble estimated in a
averaged scattering photoionization dipole moment (c)
rigid rotor model. Our experimental results are in
intensity and (d) GD calculated by Prof. R. Lucchese
good 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 N2 and CO2 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.
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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 (Ip = 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 multielectron 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 (λ >
0.8 µm) 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 π-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.
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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 µm and 2 µm, 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
Figure 1: The group delay and phase near
the scattering phases and amplitudes of the interfering s- and
the Cooper minimum in argon. High
d-channel
contributions
to
the
complementary
harmonic radiation generated from argon
photoionization process (see Fig. 1). The reconstructed
atoms excited by 1.3 (green) and 2 µm
(blue) pulses are used in the measurements.
attosecond bursts that underlie the HHG process show that
The total RDM phase evolves by 1.8–2.6
the derivative of the RDM spectral phase, the group delay,
radians over a 20 eV spectral range, even
does not have a straight-forward interpretation as an emission
though the d-channel RDM undergoes a
time, in contrast to the usual attochirp group delay. Instead,
sharp π phase shift. The solid line results
the rapid RDM phase variation caused by the CM reshapes
from calculations performed using the
the attosecond bursts. Most importantly, our results
TDSE-MWE method (Gaarde and Schafer).
unequivocally establish that direct measurement of the RDM
The dashed line is calculated using a simple
phase near a CM can be precisely extracted from RABBITT.
analytical model.
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, tJ, 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, ɛc. The 2-color energy shift, Δε, is given
classically as, Δε(tb) ≈ −pcAMIR(tb) where pc = (2εc)1/2 is the unstreaked momentum in atomic units and
AMIR(tb) is the MIR vector potential at birth. However, the large tJ 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 µm) 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 quasiclassical 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 3Up ≥ 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 CF4, 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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Program Scope:
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 ponderomotive 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 electrons in 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. SiO2 and SnO2). 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
a significant 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, N2, CH4, and Xe doped CH4) but also clusters from solids. In particular we are
currently studying CH4 and mixed Xe/CH4 clusters to compare with previous studies at LCLS [Pub. 6, 7]
and studies of oxide clusters in gases (O2 and CO2) preliminary to experiments with metal oxide
nanoparticles to measure the electron density dependence of continuum lowering. We have also irradiated
nanoparticles produced by LAM at 800 nm.
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Progress During the Past Year
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.1
These data showed that we were able to produce an 8µm spot dia. with the 38 nm pulse, yielding a focal
intensity of ~ 5 x1011 W/cm2 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. This limited the XUV energy per pulse to ~ 0.5 nJ/pulse in the 21st harmonic.
We have now improved this beam line in new expanded lab space. The new beam line employs allreflective 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 90º in the focusing chamber, sent to a 0º mirror in the retro chamber. There the beam reflects back
onto a fl = 5.50 m, concave spherical mirror that focuses the beam under a rectangular shaped (~0.5 mm x 5
mm) conical, gas jet in the HHG stage at laser intensities up to 3x1015 W/cm2. 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 10-5 Torr in the compressor. Three stages of
differential pumping are used downstream to limit the pressures to less than 10-7 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 λ > 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 (AXUV100, Opto Diode Corp.) we measured
the total energy on target in the 21st harmonic (38 nm) to be ~10 nJ. This is a factor 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 µm at 1/e2 and a peak laser fluence of 80 mJ/cm2.
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 ejection of anomalously high ion charge states, and revealed that the clusters’ explosion
mechanism (either Coulombic or hydrodynamic) depends on the cluster size and Z constitution2. 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
CH4 and Xe doped CH4 to compare with our data from the LCLS experiments. We have also completed
preliminary experiments on Van der Waals clusters of O2 and CO2 to compare with the planned experiments
measuring the ionization potentials of oxygen ions in crystalline oxide nanoparticles.

1

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 Xe3+, which would be
expected for ionization of atoms (IP Xe3+-Xe4+ = 40.9 eV). We previously saw up to Xe8+ with a sharp drop
in the intensities above Xe5+. This is again observed in new experiments shown in Fig.1. Our previous
estimates for continuum lowering predict single photon ionization of Xe4+ but not for production of charge
states above Z=5+. While these charge states were observed in FEL experiments for similar intensities (~
1013 Wcm-2), the fluences in the FEL experiments were ~102 larger than even our current ones (7 J/cm2 vs
80 mJ/cm2) and a factor of 103 larger than our previous experiments.3 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 pinholes in the
Al filter, did not contribute to cluster heating. A glass slide was translated into the XUV beam following
the Al filter. The slide 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
our current XUV total energy measurements
after the interaction zone (~10 nJ) with XUV
diodes of different areas and capacitance.
While we have observed the same ion states
as in FEL experiments, the intensities
observed are very different. We observe a
Xe+/Xe2+ ratio of nearly 10, with factors of ~2
further decrease in population with each
increasing charge state. The largest charge
states have an area a factor ~3 x104 smaller
than Xe+. Because of the larger fluence in FEL
experiments, depletion of neutral and lower
charge state ions occurs such that at a cluster
size of 30,000 atoms the population of Xe2+ is
twice that of Xe+, with only 20% decreases
between charge states for more highly charged
ions. This production of ions is supported by
recent theory which includes continuum
lowering, ionization from excited states of
ions and atoms, and collisional ionization.4

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 Xe2+.5 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 13th and 15th 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
21st harmonic (25% 19th and 23rd observed) where we expected and observed production of Xe3+ 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.1 These electrons were observed for each of
the harmonics at electron energies hν-IP. At the higher intensity, we have observed sharp peaks in the
electron TOF spectra from Ar and CH4 clusters at energies near 54 eV corresponding to the production of
photoelectrons at energies of 2hν-IP. We are investigating the origin of these electron features.

3

H. Wabnitz, et al., “Multiple ionization of atomic clusters by intense soft x-rays from a free electron laser, Nature
420, 482(2002).
4
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).
5
B. Shutte, M. Arbeiter, Th Fennel, M.J.J. Vrakking, and A. Rouzee, “Rare-gas Clusters in Intense ExtremeUltraviolet 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
results in 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-rays at LCLS. For XUV light, the hydrogen fragmentation
is three times smaller than for the hydrocarbon peaks. We observe CH5+ 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 CH5+ 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.

Future Research Plans
Our future plans involve studying continuum lowering in mixed species clusters. We have finished the
construction of a laser 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 SiO2,
TiO2, and ZrO2 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/cm2 . 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 highfield ionization events, building on our leading studies of angular and linear momentum distributions 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 Schrödinger equation (TDSE) with long-range solutions of time-dependent Newton 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 evolving 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 release). 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 development 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 ε = 0.2 is strongly confirmed by the similar
asymmetry in the experimental record on helium for ε = 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 vx 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 so difficult is the weakness of the diffraction
signal. Building on earlier proof-of-principle experiments with the Gruner group, we have now shown that
structures can be determined even when the number of photons collected in each data frame is so small —
a few hundred — that there are no identifiable Bragg peaks that serve, as in traditional crystallography, to
establish the crystal orientation. This work resulted in two publications. One paper[7] demonstrates the first
reconstruction of a molecular crystal (1.35 kDa) from sparse data; the second[8] does this for the first protein
crystal (hen egg white lysozyme). Typical data frames from the second experiment are shown in Figure 1;
the reconstructed intensity in Figure 2. In these studies we were limited by the experiment to rotations about
a single axis. A third experiment was completed recently where this restriction was relaxed. Results of that
reconstruction are being prepared for publication.
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Figure 1: Random selection of six data frames from the lysozyme experiment[8]. The direct beam
is incident normally at the lower right region of the detector, which is blocked by the beamstop.
About 8 million unoriented sparse data frames such as these were used to reconstruct the high
quality intensity shown in Figure 2.

l = 12

l = 13

reference

reconstruction

l = 11

Figure 2: Reconstructed slices of the lysozyme intensity compared with the true intensity (reference). The EMC reconstruction algorithm received 8 million data frames such as those in Figure 1
as input, all with an unknown rotation angle about a single axis.
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Figure 3: Rice dwarf virus diffraction pattern obtained at the LCLS-AMO beamline in August 2015.

Single particle imaging
2015 may be the year that single particle imaging (SPI) becomes a reality. The PI was fortunate to have had
the opportunity to spend the first half of his 2015 sabbatical at LCLS. The timing couldn’t have been better,
because in March the SPI collaboration had its first beamtime at the CXI endstation. In addition to seeing
the operation of the facility on a daily basis and becoming acquainted with all facets of the experiment, the
PI and student Ti-Yen Lan played a leading role in selecting the targets. The rice dwarf virus (RDV) rose to
the top of the list and was delivered via aerosol injector into the 100 nm focus configuration of CXI. About
200 good hits were obtained in this first experiment. A second experiment, also with RDV, was performed
at the AMO endstation in August. About 104 hits were recorded in that experiment. Reconstruction of the
virus from these diffraction data is currently underway. A sample diffraction pattern is shown in Figure 3.
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This progress report describes our ongoing DOE work to extract basic understanding and
quantum control of few-body microscopic systems based on our long-time experience with
more conventional studies of correlated electrons and ions.

Quantum Imaging
Modern time of flight (TOF) measurement with COLTRIMS and related reaction microscopes
distinguishes particle arrivals across the face of a detector plate as a function of time. Generally,
uniform electric and magnetic fields are used in the extraction process. From these measurements classical momentum distributions are inferred based on the tacit assumption that the
motion of extracted particles is classical outside the microscopic reaction volume. These distributions are then compared to predicted momentum differential cross-sections defined by
quantum scattering theory.
Historically, almost all calculations of scattering processes have used some approximate form
of the T-matrix element (or its time-independent equivalent) as a starting point, since the
exact form of the wavefunction Ψ(t) is usually unknown and resort is made to approximations.
More recently, increased computing power has enabled direct numerical evaluation of Ψ(t) for
many-particle fragmentation cross sections as pioneered by our colleagues in BES, including C.
W. McCurdy and T. N. Rescigno,1 and F. Robicheaux.2 Then a projection of the measured
final state at large times becomes a practical way of calculating fragmentation amplitudes from
Ψ(t). This approach has been recently reviewed by J. Macek.3
In a recent paper,4 we have shown how the fully time-independent scattering theory leads to
the definition of a classical time outside the microscopic dimensions of the interaction zone and
how quantum position variables can be used to define classical momenta. Then, time-dependent
quantum propagation applies in this far zone. In the case of free motion, this quantum propagation leads to the imaging theorem (IT),3 an aspect we analyzed in detail in another recent
paper5 restricting to field-free detection to equate the asymptotic spatial wavefunction to the
quantum scattering amplitude. In a third recent paper,6 we have generalized the IT to uniform
electric and magnetic field extraction and COLTRIMS detection.
It has become widely accepted that the reason we observe a classical world, although the
motion of particles is governed by a quantum description, can be attributed to the phenomenon
of decoherence. This is the change in the wave function of a quantum system due to interaction
with a quantum environment, variously taken to be the ambient surroundings, a measuring ap-
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paratus, or a combination of both. One change necessary to achieve a classical status is shown
to be the transition from an entangled and delocalized state to an incoherent superposition of
probabilities, rather than a coherent superposition of amplitudes. To represent a spatially localized classical particle, the wave function must become extremely narrow so that the probability
to detect the particle becomes correspondingly localized. Even though a particle may travel
macroscopic distances before detection, it is necessary that the localization due to decohering
interaction overcomes the natural spreading of the wave function. It is assumed that spatial
localization of a wave function is a prerequisite for classical behavior, and this is achieved by
environmental decoherence.
The deterministic propagation of the quantum system under the sole influence of its own
Hamiltonian is generally considered not to lead to classical behavior. This past year we have
been able to demonstrate generally that features of the transition to classical motion do appear
from such propagation, including that due to applied external fields, typically over times and
distances which are microscopic. In particular, we have shown in a very recent paper7 that the
locus of points of equal quantum probability defines a classical trajectory. Hence classical motion will be inferred at all distances at which particle detection is made in practical experiments.
Thus we have demonstrated that aspects of the quantum to classical transition do indeed arise
from the undisturbed Schrödinger propagation of the system wave function without coupling
to a quantum environment. After propagation to distances which are still on the nanoscale, we
show that classical motion is encoded in the wave function itself in that each and every point of
the wave function at different times are connected by a classical relation between coordinates
and momenta. This is a far more powerful statement than Ehrenfest’s theorem involving only
averages.
The essential ingredient of our proof is simply to unify two well-known aspects of quantum
dynamics whose connection previously has not been fully appreciated. The first is that classical motion arises simply as a result of deterministic Schrödinger propagation in that, for large
asymptotic times and distances, the quantum propagator can be approximated by its semiclassical form. This form is decided purely by classical mechanics through the classical action
function; the techniques are well developed and basic to the whole field of semiclassics and
quantum chaos. The second aspect is the IT.
We have combined these two aspects in that we use the results of semiclassical quantum
theory to generalize the IT to (nonrelativistic) motion under the influence of arbitrary external
laboratory fields and particle interactions. Our generalized IT shows that the spatial wave
function of any quantum system of particles propagating over macroscopic distances and times
becomes proportional to the initial momentum wave function, where the position and momentum coordinates are related by classical mechanics. Most importantly, this implies that the
probability to measure a particle at a given position at a certain time is identically equal to the
probability that it started with a given momentum at an earlier time and has moved according
to a classical trajectory. If an experiment is designed to define a final position and momentum the trajectory is unique. If only position is measured then more than one trajectory can
contribute to the wave function and give rise to interference, as is well documented with neutron and atom interferometry and beautifully demonstrated recently with a single cold helium
atom.8 Hence, a detection, whether showing interference or not, will infer classical behavior of
the quantum system without any environmental interaction whatsoever, which would lead to
decoherence. In short, an observer would conclude that the motion is classical despite it being
governed by the Schrödinger equation. There is no change in the wave function apart from that
due to external forces deciding the particles’ quantum motion.

7
8

J. M. Feagin and J. S. Briggs, Phys. Rev. Lett., in review (September, 2015).
A. G. Manning, R. I. Khakimov, R. G. Dall, and A. G. Truscott, Nature Physics 11, 539 (2015).

192

Feagin

Transverse Coherence and Molecular Multi-Center Interference
Schulz and coworkers9 have measured in a precision experiment the transverse coherence length
of a nearly monochromatic beam of protons, de Broglie wavelength λ, passing through a collimator aperture and scattered by a crossed beam of molecular hydrogen. The two-center nature of
the molecular scattering gives rise to a well-established “double-slit interference” effect, which
the authors were able to suppress by reducing the distance L of the reaction volume to the
collimator aperture. A decrease in L increases the angular width α ' a/L the collimator aperture subtends at the target, where a  L is the aperture width in the scattering plane. They
found that the corresponding decrease in the transverse coherence length λ/α of the scattered
protons relative to the two-center molecular bond length suppresses as expected the observed
interference effects in the scattering cross section.
A sampling of their results is shown in Fig. 1 along with the theoretical cross-sections of
Madison and coworkers.10 The measurements involved 75 keV incident protons, monochromatic
to less than 1 eV, scattered at extraordinarily small angles of less than 1 mrad in 0.1 mrad bins.
With an aperture width of a = 0.15 mm in the scattering plane, they varied the distance to
the reaction volume from L = 50 cm down to L = 6.5 cm and thereby increased the collimator
angular width from α = 0.30 mrad to α = 2.3 mrad. Thus, with a de Broglie wavelength of
λ = 0.10 pm, they reported a corresponding decrease in the transverse coherence length of the
incident beam from λ/α ' 6.6 a.u. at L = 50 cm to λ/α ' 0.86 a.u. at L = 6.5 cm, and
therefore a change in λ/α from greater to smaller than the “two-slit” intermolecular separation
D = 1.6 a.u. of the molecular hydrogen. They thus accounted for their observed loss at
L = 6.5 cm of the interference dip evident in the cross section around 0.8 mrad for large L.
While we feel these experiments demonstrate the role of transverse coherence in establishing
interference effects, we disagreed in a recent paper11 with the conclusions of Schulz et al. that
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FIG. 1: The proton scattering cross section for ionization of H2 as a function of proton scattering
angle as in Fig. 1 of Schulz et al. The round (blue) and square (red) points are the L = 50 cm and
L = 6.5 cm measurements, respectively, while the solid (blue) and the dashed (red) curves show the
calculated cross section of Madison and coworkers averaged according to our derived result. The size
of the data points corresponds roughly to the error bars in the data, and differences in the blue and
red measurements are well outside the statistical error.
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the variable collimation somehow affects the incident beam in a fundamental quantum way. We
used an S-matrix momentum formulation of scattering theory to average the cross section in a
general way over a statistical ensemble of arbitrary incident-beam wavepackets.
Fig. 1 compares our derived beam-averaged cross section σ(θf ) with the data of Schulz et al.
for two angular widths α. At L = 50 cm with a = 0.15 mm, we have α = 0.3 mrad and find
that σ(θf ) is virtually indistinguishable from the theoretical cross section σ(θf ) calculated by
Madison and coworkers, the L → ∞ limit. At L = 6.5 cm, we have α = 2.3 mrad so that the
integration range in our expression now covers the entire plot range and the interference dip
around 0.8 mrad washes out completely. We conclude it is the weakened beam collimation at
L = 6.5 cm and the consequent bundle of off-axis incident-wavepacket trajectories that averages
out the two-center interference in the molecular scattering.
Our conclusions are analogous to ones derived some time ago in connection with the notion
of lost wavepacket coherence in neutron diffraction. Thus we show that the static energyconserving scattering reactions with steady beam currents considered here will distinguish neither wavepacket structure nor coherence in the incident beam. Instead, we account for the
loss of interference observed by Schulz et al. as simply an incoherent average over the poorly
collimated ensemble of incident-beam momenta.
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Initially this research program was focused on doubly excited autoionizing atomic
states, with the goal of providing a better understanding of the inverse process, dielectronic
recombination (DR), the recombination of ions and electrons via intermediate autoionizing
states. DR’s importance is that it provides an efficient recombination mechanism for ions and
electrons in astrophysical and laboratory plasmas.1-4 In fusion plasmas impurity ions from the
wall of the containment vessel capture electrons and radiate power from the plasma, negating
efforts to heat the plasma. The most important pathway for DR is through the autoionizing
Rydberg states converging to the lowest lying excited states of the parent ion. Because Rydberg
states are involved, DR rates are profoundly influenced by other charged particle collision
processes and any small electric and magnetic fields in the plasma.5,6 Consequently, a major
thrust of this program has been understanding how autoionization rates, and thus DR rates, are
affected by collisions and external fields. The way we mimicked the rapidly varying fields of
electron collisions was to use microwave fields. Although we started to use the microwave field
to mimic electron collisions, the experiments are, in essence, laser photoionization of atoms in
the presence of a strong microwave field. An atom in a strong microwave field exposed to visible
radiation is very similar to an atom in an intense infrared field exposed to a train of attosecond
xuv pulses, a problem under investigation by many research groups.7-11 More generally, a
microwave field strong enough to ionize atoms leaves atoms in highly excited states, a
phenomenon also observed in recent laser ionization experiments.12
The isolated core excitation (ICE) method we have used to study autoionizing states also
provides a new tool for the spectroscopy of the bound high angular momentum states of alkaline
earth atoms. To be specific, it allows us to detect transitions between them. From their energy
separations one can determine the polarizabilities and radial matrix elements of the ionic cores.1315
The polarizabilities are important in determining the blackbody frequency shifts of trapped ion
based clocks and for parity nonconservation measurements.16
During the past year we have worked on two projects. First, we have brought into
operation an experiment to excite Li atoms in the presence of a strong microwave field phase
locked to an amplitude modulated laser field. This experiment is motivated by experiments done
7,8
with a combined xuv attosecond pulse train (APT) and infrared laser field and our experiments
in which we excited atoms in a microwave field phase locked to a mode locked laser producing
17,18
ps pulses
In these experiments the sign and the amount of energy transfer to the electron
produced by the xuv or ps laser pulse was dependent on the phase of the low frequency field at
7,8,17,18
which the laser excitation occurred.
According to the theoretical analysis, the large
magnitude of the phase dependent ionization signal, 35%, is due to the coherent effect of the
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7

multiple pulses in the APT. However, an experiment with a single attosecond pulse was not
done. In our experiments with a single ps pulse we observed a markedly smaller phase
dependence, ~0.1%, perhaps due to the absence of coherence over multiple microwave cycles, as
7
earlier asserted. In the present experiment we have introduced the phase coherence by replacing
the ps laser excitation by amplitude modulated laser excitation phase locked to the microwave
field. Specifically, we produce an 819 nm laser beam amplitude modulated, at 28 GHz, by
combining the beams from two 819 nm diode lasers with frequencies 28 GHz apart. We phase
lock the 28 GHz beat note between the two 819 nm lasers to the second harmonic of a 14 GHz
microwave oscillator which provides the microwave field in the Fabry-Perot microwave cavity in
which the atoms are excited by the laser.
When the laser is tuned above the limit we have observed a 10% modulation in the
number of atoms which are recombined into bound states as we vary the phase of the microwave
field at which laser excitation occurs. Similarly, when the laser is tuned below the limit, we
observe a 10% variation in the number of atoms which are ionized as the phase is varied. There
is a one hundred fold increase in the modulation over that observed with single ps laser pulse
excitation, as suggested by the original theoretical work. There are three other interesting aspects
to this work. The first is that we observe the onset of the recombination at a lower field than
expected on the basis of a classical model, indicating that the effect is quantum mechanical in
nature. Second, changing the phase of the microwave field at which excitation occurs is
equivalent to changing the relative phase of the two 819 nm laser fields, suggesting that are
exciting Floquet states. Finally, we are able to see energy transfer to both higher and lower
energies. A report of this work has been submitted for publication.
We are presently examining the phase dependence when the microwave frequency is
equal to the modulation frequency in the presence of a small static field. In the absence of a static
field there is no phase dependent signal, but there is in the presence of a small, ~0.4 V/cm, static
field. Many laser experiments are conducted in the presence of similar static fields in reaction
microscopes, so we expect our results to have wide applicability. Our longer term plans are to
replace the two laser arrangement with a single laser which is phase modulated at a frequency of
up to 40 GHz, generating sidebands at multiples of 40 GHz. The phase modulated beam is easily
converted to amplitude modulation, allowing us to use a higher modulation frequency, the
attraction being that experiments done at higher frequencies are less affected by stray electric
fields, allowing more quantitative experiments. In addition, having a phase, or frequency
modulated, laser provides us with a direct way of testing whether or not the microwave field
converts the atoms into Floquet states, which are, in essence, frequency modulated states.
We have published a report of microwave resonance measurements of the Ca 4snf-4sng4snh-4sni-4snk intervals, In this case we have used the fact that the lifetimes of the higher ℓ
states are longer than the lifetimes of the 4snf states to detect the 4snf-4snℓ microwave
transitions. Using a core polarization model we have obtained the values αd=80.0(1) a03 and
5
αq=228(12) a0 for the Ca+ dipole and quadrupole polarizabilities. Our value for the dipole
19,20
polarizability is much closer to the theoretical value than the previous measurement,
but αq is
20
half the theoretical value. The theoretical value for αq is in agreement with measurements of the
Ca+ 3d lifetimes, so it appears to be correct. These Ca measurements and similar results for Ba
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and Mg indicate that the core polarization models need to be re-examined. We have discussed
this problem with M. Safronova, who suggested that core penetration of higher ionic states might
be the problem. We are currently carrying out calculations to explore this notion.
We have started microwave resonance measurements with Yb. Yb is not only a clock
candidate, but it is also being used in cold atom experiments with the goal of using the ICE
transition to manipulate the cold Rydberg atoms. We have observed the (n+3)d to ng transitions
for 29<n<35, and we are planning to use adiabatic rapid passage to move population excited by
the laser to the (n+3)d states to the ng states and then observe transitions to the higher ℓ states.
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Program Scope:
Recent years have witnessed a great deal of progress in the production and
manipulation of ultracold atoms and molecules. These advances have unquestionably
benefited atomic, molecular and optical (AMO) physics, but they have also impacted a
variety of other fields, including quantum information, condensed-matter physics, plasma
physics, fundamental symmetries, and chemistry. Molecules, with their much richer level
structure, are more difficult to cool and manipulate than atoms. However, these multiple
degrees of freedom, including electronic state, vibration, rotation, electron spin, and
nuclear spin, have their positive side - they span a wide range of energy scales, allowing
interactions with a variety of other systems. Furthermore, heteronuclear molecules can
exhibit permanent electric dipole moments, whose long-range and anisotropic potentials
lead to novel and useful interactions. Molecule cooling techniques fall into two general
categories: 1. “direct”, such as buffer gas cooling, electrostatic slowing, and laser
cooling; and 2. “indirect”, such as photoassociation and magnetoassociation, where the
molecules are assembled from already ultracold atoms. Once produced, samples of
ultracold molecules can be confined and compressed in various optical, magnetic, and
electrostatic traps. The numerous applications of ultracold molecules include: ultracold
chemistry and collisions; quantum computation; simulations of condensed-matter
systems; quantum degenerate gases; novel quantum phases of dipolar gases; and tests of
fundamental symmetries and fundamental constants. Recently, the main thrust of our
experimental program has been to coherently produce and manipulate ultracold
molecules using pulses of frequency-chirped light on the nanosecond time scale.
Our experiments employ laser-cooled Rb atoms confined in a magneto-optical
trap (MOT). Rubidium has a number of practical advantages: 1) its D2 and D1 resonance
lines, at 780 nm and 795 nm, respectively, are conveniently matched to available diode
lasers; 2) it has two naturally occuring isotopes, 85Rb and 87Rb; 3) 87Rb is the workhorse
atom for BEC studies; and 4) the photoassociative formation of Rb2 formation, as well as
its state-selective ionization detection, have been extensively investigated here at UConn
and elsewhere. In our experiments, we load a phase-stable MOT with cold atoms from a
low-velocity intense source (LVIS). In order to make ultracold molecules, the atoms in
the MOT are illuminated with a sequence of pulses of frequency-chirped light. These
pulses are as short as 15 ns FWHM and the chirp rates as fast as 2 GHz in 38 ns. The
ground-state Rb2 molecules thus formed are detected by resonance-enhanced multiphoton
ionization (REMPI) with a tunable pulsed dye laser. The resulting molecular ions are
distinguished from background atomic ions by their time of flight to the detector.
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Recent Progress:
We have made significant progress in several of areas: formation and detection of
ultracold ground-state molecules by photoassociation with frequency-chirped light;
enhancement of molecular formation using shorter pulses, faster chirps, and shaped
chirps; production of intensity pulses and frequency chirps on faster time scales using
intensity and phase modulators in conjunction with with a double-pass tapered amplifier;
and quantum simulations of chirped photoassociation on various time scales and with
shaped frequency chirps.
We have been using photoassociation with pulses of frequency-chirped light to
form ultracold molecules in high vibrational levels of the a3Σg+ triplet ground state. In
these experiments, the chirp is centered on a photoassociation resonance located 7.8 GHz
below the 5S1/2 + 5P3/2 asymptote. Molecules ending up in the a3Σg+ state are detected by
REMPI with a pulsed dye laser at ~600 nm. In earlier work using 40 ns FWHM pulses
and linear chirps of 1 GHz in 100 ns, we found that, with all other parameters fixed, a
positive linear chirp produced more molecules than a negative linear chirp, but less than
an unchirped pulse. More recently, we are using an electo-optical modulator in a fiber
loop to produce more rapid chirps (2 GHz in 38 ns) and shorter pulses (15 ns FWHM),
and to incorporate shaping into the frequency chirps. As a result, we see a dramatic
improvement in the molecule formation rate. The most efficient chirp shape is a
piecewise positive linear (PPL) chirp, where the beginning and ending portions have a
small slope, while the central portion has a large slope.
In order to understand the dependence on chirp parameters, we perform, in
collaboration with Shimshon Kallush at ORT Braude and Ronnie Kosloff at Hebrew
University (both in Israel), quantum simulations of the molecule formation process. We
include the bound vibrational levels in both the ground-state (a3Σg+) and excited-state (0gand 1g) molecular potentials, as well as the ground-state continuum. The chirp first
populates various excited states, and these can in turn populate high vibrational levels of
the ground state, either by spontaneous (incoherent) or stimulated (coherent) emission.
By following the temporal evolution of the various state populations, we learn how to
optimize the formation rate. The reason that positive chirps outperform negative chirps is
as follows. A positive chirp first passes through a photoassociation (free-bound)
resonance, producing excited molecules from free atoms, and then through a boundbound resonance, causing stimulated emission of the excited-state molecules into a
ground-state vibrational level. This sequence is in the wrong order for a negative chirp,
thereby reducing the efficiency. The simulations also tell us why the PPL chirp does so
well. The slow portions of the chirp occur near the photoassociation and stimulated
emission resonances, making these transitions more adiabatic, and therefore more
efficient. The fast central portion of the chirp minimizes the time spent in the excited
state, thereby reducing the effects of spontaneous emission. This general chirp shape,
slow-fast-slow, emerged when we used local control of the phase for optimization in the
simulations. Local control is a unidirectional and non-iterative time propagation scheme
which adjusts the field, in our case the phase, at each instant of time in order to optimize
the target at the next time step.
In order to produce even faster chirped pulses and to be able to shape them
arbitrarily, we are using fiber-based electro-optic phase and intensity modulators driven
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by a 4 GHz arbitrary waveform generator (AWG). With this scheme, we have been able
to produce intensity pulses as short as 0.15 ns and chirps as fast as 5 GHz in 2.5 ns. To
boost peak powers to several hundred mW, we are using a tapered amplifier in a delayed
double-pass geometry.
Future Plans:
We will incorporate our faster chirp technology to further improve our molecular
formation. We will also use a quasi-cw laser to irreversibly pump chirp-produced
molecules into a different target state, thereby allowing population to accumulate there
without being subject to photodestruction by subsequent chirped pulses. We will begin
developing a multi-pass Ti:sapphire amplifier, which will allow us to increase our
chirped-pulse intensities by several orders of magnitude. Such intensities will be
necessary for experiments on an optical centrifuge for ultracold molecules. Chirped light
will be used to spin up molecules, already in states of high vibration, into states of high
rotation as well. Optical centrifuges for low vibrational states require huge chirps, which
have been realized in the ultrafast regime. Molecules in high vibrational states, such as
those we produce, are at large internuclear separations, and therefore have small
rotational constants, allowing them to be spun up with chirps of several GHz in a few ns,
well within the capabilities of our chirped pulse system. These molecules with large
amounts of internal energy (both vibrational and rotational) and angular momentum will
have interesting interaction properties.
Recent Publications:
“Quantum Dynamical Calculations of Ultracold Collisions Induced by Nonlinearly
Chirped Light,” J.L. Carini, J.A. Pechkis, C.E. Rogers III, P.L. Gould, S. Kallush, and R.
Kosloff, Phys. Rev. A 85, 013424 (2012).
“Production of Ultracold Molecules with Chirped Nanosecond Pulses: Evidence for
Coherent Effects,” J.L. Carini, J.A. Pechkis, C.E. Rogers III, P.L. Gould, S. Kallush, and
R. Kosloff, Phys. Rev. A 87, 011401(R) (2013).
“Population Inversion in Hyperfine States of Rb with a Single Nanosecond Chirped Pulse
in the Framework of a Four-Level Atom,” G. Liu, V. Zakharov, T. Collins, P. Gould, and
S.A. Malinovskaya, Phys. Rev. A 89, 041803(R) (2014).
“Enhancement of Ultracold Molecule Formation by Local Control in the Nanosecond
Regime,” J.L Carini, S. Kallush, R. Kosloff, and P.L. Gould, New J. Phys. 17, 025008
(2015).
“Enhancement of Ultracold Molecule Formation Using Shaped Nanosecond Frequency
Chirps,” J.L Carini, S. Kallush, R. Kosloff, and P.L. Gould, submitted for publication.
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Program Scope
Some of the most interesting phenomena, including all reactive physics, hinges on the coupling
or correlation of multiple degrees of freedom in the system. Yet the bulk of our intuitive
understanding of atomic and molecular systems and their response to applied external fields or
photon sources has emerged from uncorrelated theoretical treatments of the particles. In this
context, the word “uncorrelated” means that a separable wavefunction structure has been
assumed, even when this is generalized in many cases to a Slater determinant when identical
fermions are involved which require antisymmetrization as in Hartree-Fock theory. Many
correlated phenomena can be handled simply within these simpler frameworks, such as simple
configuration interaction methods for bound states which superpose Slater determinants for a few
dominant electronic configurations in atomic or molecular structure calculations. As our control
of quantum systems becomes increasingly refined, and as the observable phenomena become
correspondingly richer and more complex, it is increasingly paramount to develop nonperturbative theoretical techniques that begin from a correlated viewpoint and yield both insight
and quantitative accuracy in describing such phenomena. The emphasis of this project is on
developing and improving such theoretical tools that describe correlated few-body phenomena at
the atomic and molecular level, in particular striving to describe either existing experiments or
else to make predictions of new phenomena that are experimentally feasible to test.
The publications listed below [1-15] are the papers that have been supported primarily by this
project.
Recent Progress and Immediate Plans
(i) Few-body collisions from low energy up to chemically interesting temperatures
The chemical three-body recombination reaction starts from three initially free atoms or
molecules which simultaneously collide and react to form two bound fragments. During the past
year postdoctoral associate Jesus Perez-Rios has made substantial headway in understanding the
properties of this reaction in the case where one of the species has a positive charge.[1] In this
case the interactions are dominated at long range by the polarization potential, for the case we
have treated in which the neutral species have no permanent dipole moment. It should not be
surprising that Newtonian mechanics for the nuclear motion combined with a quantum
calculation of the Born-Oppenheimer surface for the triatomic system should be quite accurate at
high temperatures. But surprisingly, our first treatment of this system shows that it can be
treated using classical mechanics down to surprisingly low temperatures. For instance, we show
in [1] that the reaction Ba+ + Rb + Rb  (BaRb)+ + Rb or (Rb2) + Ba+ can be treated classically
not only up in the range from a few to several thousand Kelvin as would normally be expected,
but because so many partial waves contribute under the influence of the long range polarization
interaction, classical methods are predicted to be adequate even down to a few hundred
nanoKelvin. Our first treatment of this problem predicts the low energy threshold law for the
rate coefficient in the range where classical physics is still adequate, and our detailed
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calculations also suggest a strong propensity for forming bound molecular ions rather than
neutral dimers in this reaction. In the coming year we plan to continue this exploration of
reactive ion physics, and we are working with experimental groups to develop a quantitative test
of theory.
Another area we have investigated is a system of four equal mass charged particles, two positive
and two negative, as a prototype system where the Born-Oppenheimer approximation would be
unlikely to be useful in its usual form, but which remain amenable to a hyperspherical coordinate
formulation. This DOE project supported part of our effort, which culminated in our first studies
of the e+e+e-e- and analogous systems,[5,6] and computed the first charge-exchange scattering
information on this system. Our treatment of this system should serve as a prototype of this
process which can occur in other chemically-interesting systems with two positive and two
negative ions.
(ii) Atomic and molecular electron dynamics in internal and external fields
One of the most important developments in theoretical atomic and molecular physics in the past
several decades has been the development and maturation of the technique called frame
transformation theory. Some of the key early successes of this technique include its ability to
quantitatively describe multichannel Rydberg physics in H2, H3, and many other molecular
systems, and in numerous atomic systems as well such as the rare gas atoms, the halogens, and
the alkaline earth metal atoms. In all of those systems just mentioned, there is no external field
applied to the system, except for a weak radiative probe that can be treated perturbatively. An
important generalization of the theory to handle nonperturbative external field effects was
developed in the early 1980s, initially by Fano and Harmin, with subsequent extensions by other
researchers. The resulting Stark theory of Rydberg states of atoms and molecules was a
particularly powerful combination of quantum defect ideas and local coordinate transformations
that is now called local frame transformation theory (LFT).
Despite its remarkable successes for a number of atoms and molecules, the LFT has been
subjected to increasingly careful and quantitative scrutiny over the years, and a few examples
from careful experiment and theory have suggested that it has inaccuracies which limit its
usefulness in some regimes. One example is the Stark effect for lithium Rydberg states, studied
carefully in 1996 by Bergeman, Metcalf, and coworkers, which found errors in the LFT
calculated resonance energies ranging from 50 to a few thousand parts per million. And while
the LFT has determined total photoionization cross sections to quantitative accuracy, a 2012
study by Zhao, Fabrikant, Du, and Bordas claimed that other observables such as the
photoionization microscopy differential cross section are inaccurate in the LFT. Because the
LFT has emerged as a major tool for theoretical physics, we have revisited the fundamental
underpinnings of the LFT approximation, spearheaded by postdoctoral associate Panos
Giannakeas and in collaboration with Francis Robicheaux. The careful reformation of the LFT
presented in [2,3] demonstrates that the basic Harmin-Fano Stark LFT is basically correct and
does not have the major flaws claimed by Zhao et al. However, the qualitative points raised by
the Zhao et al. paper do suggest areas where improvements of the LFT are desirable, and this has
led to a first long paper describing a treatment based on the Schwinger variational principle [4]
which shows a way to implement LFT with more accuracy and reliability. In the next year of
funding for this project, we plan to implement these improvements in the atomic Stark effect
problem and test the improved theory against both experiment and conventional calculations that
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are more exact (but more expensive). A subsequent goal is to apply the theory to other problems
such as strong-field ionization of an atom or molecule by a powerful short pulse laser.
(iii)Implosive interactomic Coulombic decay processes
Most ICD processes produce a double positively-charged system is formed during the decay,
which subsequently undergoes a Coulomb explosion. We have been focusing on a different
class where the products formed in the decay experience an attractive interaction. The
differences and similarities with the more typical type of explosive ICD process are still being
explored and should come to fruition during the coming year of this project.
Papers published since 2013 that were supported by this grant.
[1] Communication: Classical threshold law for ion-neutral-neutral three-body
Recombination, J Pérez-Ríos and C H Greene, J. Chem. Phys. 143, 041105-1 to -3 (2015).
[2] Photoionization microscopy in terms of local-frame-transformation theory, P. Giannakeas,
F. Robicheaux, and Chris H. Greene, Phys. Rev. A 91, 043424-1 to -14 (2015).
[3] Comment on “Test of the Stark-effect theory using photoionization microscopy”, P.
Giannakeas, F. Robicheaux, and Chris H. Greene, Phys. Rev. A 91, 067401-1 to -4 (2015).
[4] Schwinger-variational-principle theory of collisions in the presence of multiple potentials,
F. Robicheaux, P. Giannakeas, and Chris H. Greene, Phys. Rev. A 92, 022711-1 to -21 (2015).
[5] Hyperspherical asymptotics of a system of four charged particles, K. M. Daily, Few Body
Systems, online publication 2015, pp 1-14, DOI 10.1007/s00601-015-0979-7.
[6] Scattering properties of the 2e−2e+ polyelectronic system, K. M. Daily, J. von Stecher, and
C. H. Greene, Phys. Rev. A 91, 012512-1 to -7 (2015).
[7] Two-photon total annihilation of molecular positronium, J Pérez-Ríos, S. T. Love, and C. H.
Greene, Europhys. Lett. 109, 63002-1 to -4 (2015).
[8] Adiabatic hyperspherical analysis of realistic nuclear potentials, K. M. Daily, A. Kievsky,
and C. H. Greene, Few Body Systems, online publication 2015, pp 1-7, DOI 10.1007/s00601015-1012-x.
[9] Comparison of classical and quantal calculations of helium three-body recombination, J
Pérez-Ríos, S Ragole, J Wang, and C H Greene, J. Chem. Phys. 140, 044307-1 to -12 (2014).
[10] What will it take to observe processes in ‘real time’?, S R Leone, C W McCurdy, J
Burgdörfer, L S Cederbaum, Z Chang, N Dudovich, J Feist, C H Greene, M Ivanov, R
Kienberger, U Keller, M F Kling, Z-H Loh, T Pfeifer, A N Pfeiffer, R Santra, K Schafer,
A Stolow, U Thumm and M J J Vrakking, Nature Photonics 8, 162-166 (2014).
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[11] Analyzing Feshbach resonances: A 6Li-133Cs case study, R. Pires, M. Repp, J. Ulmanis, E.
D. Kuhnle, and M. Weidemueller, T. G. Tiecke, C H Greene, B P Ruzic, J L Bohn, and E
Tiemann Phys. Rev. A 90, 012710-1 to -14 (2014).
[12] Low-energy electron collisions with O2: Test of the molecular R-matrix method without
diagonalization, M Tarana and C H Greene, Phys. Rev. A 87, 022710-1 to -13 (2013).
[13] Rydberg states of triatomic hydrogen and deuterium, Jia Wang and C H Greene, J. Phys.
Chem. A 117, 9761-9765 (2013). DOI: 10.1021/jp312462a
[14] Quantum defect theory for high-partial-wave cold collisions, B P Ruzic, C H Greene and J
L Bohn, Phys. Rev. A 87, 032706-1 to -14 (2013).
[15] Lorentz Meets Fano in Spectral Line Shapes: A Universal Phase and Its Laser Control, C
Ott, A Kaldun, P Raith, K Meyer, M Laux, J Evers, C H Keitel, C H Greene, and T Pfeifer,
Science 340, 716-720 (2013).
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I. Program Scope
This project focuses on the exploration and control of dynamics in atoms and small molecules
driven by strong laser fields. Our goal is to exploit strong-field processes to implement novel
ultrafast techniques for manipulating and probing coherent electronic and nuclear motion within
atoms, molecules, and on surfaces. Ultimately, through the application of these methods, we
hope to obtain a more complete picture of correlated multi-particle dynamics in molecules and
other complex systems.
II. Recent Progress and Results
During the current funding year we have: (i) continued our investigation of THz-induced,
electron field-emission from nano-structured metals and the accompanying large energy transfer
to the ejected electrons in the locally enhanced THz field; (ii) worked in collaboration with the
DiMauro/Agostini group at OSU, employing the RABITT method to obtain time-resolved
information about the effective binding potential experienced by low-energy photo-electrons as
they leave their parent ion; and (iii) made technical improvements to extend our work on THz
induced, transient field-free orientation of polar molecules;
Two of these projects involve the use of intense, single-cycle THz pulses which are produced via
optical rectification of tilted pulse-front, 50-150 fs, 790nm laser pulses in MgO doped
stoichiometric Li:NbO3 [1,2]. Such pulses are interesting in the context of strong-field and
ultrafast physics for several reasons. First, the broad frequency spectrum and large field strengths
allow for direct rotational excitation of molecules, enabling the creation of controllable, mixed
parity rotational wavepackets without electronic excitation, ionization, or strong static fields.
Second, the long oscillation period of the field makes it possible to drive free, or quasi-free,
electrons to large energies (> 100 eV) without influencing the tightly bound electrons in atoms,
molecules, or condensed systems. Accordingly, these pulses can be used as time-resolved probes
of photoionization times with a temporal resolution approaching a few or few tens of
femtoseconds. Third, the passively CE-phase locked, true single-cycle pulses allow us to explore
various strong field phenomena in a regime that has yet to be realized at visible and higher
frequencies.
i) THz-Induced Electron Field Emission from Nano- and Micro-Structured Metal Wires
Due to the wavelength scaling of the pondermotive potential, electrons that are free to move over
large distances can attain energies exceeding 100 eV directly from intense single-cycle THz
pulses with peak fields approaching 0.5 MV/cm [ii]. Therefore, in principle, such pulses might
be useful for high-energy streaking of photo-electrons from condensed matter targets, providing
a time-resolved probe of electron emission without causing permanent sample damage. In
addition, electron emission from a scanning probe tip, induced by non-damaging ultrashort THz
pulses, might enable time-resolved electron microscopy. Indeed, THz pulses were recently
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employed to gate the tunnel current in a STM [3] as well as optical field emission from metal
nano-tips [4]. Some applications might also benefit from direct field emission induced by THz
pulses alone. Unfortunately, the < 1 MV/cm field strengths available from typical laser-based
THz sources are two to three orders of magnitude too small to induce tunneling ionization from
bulk metals [5]. However, we and others [6,7] have recently observed THz-induced fieldemission from nano- and micro-structured metals by exploiting the substantial field
enhancements near the surface of these structures.
We find that we can generate high-energy electrons (> 5 keV) by focusing intense THz pulses
with peak field strengths of ~ 400 kV/cm on unbiased single nano- and micro-tipped tungsten
wires. These energies exceed, by more than an order of magnitude, those previously produced
via field-emission in THz [6], infrared [7] or optical fields [8] alone. In general, the energy
distributions are characterized by a sharp high-energy cutoff with a broad maximum and low
energy tail, and are similar to those observed by other groups [6]. For large THz fields, the
FWHM of the distribution is roughly 20% of the energy at its peak. Interestingly, the peak and
high-energy cutoff scale linearly with the applied field. Also, despite the significant reduction in
the enhanced field expected for blunter tips, the maximum energy transfer for a given THz field
differs by only a factor of 2 for wires with tip radii varying over a factor of 50.
The non-pondermotive, linear dependence of the maximum electron energy with applied field is
perhaps unexpected, and the magnitude of the maximum energy is striking. Indeed, the
measurements suggest an underlying physical mechanism that is substantially different from the
simpleman’s model for energy transfer in an oscillating field. Instead, our observations are
consistent with a different model [8] which assumes that the energy acquired by the electron
takes place over a fraction of the field cycle. As such, it depends on the magnitude of the locally
enhanced field at the instant of emission, rather than on the vector potential (which reflects the
time-integral of the field after emission). In this regime, the energy transfer is equal to the work
done by the approximately static, enhanced field as the electron travels over a short distance
comparable to the tip radius. Interestingly, this model predicts that the maximum energy transfer
should be independent of the tip radius, R, similar to what we observe.
We have performed numerical simulations of the energy transfer process, including the timedependent tunneling probability, the spatial distribution of the enhanced field, and the time
dependence of the applied field. The simulated energy distributions exhibit sharp high-energy
cutoffs and low energy tails similar to the measurements, but have narrower energy widths. This
may be the result of neglecting space charge effects that likely play a role in the experiments.
The simulations are also consistent with our observation that the maximum electron energy has
only a very weak dependence on tip radius. A manuscript describing this work is in preparation.
(ii) Near Threshold Energy Transfer to Attosecond Photoelectrons
In collaboration with the DiMauro/Agostini group at OSU, we have used attosecond pulse trains
to photoionize noble gas atoms near threshold in the presence of a moderately intense, 1.3
micron, infrared dressing laser. As in the standard RABITT technique, which is typically used to
reconstruct the field in attosecond pulse trains, we monitor the amplitude and phase of
photoelectron sidebands. These sidebands are produced via energy transfer between the dressing
field and the photoelectrons produced directly by the XUV harmonic radiation. By comparing
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the amplitudes and phases of the low-energy sidebands for different atoms we can extract timeresolved information regarding the differences in the binding potentials experienced by the
photoelectrons during the first 1 fs or so following their birth. In principal, a variant of these
measurements might provide time-resolved information on changes in an atomic/molecular
potential due to an external stimulus.
(iii) Transient Field-Free Orientation of Polar Molecules using Intense Single-Cycle THz Pulses
Following the first demonstration of field-free orientation of polar molecules by intense THz
pulses [10], we showed that the degree of achievable orientation could be substantially improved
by coherently preparing the molecules in rotational superposition states, via Raman transitions in
a short optical pulse, prior to their exposure to the THz radiation [i]. Our initial measurements
were performed at a low (15 Hz) repetition rate using 20 mJ optical pulses to generate as much
THz radiation as possible. We have now rebuilt our molecular beam and detection apparatus,
implementing an improved THz and optical beam geometry. In addition, we are in the process of
upgrading our 1.5 mJ Ti:Sapphire amplifier to 5 mJ. This should enable us to produce
comparable or greater levels of orientation at a 1 kHz repetition rate, allowing for future studies
of high-harmonic generation from oriented molecules.
III. Future Plans
We will continue with the projects described in the preceding section. First, we plan to further
characterize the THz-induced field emission from nano-tips (e.g. angular and temporal
distributions) as a potential source of short electron bursts for initiating and probing molecular
dynamics. In addition, we intend on exploiting the enhanced THz field in the vicinity of microtipped wires to manipulate laser-driven tunneling ionization and electron recollisions, and
perhaps improve THz-based field-free molecular orientation. Second, we hope to soon have
improved RABITT data at a longer dressing wavelength (1.8 microns). This will allow us reduce
the uncertainties in the time-resolved information that we are able to extract regarding the
effective binding potential seen by the departing electron immediately following ionization.
Third, we plan to test our improved apparatus for enabling THz-induced field-free molecular
orientation at kHz repetition rates.
In addition to these continuing projects, we are working to improve our experimental capabilities
to revisit a problem that we have been studying for several years, namely the coupled dynamics
of electrons and nuclei during asymmetric strong-field multi-electron dissociative ionization.
Two recent experiments [12,iii] have offered conflicting views as to the importance of multielectron processes during enhanced ionization. We are attempting to reduce the duration of the
laser pulses available from our hollow-core-fiber compressor to < 7 fs to perform 2-color pump
probe experiments in an attempt to resolve that conflict.
IV. DOE Sponsored Publications from the Last 3 Years
[i] K. Egodapitiya, Sha Li, and R.R. Jones, “THz Induced Field-Free Orientation of Rotationally
Excited Molecules,” Physical Review Letters 112, 103002 (2014).
[ii] Sha Li and R.R. Jones, “Ionization of Excited Atoms by Intense Single-Cycle THz Pulses,”
Physical Review Letters 112, 143006 (2014).
[iii] X. Gong, M. Kunitski, K.J. Betsch, Q. Song, L. Ph. H. Schmidt, T. Jahnke, Nora G. Kling,
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O. Herrwerth, B. Bergues, A. Senftleben, J. Ullrich, R. Moshammer, G.G. Paulus, I. Ben-Itzhak,
M. Lezius, M.F. Kling, H. Zeng, R.R. Jones, and J. Wu, “Multielectron Effects in Strong-field
Dissociative Ionization of Molecules,” Physical Review A 89, 043429 (2014).
[iv] M. Kubel, Nora G. Kling, K. J. Betsch, N. Camus, A. Kaldun, U. Kleineberg, I. Ben-Itzhak,
R.R. Jones, G.G. Paulus, T. Pfeifer, J. Ullrich, R. Moshammer, M.F. Kling, and B. Bergues, “NonSequential Double-Ionization of N2 in a Near Single-Cycle Laser Pulse,” Physical Review A 88,
023418 (2013).
[v] K. J. Betsch, Nora G. Johnson, B. Bergues, M. Kubel, O. Herrwerth, A. Senftleben, I. BenItzhak, G. G. Paulus, R. Moshammer, J. Ullrich, M. F. Kling, and R. R. Jones, “Controlled
directional ion emission from the dissociative ionization of CO over multiple charge states in a fewcycle laser field,” Physical Review A 86, 063403 (2012).
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[2] H. Hirori, A. Doi, F. Blanchard, and K. Tanaka, “Single-cycle Terahertz Pulses with Amplitudes
Exceeding 1MV/cm Generated by Optical Rectification in LiNbO3,” Appl. Phys. Lett. 98, 091106
(2011).
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The goal of this work is to develop novel short wavelength probes of molecules and to understand
the response of atoms, molecules and nanosystems to strong laser fields. We made exciting advances
in several areas since 2013.[1-10] Recent highlights include –
Angularly separated beams of circularly polarized high harmonics [1]: In work soon to be
published in Nature Photonics, we generated isolated beams of circularly polarized high
harmonics (HHG) using noncolinear counter-rotating driving lasers. This allows us to control the
direction and polarization of HHG beams using visible lasers. This new scheme has many
advantages - including separating the HHG beams from the laser beam without using filters or
optics, the production of both left and right circularly polarized HHG at each wavelength, and
the ability to separate different HHG orders without using a spectrometer. This approach is also
the only way to generate isolated attosecond bursts of circularly polarized HHG, and enables
precision differential measurements of ultrafast XMCD simultaneously at each HHG order. This
work was done at JILA in collaboration with Charles Durfee from the Colorado School of
Mines, who spent a sabbatical year at JILA.

Figure 1: Two counter-rotating circularly polarized fs laser beams, when focused noncollinearly into a gas,
produce left and right circularly polarized HHG beams that emerge at different angles (23 eV inner, and 14 eV
outer). Photon model: the HHG directions are set by vector addition of the wave-vectors. Wave model: the
electric field rotates across the laser focus.

Solvents Effects on Charge Transfer from Quantum Dots [3]: In work recently published in
JACS, we explored the influence of the solvent through a comparison of quantum dot charge
transfer processes occurring in both liquid phase and in vacuum. By comparing solution phase
transient absorption spectroscopy and gas-phase photo- electron spectroscopy, we show that
hexane, a common nonpolar solvent for quantum dots, has negligible influence on charge
transfer dynamics. Our experimental results, supported by insights from theory, indicate that the
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reorganization energy of nonpolar solvents plays a minimal role in the energy landscape of
charge transfer in quantum dot devices. Thus, this study demonstrates that measurements
conducted in nonpolar solvents can indeed provide insight into nanodevice performance in a
wide variety of environments. This is important in order to predict and understand the
performance of nanodevices in different environments.
Observation of a new regime of collective nanoscale thermal transport [2]: A great
challenge in the semiconductor and electronics industries is that as nanoscale features get smaller
and processes get faster, significant amounts of
heat need to be quickly carried away from the
nanostructures. In collaboration with Lawrence
Berkeley National Laboratory, we made a
counter-intuitive discovery - it is much easier to
cool hot nanostructures when they are arranged
closely together rather than far apart. This result is
exciting for the field of thermal transport because
in 2010 we showed that small, isolated hotspots
are, in fact, quite challenging to cool.
In our experiments, we patterned an array of
nanostructures on different materials. When the
nanostructures were heated with an infrared laser,
they emit phonons (lattice vibrations), which
travel into the substrate and collide with other
phonons, carrying away the heat. When the Figure 2: Hot nanowires emit phonons into
nanostructures are placed close together, cooling underlying materials. When closely packed, these
is enhanced because it does not matter whether phonons collide and efficiently transport heat
the colliding phonons come from the same hot away.
nanostructure or neighboring hot nanostructures.
Thus, paradoxically, arranging the hot nanostructures more closely together actually enhanced
heat dissipation. Moreover, we were able to extract which lattice vibrations carry heat away
from a hot region and also predict new ways to engineer the cooling rate in a material. This work
is already generating much interest from industry, because it can inform smart designs of heat
dissipation in nanostructures such as integrated circuits, thermoelectric devices, heat therapies
mediated via nanoparticles, and nanoenhanced solar cells used in clean energy technologies.
Electron-Ion Rescattering in Polarization-Shaped Light Fields [4]: A remarkable ability of
intense bursts of femtosecond laser light is to pluck electrons from atoms and molecules,
accelerate them to high energy, and then scatter them from the same atom or molecule from
which it originated. These laser-driven electrons are very useful – for example, they can emit
laser-like beams of X-rays if they recombine with their parent ions. Alternatively, like a superpowered electron microscope, an electron can scatter from the ion, providing structural
information on sub-Ångström spatial scales and sub-femtosecond times scales.
Typically, when electrons are driven with linearly polarized lasers, they travel in onedimensional trajectories and produce patterns that are so complicated that it is difficult to extract
structural information. In recent work, we used two-color circularly polarized laser fields to
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drive electrons in two-dimensional
trajectories before they rescatter off the
parent-ion. This feature, coupled with
the fact that rescattered electrons are
well separated from those that do not
rescatter, should offer the ability for
multi-dimensional
imaging
of
molecules. Moreover, this work also
provides the first experimental
verification of the theoretical model
describing how these laser fields can
be used to generate bright, circularly
polarized extreme ultraviolet light.

Figure 3: (left) The electron distributions resulting from the
ionization of atoms/molecules using a linearly-polarized lasers
exhibit complicated holograms due to interferences between
electrons that rescatter off the parent-ion and those that do not.
(right) For two-color circularly polarized lasers, there is a
complete separation in energy between electrons that rescatter
and those that never return to the parent-ion.

Future work: First, we are using ultrabroad bandwidth, ultrafast HHG soft X-rays to capture NEXAFS over hundreds of electron volt
energies simultaneously. To implement dynamic NEXAFS, gas, solid and liquid-phase samples will
be excited using mid-IR – UV light, and then probed using soft X-ray HHG supercontinua. Second,
we will capture orbital dynamics in molecules and nanosystems using photoelectron spectroscopy.
Finally we will characterize circularly and linearly polarized attosecond pulses in the EUV and soft
x-ray regions.
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Program Scope: We are investigating phenomena associated with ionization of an atom or
molecule by single photons (weak field) or low energy electrons with an emphasis on ionizationdriven atomic and molecular dynamics. Of particular interest is untangling the complicated
electron-correlation effects and molecular decay dynamics that follow an initial photoionization
or electron attachment event. We perform these measurements using variations on the wellestablished COLTRIMS technique. The experiments take place at the Advanced Light Source at
LBNL as part of the ALS-COLTRIMS collaboration with the groups of Reinhard Dörner at
Frankfurt and Thorsten Weber at LBNL and at Auburn University in collaboration with Prof.
Mike Fogle. Because the measurements are performed in “list mode” over a few days where
each individual event is recorded to a computer, the experiments can be repeated virtually with
varying gate conditions on computers at Auburn University months following the measurements.
We continue to collaborate closely with theoreticians also funded by DOE-AMOS including the
groups of C.W. McCurdy, T. Resigno, A. Orel, and D. Haxton. Below are two brief examples of
recent results (submitted or to be submitted for publication).
Recent Progress:
Electron driven Molecular Dynamics:

Left: O- momentum distribution following interaction with a 48 eV electron (electron beam
direction is up in the figure). Right: Associated Kinetic Energy distribution for the
momentum distribution at left. Note the multiple sharp peaks, corresponding to excitations
that decay through ion-anion pair production.
We have performed a number of dissociative electron attachment measurements on small
molecules in collaboration with Prof. Mike Fogle at Auburn, where we have used momentum
imaging of the resulting anion in order to explore the dissociation dynamics. Recently, we have
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employed a momentum imaging technique to measure the electron impact anion production far
above the dissociative ionization threshold for number of small molecules including O2. By
measuring the momentum distribution of the anion produced we are able to determine the kinetic
energy release in the reaction as a function of emission angle over the full 4π solid angle of
acceptance. We have found that the high angular resolution of our supersonic crossed-beam
experiment has provided new insights into previous measurements of some systems, and we
anticipate additional fruitful collaboration with the LBNL theoretical (listed above) and
experimental group (Belkacem and Slaughter) also funded within the DOE-AMOS program.
One such example is shown in the figure on the previous page showing recent results for
dissociative electron excitation at 48eV electron energy resulting in O− fragments. Although
well above the dissociative attachment energies, we find a substantial number of anions formed
through excitations that decay through ion-anion pair production. Currently we are working to
identify individual states populated, determine their relative production fractions, and individual
angular distributions. Theory support for these experiments is greatly needed.
Photoionization experiments at ALS:

MFPAD for C2H6 at 4.5 eV above the C 1s threshold from analysis of the experimental data
assuming the three protons in the breakup channel C2H6 + hν → H+ + H+ + H+ + neutrals +
3e- originated from the same carbon atom (left column) and complex Kohn calculations at
4.35 eV (right column).
Auburn has continued participating in the collaboration with the University of Frankfurt and
LBNL groups in COLTRIMS experiments at the Advanced Light Source at LBNL. The most
recent example resulting from this joint effort is a work led by Joshua Williams and the
McCurdy group recently submitted to Journal of Physics B.
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We measured molecular frame photoelectron angular distributions (MFPADs) in electron-ion
momentum imaging experiments and compared these with complex Kohn variational
calculations (LBNL, McCurdy group) for carbon K-shell ionization of CF4, C2H6 (shown above)
and C2H2F2. While in ethane the polarization averaged MFPADs show a tendency at low
energies for the photoelectron to be emitted in the directions of the bonds, the opposite effect is
seen in CF4. A combination of these behaviors is seen in difluoroethylene where ionization from
the two carbons can be distinguished experimentally because of their different K-shell ionization
potentials. Excellent agreement is found between experiment and theoretical calculations
performed by Cynthia Trevisan and the LBNL theory group.
Future Plans:
We intend to pursue additional experiments as part of our work within the ALS-COLTRIMS
collaboration and expand our efforts at Auburn to study electron driven phenomena. Here are
some examples:
• Extend electron driven dynamics measurements to include liquid and complex targets (e.g.
alcohols, formic acid, clusters)
• Study core-photoionization in similar systems to methane to explore whether or not the
imaging effect observed in methane occurs elsewhere (e.g. H20, NH3).
• Measure the Auger electrons in coincidence with fragments to produce molecular frame
angular distributions for Auger electrons in order to better identify dissociative pathways
following photoionization.
• Use larger polyatomic molecules (e.g. allene) to probe the limits of extending these
measurements to systems of increasing complexity.
• Continue to be guided by and partner with theoreticians to study these fundamental
processes.
Refereed Publications: Supported by most recent DOE-AMOS funding (2011-2015)
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4. Resonant Auger decay driving intermolecular Coulombic decay in molecular dimers, F
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5. Dissociative electron attachment to carbon dioxide via the 2Πu shape resonance, A.
Moradmand, D.S. Slaughter, D.J. Haxton, A.L. Landers, C.W. McCurdy, T.N. Rescigno, M.
Fogle, A. Belkacem Phys. Rev. A 88 032703 (2013).
6. Dissociative-electron-attachment dynamics near the 8-eV Feshbach resonance of CO2,
A. Moradmand, D. Slaughter, A.L. Landers, M. Fogle, Phys. Rev. A 88 022711 (2013).
7. Momentum imaging of dissociative electron attachment to N2O, A. Moradmand, A.L.
Landers, M. Fogle, Phys. Rev. A 88 012713 (2013).
8. Momentum-imaging apparatus for the study of dissociative electron attachment
dynamics A. Moradmand, J. Williams, A. Landers, M. Fogle, Review of Scientific
Instruments 84, 033104 (2013).
9. Ejection of quasi free electron pairs from the helium atom ground state by a single
photon, M. S. Schöffler, C. Stuck, M. Waitz, F. Trinter, T. Jahnke, U. Lenz, M. Jones, A.
Belkacem, A.L. Landers, C.L. Cocke, J. Colgan, A. Kheifets, I. Bray, H. Schmidt-Böcking,
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10. Probing the Dynamics of Dissociation of Methane Following Core Ionization Using
Three-Dimensional Molecular Frame Photoelectron Angular Distributions, J. B.
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Wallauer, F. Sturm, T. N. Rescigno, A. Belkacem, R. Dörner, Th. Weber, C. W. McCurdy,
and A.L. Landers, J. Phys. B: At. Mol. Opt. Phys., 45 194003 (2012).
11. Calculated and measured angular correlation between photoelectrons and Auger
electrons from K-shell ionization, F. Robicheaux, M. P. Jones, M. S. Schöffler, T. Jahnke,
K. Kreidi, J. Titze, C. Stuck, R. Dörner, A. Belkacem, Th. Weber, and A.L. Landers J. Phys.
B: At. Mol. Opt. Phys., 45 175001 (2012).
12. Multi fragment vector correlation imaging - A proposal to search for hidden dynamical
symmetries in many-particle molecular fragmentation processes, F. Trinter, L. Ph. H.
Schmidt, T. Jahnke, M. S. Schöffler, O. Jagutzki, A. Czasch, J. Lower, T. A. Isaev, R.
Berger, A. L. Landers, Th. Weber, R. Dörner, H. Schmidt-Böcking Molecular Physics 110
1863 (2012).
13. Imaging polyatomic molecules in three dimensions using molecular frame
photoelectron angular distributions, J. B. Williams, C. S. Trevisan, M. S. Schöffler, T.
Jahnke, I. Bocharova, H. Kim, B. Ulrich, R. Wallauer, F. Sturm, T. N. Rescigno, A.
Belkacem, R. Dörner, Th. Weber, C. W. McCurdy, and A.L. Landers, Phys. Rev. Lett. 108
233002 (2012).
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T. N. Rescigno, and C. L. Cocke, Phys. Rev. A 84 053406, (2011).
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and Auger decay of N2, M. Schöffler, T. Jahnke, J. Titze, N. Petridis, K. Cole, L. Ph. H.
Schmidt, A. Czasch, O. Jagutzki, J.B. Williams, C.L. Cocke, T. Osipov, S. Lee, M.H. Prior,
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Exploiting Non-equilibrium Charge Dynamics in Polyatomic Molecules to Steer
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Program Scope
The project has two aims: (1) Creating and probing photoinduced charge migration
dynamics of pure electronic origin on the attosecond to few femtoseconds time scales and
studying the role of non-equilibrium charge distributions in inducing selectivity of
chemical reactions in polyatomic molecules. (2) Achieving mode-selective chemistry in
polyatomic molecules using intense ultrashort mid-infrared pulses. In the past year, we
have achieved significant progress with both goals, experimentally and theoretically.
Recent Progress and Future Plans
Attosecond-Resolved Electron Correlation in Benzene (Wen Li, Raphael Levine,
Francoise Remacle and H. Bernhard Schlegel)
The Li group recently developed a novel 3D coincidence imaging system capable of
highly efficient electron-electron coincidence detection. Such a capability is critical for
probing coherent electronic dynamics. Exploiting this capability and the principle of
angular streaking, we implemented a universal probe of attosecond electronic dynamics
with a time range from zero attosecond to a few femtoseconds with a resolution of tens of
attoseconds. By implementing both triple and quadruple coincidence measurements, we
were also able to study the state-resolved electron momentum correlation for the first
time. Strong field double ionization of benzene was chosen as the first case study system,
focusing on time-resolved double ionization rate. The preliminary result is exciting and
promising: the double ionization rate decays as the time separation between the two
electron ionization increases from zero attosecond to one femtosecond. The measurement
was further supported by the decay of electron repulsion in the direction perpendicular to
the polarization plane. This is the first clear evidence that the correlated electron motion
promotes double ionization in attosecond time scale. Currently both the Schlegel group
and the UCLA-ULg groups are helping to further understand this result. Experiments on
other large aromatic and non-aromatic molecules such as furan, pyrrole, cyclohexadiene
are on-going. Future development of this technique will be to use few-cycle mid-IR pulse
to extend the time range to tens of femtoseconds, which will be especially suitable for
studying coupled electronic and nuclear wave packet dynamics.
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Strong Field Dissociation Dynamics by Circularly Polarized Mid-IR pulse (H.
Bernhard Schlegel and Wen Li)
The Schlegel group is currently studying the effect of intense circularly polarized mid-IR
laser fields on the fragmentation of different molecular systems. Lower intensities of
circularly polarized light are needed to obtain the same degree of fragmentation, which is
favorable for avoiding ionization implications. When the propagation of light is
perpendicular to the plane of the molecule, the dissociation is almost entirely in the plane
of the molecule. In formyl chloride, the branching ratios for circularly polarized light,
H+ClCO+ > Cl+HCO+ > HCl++CO, are different than for linearly polarized light
averaged over the corresponding angles, Cl+HCO+ > H+ClCO+ > HCl++CO. While the
total angular momentum of the system after the pulse is the same for right and left
circularly polarized light, it is surprising to see the components of angular momentum of
the fragments differ in sign and magnitude for right and left circularly polarized light.
This suggests the possibility of using the helicity of laser pulses as a new “knob” to
control chemical reactions.
Development and Application of Mid-IR Light Sources for Mode Selective
Chemistry (Henry Kapteyn and Margaret Murnane)
At JILA, the focus in the first year has been on developing the experimental capabilities
necessary for the project. First, we developed a mid-IR laser system using a combination
of Yb:YAG pump lasers and parametric amplification (OPCPA) using periodically-poled
nonlinear materials, that is operating in the parameter range of interest: kHz repetitionrate, 1 mJ pulse energy at 3.1 micron wavelength, and sub-100-fs pulse duration. For
experiments requiring longer mid-IR wavelengths, we have also designed and recently
received custom-fabricated ZGP crystals from BAE systems that is allowing us to use the
OPCPA laser (and a Ti:sapphire-pumped OPA) as a pump source for generating 4 µm
and even longer-wavelength pulses in the 6-8 µm spectral region, with pulse duration of
≈ 5 cycles. This provides the team with truly unique experimental capabilities to test the
Wayne State prediction that long wavelength driving lasers will enable increased
molecular fragmentation. The molecular dynamics studies are being done using novel
coincidence-capable time-of-flight velocity map imaging techniques pioneered at Wayne
State by the Li group. At JILA, we implemented this technique in one of the two VMI
setups. Finally, we are using UV pump pulses to selectively excite coupled electronic and
nuclear dynamics in small molecules, by ionizing from different states.
Time-Resolved Charge migration (Raphael Levine and Francoise Remacle)
The UCLA-ULg groups started investigating the role of non-equilibrium electronic
density on the nuclear motion on a diatomic molecule, N2 (UCLA) and on larger medium
size polyatomic molecules (ULg), PENNA (C10H15N) and ABCO (C7H13N). These
molecules were chosen after discussion with the Li group, who simultaneously started to
plan the experiments on N2 and on ABCO. We are developing and applying approximate
methodologies for PENNA and ABCO. In the case of PENNA, we first determined
which internal nuclear degrees of freedom were involved in the charge-migration-
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fragmentation channel. Two conical intersection were identified coupling the 3 lowest
electronic states of the cation and the PES were computed for the two internal
coordinates, C-C bond between the two moieties and dihedral puckering angle of the
amine end, involved in these intersections. At the same time, surface hopping dynamics
for the entire number of internal degrees of freedom was run on the fly on the three
lowest states of the cation. In the next few months, fully quantum dynamics will be run
on the 2D PES and the results compared with the surface hopping ones to assess the role
of coherence. In the case of ABCO, the excited states of the neutral and the cation were
computed. Following consultation with the Li group, electronic dynamics was then run
for frozen nuclei for UV fs pulses with a 200 and 400 nm carrier frequency. The next step
here is to compute the initial response of the nuclei by computing the force due to the
non-stationary electron density. Preliminary steps have been made and will be pursued in
the coming months. For N2 we are using the pulse parameters of the Li group to excite
the molecule while retaining a full description of the nuclear motion. In particular the
dipole response exhibits clear evidence for nonadiabatic coupling in the nuclear motion
starting at about 10 fs following excitation.
Publications from DOE-funded research (the first year)
(none yet)
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Probing electron-molecule scattering with HHG: Theory and
Experiment
Robert R. Lucchese, Department of Chemistry, Texas A&M University, College Station, TX,
77843, lucchese@mail.chem.tamu.edu
Erwin Poliakoff, Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803,
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Program Scope
Understanding electron-molecular scattering dynamics is the overall theme of our
program. Until a few years ago, our primary focus was on one-photon molecular ionization and
the coupling between vibrational and electronic motion. Recently, we have begun to study
electron-molecule collisions that occur in high-field processes such as high harmonic generation
(HHG) and recollision spectroscopy. Both experimentally and theoretically, this work is being
performed in collaboration with the McDonald Laboratory at Kansas State University.
Additionally, we have begun a collaboration with the Atomic, Molecular, and Optical Theory
group at Lawrence Berkeley National Laboratory (LBNL) to develop next generation
computational tools for studying electron-molecule collisions. All of these research efforts
benefit the Department of Energy because the results elucidate structure/spectra correlations that
will be indispensable for probing complex and disordered systems of interest to DOE such as
clusters, catalysts, reactive intermediates, transient species, and related species.

Recent Progress
High Resolution Photoelectron Spectroscopy
As larger systems are considered, the experimental study of vibrational resolved
photoionization cross sections is limited by the increase in the density of states that makes the
extraction of vibrationally specific cross sections difficult. This is caused by the number of
thermally accessible low-lying tautomers in large molecules, the increase in the density of
electronic states of the molecular ion, and to the increase in the density of vibrational states.
These limitations are seen in our recent study of the high resolution photoelectron spectrum with
partial vibrational resolution of a series of pyrimidine-type nucleobases: thymine, uracil and
cytosine. The improved resolution allowed us to identify the electronic origins for the outermost
valence electronic states. In the case of cytosine, there has also been much disagreement over
which tautomers exist in the gas phase. Better resolution combined with recently published
calculated spectra of cytosine tautomers gave insight into which cytosine tautomers exist in the
gas phase. Striking similarities in the spectral features of all three pyrimidine-type nucleobases
led us to conclude that the features in the cytosine photoelectron spectrum are not due to
contributions from multiple tautomers but instead are from unresolved vibrational progressions.
Since these features are practically the same in the spectra for all three molecules, we further
conclude that the dominant vibrational progressions must be due to the pyrimidine back-bone,
which all three molecules have in common
Correlation and Vibrational Effects in One-Photon Ionization
As preparation for studying HHG with SF6 as a target molecule, we have completed some
preliminary studies of one-photon ionization of this molecule to understand in greater detail the
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electron scattering dynamics for low-lying ion states of SF6. Of particular interest is the relative
importance of multichannel scattering effects and the effects of molecular vibrations in the
description of the narrow shape resonances which occur in the one-photon ionization of SF6.
These resonances are very prominent in the fixed-nuclei single channel photoionization
calculations. When compared to the results of one-photon ionization experiments these
calculations yielded resonance peaks that are much larger than those found in the experiment.
An example of the effects of correlation as treated by channel coupling is the ionization from the
5t1u orbital where we found that the computed peak value of the cross section of a low energy
k t2g resonance is reduced by a factor of two by coupling to the other open ionization channels, in
much better agreement with experiment. In contrast, a high energy 5t1u → k eg resonance was
not substantially affected by such coupling. This led us to consider the effects of the different
geometries that are sampled by the ground vibrational state. Using the adiabatic approximation,
we found that the symmetric stretching mode had only a minor effect on the total cross sections
in the 5t1u → k eg channel. However, averaging over non-symmetric geometries sampled by the
asymmetric stretching mode led to a significant reduction in the resonance peak and a
broadening of the resonance feature, in much better agreement with experimental data. This can
be understood by the fact that the asymmetric stretch leads to symmetry breaking and thus the
single resonance in the degenerate eg symmetry is split into two resonances at different, shifted
energies, thus reducing and broadening the peak in the total cross section.
Atomic HHG
With respect to high harmonic spectra, we have worked on both atomic and molecular
targets. In particular, we have worked with Tony Starace at the University of Nebraska and his
collaborators in order to develop methods for extracting photoionization data quantitatively from
HHG spectra via ellipticity measurements. More specifically, we have shown that it is possible
to extract photoionization asymmetry parameters via measurements of the ellipticity dependence
of HHG spectra of Ar.
Molecular Aspects of HHG
We have made considerable progress, in collaboration with Profs. Trallero and Lin at the
McDonald Laboratory in the study of molecular HHG. We have studied HHG in relatively
complex molecules. In the HHG spectrum SF6 we observed noticeable structure in the
experimental spectrum. Changing the gas jet position changes the macroscopic propagation and
the effective trajectories of the returning electron. The one feature that is consistently present in
the experimental data is the minimum in the HHG spectrum at the 17th harmonic (~26 eV), with
a corresponding peak at lower energy (~23 eV). In the theory we have applied the quantitative
rescattering (QRS) theory to isolated molecules and considered the ionization of the electrons
from the three most weakly bound orbitals, i.e. the highest occupied molecule orbital (HOMO),
the HOMO-1, and the HOMO-2. These three orbitals have ionization potentials that are all
within 1.5 eV of each other.
The theoretical calculations were performed using relatively simple single-channel staticexchange type calculations for the recombination step in the three step model which is the basis
of the QRS. Using the form of QRS where the rescattered wave is modeled using a reference
pseudo hydrogen atom (QRS2) we found that we could model the main features of the observed
HHG spectrum, i.e. the narrow peak at 23 eV and the broad peak centered at 35 eV. These
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features can be explained as being due to shape resonances in ionization from the HOMO (1t1g)
and HOMO-1 (5t1u) orbitals, either directly or through inter-channel coupling.
Grid Based Electron-Molecule Scattering Calculations
Another component of our research program is the development of a next-generation
electron-molecule scattering code. This work is being done in collaboration with Bill McCurdy
of the Atomic, Molecular, and Optical Theory group at LBNL. This code will be based on the
complex Kohn approach with a numerical grid-based representation of the scattering wave
functions. Additionally, we have analyzed the methods for implementing an overset grid
representation where centered on each nucleus in a molecule there is a local grid which has
spherical symmetry around that center. Additionally, these atomic centered grids are combined
with an encompassing grid which connects the molecular region and asymptotic regions. These
different grids are partially overlapping, thus they are referred to as overset grids. We have
developed an iterative approach for solving the complex Kohn scattering equations. This
approach starts with free-particle solutions and forms iterates by computing G0 ( E − H )
repeatedly on each free particle function. This approach leads to an iterative subspace of the full
scattering problem that has been found in model problems to give very rapidly convergent
scattering matrices.

Future Plans
Theoretically, we will consider the effects of correlation and vibrational averaging on the
recombination step of HHG within the QRS model. We will also explore the effects of
resonances and electron correlation on the ellipticity of the light generated in the HHG process
from aligned molecules. We have begun to implement the overset-grid iterative complex-Kohn
scheme on general polyatomic systems using some of the framework that has been developed in
the single-center expansion ePolyScat code. The near-term goal is the computation of electron
scattering dynamics at the static-exchange level for molecular systems with up to ~ 20 atoms.
Subsequently, correlation effects will be incorporated into the new code.
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Program Scope
The goals of this research program are: to provide theoretical support to, and
collaboration with, various experimental programs that employ latest generation light
sources, particularly ALS, APS and LCLS; to further our understanding of the
photoabsorption process; and to study the properties (especially photoabsorption) of
confined atoms and ions. Specifically, calculations are performed using and upgrading
state-of-the-art theoretical methodologies to help understand the physics of the
experimental results; to suggest future experimental investigations; and seek out new
phenomenology, especially in the realm of confined systems. The primary areas of
programmatic focus are: nondipole and relativistic effects in photoionization;
photoabsorption of inner and outer shells of atoms and atomic ions (positive and
negative); dynamical properties of atoms endrohedrally confined in buckyballs, primarily
C60; studies of time delay on the attosecond scale in photoionization of free and confined
atomic systems. Flexibility is maintained to respond to opportunities.
Highlights of Recent Progress
The study of confined atoms is fairly new. There are a number of theoretical
investigations of various atoms endohedrally confined in C60 [1,2], but experimental
studies are sparse [3-5]. Our theoretical program, at various levels of approximation, is
aimed at delineating the properties of such systems, especially photoionization, to guide
experiment and uncover new phenomena. Among our major results, we have found that
a huge transfer of oscillator strength from the C60 shell, in the neighborhood of the giant
plasmon resonance, to the encapsulated atom for both Ar@C60 [6] and Mg@C60 [7]. In
addition, confinement resonances [8], oscillations in the photoionization cross section of
an endohedral atom due to the interferences of the photoelectron wave function for direct
emission with those scattered from the surrounding carbon shell have been predicted in a
broad range of cases; recently, their existence has been confirmed experimentally [4,5].
Further, in the photoionization of endohedral atoms within nested fullerenes, has shown
that, as a result of the multi-walled confining structures, the confinement resonances
become considerably more complicated [9]. And we have shown that confinement
resonances induce rather significant resonances in the attosecond time-delay of
photoelectron emission [10], which suggests that time-domain spectroscopy might be
efficacious in the study of electron dynamics in endohedral systems and clusters.
Considering Xe confined in C60 the formation of a new type of atom-fullerene
hybrid state was discovered [11]. These dimer-type states arise from the near-degeneracy
of inner levels of the confined atom and the confining shell, in contrast to the known
overlap-induced hybrid states around the Fermi level of smaller compounds, and are
found to occur in confined noble gas, alkali-earth atoms [12] and the Zn series [13,14].
The photoionization cross sections of these hybrid states exhibit rich structures and are
radically different from the cross sections of free atomic or fullerene states. This also
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occurs in buckyonions, nested fullerenes [15] which suggests the possibility of creating
buckyonions with plasmons of specified character, i.e., designer resonances.
We have also explored the interatomic Coulomb decay (ICD) phenomenon in
confined atoms and found, owing to hibridization between atomic and shell orbitals, that
ICD occurs both ways, from atom to shell and shell to atom, and the rates (widths) are
often much larger than the ordinary Auger rates [16].
To treat endohedrals accurately, we have embarked upon an initiative to include
the geometry of an atom in a buckyball essentially exactly using fully molecular bases
and codes. Using the exact geometry, our results on Ar@C60 [17] exhibited confinement
resonances, but with differences from the “spherical potential” models at low photoelectron energy where our calculation showed much sharper resonances. We have also
studied the effects of the interchannel coupling of the carbon 1s channels from the C60
shell on the atomic cross sections in the vicinity of the carbon 1s thresholds. Since the
shell cross section is about 60 Mb at the 1s threshold, much larger than the atomic cross
sections at that energy, there was a possibility of significant interchannel coupling. Our
results showed that interchannel coupling was miniscule because the interchannel
coupling matrix element between shell and atomic channels is tiny as the overlap between shell and atomic bound states is so small; they exist in different regions of space.
A relativistic random phase approximation study has explained the significant
structure in subshell photoionization cross sections many keV above their thresholds
found experimentally in Ag [18]; the structure is nonresonant and about 50 eV wide. It
was found to be induced by interchannel coupling with inner-shell ionization channels, in
the vicinity of the inner-shell thresholds. Of significance is that that this kind of structure
should be a general phenomenon in photoionization throughout the Periodic Table.
Several aspects of attosecond time delay were explored. Time delay of
photoemission from valence subshells of noble-gas atoms were theoretically scrutinized
within the framework of the dipole relativistic random phase approximation [19] with a
focus on the variation of time delay in the vicinity of the Cooper minima where the
corresponding dipole matrix element changes its sign while passing through a node. It
was found that the presence of the Cooper minimum in one photoionization channel has a
strong effect on time delay in other channels owing to interchannel coupling, and that
relativistic effects affect time delay significantly in Regions of Cooper minima. A study
of time delay in Mn photoionization in the region of the 3p→3d giant resonance showed
the dramatic effect of the resonance on the time delay of photoemission from the 3d and
4s valence subshells of the Mn atom [20]. It was shown that photoionization time delay in
the autoionizing resonance region is explicitly associated with the resonance lifetime,
which can, thus, be directly measured in attosecond time-delay experiments. Similar
features are expected to emerge in photoionization time delays of other transition-metal
and rare-earth atoms with half-filled subshells that possess giant autoionization
resonances as well.
Future Plans
Our future plans are to continue on the paths set out above. In the area of
confined atoms, expand on our studies of interatomic Coulomb decay (ICD) of
resonances. We will also work on ways to enhance the time-dependent local-density
approximation to make it more accurate in our calculations of confined atoms. In
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addition, we shall work towards upgrading our theory to include relativistic interactions
to be able to deal with heavy endohedrals with quantitative accuracy. We will also look
at the attosecond time delay in photoionization that has been found in various
experiments, and we work to further our understanding of how confinement might affect
this time delay. In addition, the search for cases where nondipole effects are likely to be
significant, as a guide for experiment, and quadrupole Cooper minima, will continue.
And we shall respond to new experimental results as they come up.
Publications over the Past 3 Years Citing DOE Support

● “Photoionization of ground and excited states of Ca+ and comparison along the isoelectronic sequence,” A. M.
Sossah, H.-L. Zhou, S. T. Manson, Phys. Rev. A 86, 023403-1-10 (2012).
● “Photoionization of Endohedral Atoms Using R-matrix Methods: Application to Xe@C60, T. W. Gorczyca, M.
F. Hasoğlu, and S. T. Manson, Phys. Rev. A 86, 033204-1-9 (2012).
● “Atom-fullerene hybrid photoionization mediated by coupled d-states in Zn@C60,” Jaykob N. Maser,
Mohammad H. Javani, Ruma De, Mohamed E. Madjet, Himadri S. Chakraborty, and Steven T. Manson, Phys.
Rev. A 86, 053201-1-5 (2012).
● “Photoionization of Confined Ca in a Spherical Potential Well,” M. F. Hasoğlu, H.-L. Zhou, T. W. Gorczyca,
and S. T. Manson, Phys. Rev. A 87, 013409-1-5 (2013).
● “Core Correlation Effects in the Valence Photodetachment of Cu -,” J. Jose, H. R. Varma, P. C. Deshmukh, S.
T. Manson, and V. Radojević, Proceedings of the 26th Summer School and International Symposium on the
Physics of Ionized Gases (SPIG 2012), 27th-31st August 2012, Zrenjanin, Serbia, Book of Contributed Papers &
Abstracts of Invited Lectures and Progress Reports, editors:, M. Kuraica and Z. Mijatović (University of Novi
Sad, Novi Sad, Serbia, 2012), pp. 39-42.
● “Photoionization of Endohedrally Confined Ca (Ca@C 60),” M. F. Hasoglu, P. Prabha, M. H. Javani, H. L.
Zhou, and S. T. Manson, J. Phys. Conf. Ser. 388, 022026 (2012).
● “Dipole and Quadrupole Photoionization of Intermediate Subshells of Atomic Mercury,” T. Banerjee, Hari R.
Varma, P. C. Deshmukh, and S. T. Manson, J. Phys. Conf. Ser. 388, 022076 (2012).
● “Dipole and quadrupole photodetachment/photoionization studies of the Ar isoelectronic sequence,” J. Jose, G.
B. Pradhan, V. Radojević, S. T. Manson and P. C. Deshmukh, J. Phys. Conf. Ser. 388, 022098 (2012).
● “Effect of Interchannel Coupling and Confinement on the Photoionization of Kr,” J. George, Hari R. Varma, P.
C. Deshmukh and S. T. Manson, J. Phys. Conf. Ser. 388, 022009 (2012).
● “Pronounced Effects of Interchannel Coupling In High-Energy Photoionization,” W. Drube, T.M. Grehk, S.
Thiess, G. B. Pradhan, H. R. Varma, P. C. Deshmukh and S. T. Manson, J. Phys. B 46, 245006-1-6 (2013).
● “Positron differential studies: Comparison to photoionization,” A. C. F. Santos, R. D. DuBois and S. T.
Manson, AIP Conference Proceedings 1525, 441-443 (2013).
● “Innershell Photoionization of Atomic Chlorine,” W. C. Stolte, Z. Felfli, R. Guillemin, G. Ohrwall, S.–W. Yu,
J. A. Young, D. W. Lindle, T. W. Gorczyca, N. C. Deb, S. T. Manson, A. Hibbert, and A. Z. Msezane, Phys.
Rev. A 88, 053425-1-11 (2013).
● “Photoionization of the 5s subshell of Ba in the region of the second Cooper minimum: cross sections and
angular distributions,” A. Ganesan, S. Deshmukh, G. B. Pradhan, V. Radojevic, S. T. Manson and P. C.
Deshmukh, J. Phys. B 46, 185002-1-5 (2013).
● “Probing confinement resonances by photoionizing Xe inside a C 60+ molecular cage,” R. A. Phaneuf, A. L. D.
Kilcoyne, N. B. Aryal, K. K. Baral, D. A. Esteves-Macaluso, C. M. Thomas, J. Hellhund, R. Lomsadze, T. W.
Gorczyca, C. P. Ballance, S. T. Manson, M. F. Hasoglu, S. Schippers, and A. Müller, Phys. Rev. A 88, 0534021-7 (2013).
● “A Comprehensive X-ray Absorption Model for Atomic Oxygen,” T. W. Gorczyca, M. A. Bautista, M. F.
Hasoglu, J. Garcia, E. Gatuzz, J. S. Kaastra, T. R. Kallman, S. T. Manson, C. Mendoza, A. J. J. Raassen, C. P. de
Vries and O. Zatsarinny, Astrophys. J. 779, 78-1-11 (2013).
● “Photoionization study of Xe 5s: Ionization Cross Sections and Photoelectron Angular Distributions,” G.
Aarthi, J. Jose, S. Deshmukh, V. Radojević, P. C. Deshmukh and S. T. Manson, J. Phys. B 47, 025004-1-5
(2014).
● “Valence Photoionization of Noble Gas Atoms Confined in the Fullerene C 60,” M. H. Javani, H. S.
Chakraborty, and S. T. Manson, Phys. Rev. A 89, 053402-1-12 (2014).
● “Resonant Auger-intersite-Coulombic hybridized decay in the photoionization of endohedral fullerenes” by M.
H. Javani, J. B. Wise, R. De, M. E. Madjet, H. S. Chakraborty, and S. T. Manson, Phys. Rev. A 89, 063420-1-4
(2014).

229

Manson

● “Attosecond time delay in the photoionization of endohedral atoms A@C 60: A new probe of confinement
resonances,” P. C. Deshmukh, A. Mandal, S. Saha, A. S. Kheifets, V. K. Dolmatov and S T Manson, Phys. Rev.
A 89, 053424-1-4 (2014).
● “Photoionization of Ca 4s in a spherical attractive well potential: dipole, quadrupole and relativistic effects,”
A. Kumar, G. B. Pradhan, H. R. Varma, P. C. Deshmukh and S. T. Manson, J. Phys. B 47, 185003-1-8 (2014).
● “Photoionization of bonding and antibonding-type atom-fullerene hybrid states in Cd@C60 vs Zn@C60,” M. H.
Javani, R. De, M. E. Madjet, S. T. Manson and H. S. Chakraborty, J. Phys. B 47, 175102-1-7 (2014).
● “Empirical Formulae for Direct Double Ionization by Bare Ions: Z= -1 to +92,” A. C. F. Santos, R. D. DuBois
and S. T. Manson, Phys. Rev. A 90, 052721-1-10 (2014).
● “Relativistic effects in photoionization time delay near the Cooper minimum of noble gas atoms,” S. Saha, J.
Jose, S. Saha, H. R. Varma, P. C. Deshmukh, A. S. Kheifets, V. K. Dolmatov and S. T. Manson, Phys. Rev. A
90, 053406-1-7 (2014).
● “Fano shape analysis of autoionization resonances in neon isoelectronic sequence using relativistic
multichannel quantum defect theory,” M. Nrisimhamurty, G. Aravind, P. C. Deshmukh and S. T. Manson, Phys.
Rev A 91, 013404-1-12 (2015).
● “Attosecond time delay in the photoionization of Mn in the 3p → 3d giant resonance region,” V. K. Dolmatov,
A. S. Kheifets, P. C. Deshmukh and S. T. Manson, Phys. Rev. A 91, 053415-1-7 (2015).
● “Photoabsorption studies of some closed-shell ions in the La isonuclear sequence,” S. Kalyadan, H. R. Varma,
P. C. Deshmukh, J. T. Costello, P. Hayden and S. T. Manson, Phys. Rev. A (in press).
● “Photoionization of Endohedral Atoms: Molecular and Interchannel Coupling Effects” A. Ponzi, P. Decleva
and S. T. Manson, Phys. Rev. A 92, 023405-1-7 (2015).
● “Jellium Model Potentials for the C60 Molecule and the Photoionization of Endohedral Atoms, A@C 60,” A. S.
Baltenkov, S. T. Manson S. T. and A. Z. Msezane, J. Phys. B 48, 185103 (2015).

References

[1] V. K. Dolmatov, A. S. Baltenkov, J.-P. Connerade and S. T. Manson, Radiation Phys. Chem. 70, 417 (2004)
and references therein.
[2] V. K. Dolmatov, Advances in Quantum Chemistry, 58, 13 (2009) and references therein.
[3] A. Müller et al, Phys. Rev. Lett. 101, 133001 (2008).
[4] A. L. D. Kilcoyne, A. Aguilar, A. Müller, S. Schippers, C. Cisneros, G. Alna’Washi, N. B. Aryal, K. K.
Baral, D. A. Esteves, C. M. Thomas, and R. A. Phaneuf, Phys. Rev. Lett. 105, 213001 (2010).
[5] R. A. Phaneuf, A. L. D. Kilcoyne, N. B. Aryal, K. K. Baral, D. A. Esteves-Macaluso, C. M. Thomas, J.
Hellhund, R. Lomsadze, T. W. Gorczyca, C. P. Ballance, S. T. Manson, M. F. Hasoglu, S. Schippers, and A.
Müller, Phys. Rev. A 88, 053402-1-7 (2013).
[6] M. E. Madjet, H. S. Chakraborty and S. T. Manson, Phys. Rev. Letters 99, 243003 (2007).
[7] M. E. Madjet, H. S. Chakraborty, J. M. Rost and S. T. Manson, Phys. Rev. A 78, 013201 (2008).
[8] V. K. Dolmatov and S. T. Manson, J. Phys. B 41, 165001 (2008).
[9] V. K. Dolmatov and S. T. Manson, J. Phys. Rev. A 78, 013415 (2008).
[10] P. C. Deshmukh, A. Mandal, S. Saha, A. S. Kheifets, V. K. Dolmatov and S T Manson, Phys. Rev. A 89,
053424 (2014).
[11] H. S. Chakraborty, M. E. Madjet, T. Renger, J.-M. Rost and S. T. Manson, Phys. Rev. A 79, 061201(R)
(2009).
[12] M. H. Javani, M. R. McCreary, A. B. Patel, M. E. Madjet, H. S. Chakraborty and S. T. Manson, Eur. Phys.
J. D 66, 189 (2012).
[13] J. N. Maser, M. H. Javani, R. De, M. E. Madjet, H. S. Chakraborty and S. T. Manson, Phys. Rev. A 86,
053201 (2012).
[14] M. H. Javani, R. De, M. E. Madjet, S. T. Manson and H. S. Chakraborty, J. Phys. B 47, 175102 (2014).
[15] M. A. McCune, R. De, M. E. Madjet, H. S. Chakraborty, and S.T. Manson, J. Phys. B 44, 241002 (2011).
[16] M. H. Javani, J. B. Wise, R. De, M. E. Madjet, H. S. Chakraborty, and S. T. Manson, Phys. Rev. A 89,
063420 (2014).
[17] A. Ponzi, P. Decleva and S. T. Manson, Phys. Rev. A 92, 023405 (2015).
[18] W. Drube, T.M. Grehk, S. Thiess, G. B. Pradhan, H. R. Varma, P. C. Deshmukh and S. T. Manson, J. Phys.
B 46, 245006 (2013).
[19] S. Saha, J. Jose, S. Saha, H. R. Varma, P. C. Deshmukh, A. S. Kheifets, V. K. Dolmatov and S. T. Manson,
Phys. Rev. A 90, 053406 (2014).
[20] S. Saha, J. Jose, S. Saha, H. R. Varma, P. C. Deshmukh, A. S. Kheifets, V. K. Dolmatov and S. T. Manson,
Phys. Rev. A 90, 053406 (2014).

230

ABSTRACT
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PROJECT DESCRIPTION
The focus of this project is the development and application of accurate, scalable methods for computational studies of low-energy electron–molecule collisions, with emphasis on larger polyatomics relevant to
electron-driven chemistry in biological and materials-processing systems. Because the required calculations
are highly numerically intensive, efﬁcient use of large-scale parallel computers is essential, and the computer
codes developed for the project are designed to run both on tightly-coupled parallel supercomputers and on
workstation clusters.
HIGHLIGHTS
In the past year we completed some major projects and initiated new lines of research. Collaboration
with experimental groups having complementary interests continues to be central to our work. Highlights
include:
• Carried out initial, exploratory calculations using localized-orbital methods to address the scaling
problem in accurate electron-collision calculations on larger molecules
• Completed and published a joint experimental-theoretical study of electron-impact excitation of the
simplest alcohol, methanol
• Completed joint experimental-theoretical studies of elastic electron scattering by the two prototypical
halogenated alkanes, chloromethane and chloroethane
ACCOMPLISHMENTS
We have begun exploring the use of localized molecular orbitals in electron-molecule collision calculations. Accurate calculations at low energies require a representation of the target molecule’s response to
the projectile electron during the collision (the polarization effect). In our Schwinger multichannel (SMC)
approach, that response is accounted for by including conﬁgurations built upon excited states of the target
molecule in the variational basis set that represents the many-electron wave function of the electron–molecule
system. Although this approach is more fundamental and ﬂexible than using a local “polarization potential,”
as is done in some other approaches, it comes at the cost of a rapid scaling with molecular size: the number
of conﬁgurations needed to achieve results of a given quality increases roughly as the third power of the
number of electrons in the molecule, and the computational cost increases even faster.
To improve on that scaling and so enable accurate scattering calculations on larger systems, we have
borrowed a technique from bound-state electronic structure calculations, where an analogous scaling problem
arises in conﬁguration-interaction calculations that attempt to account for dynamic electron correlation. The
underlying physical idea is that correlation (in our case, the response of the target molecule’s charge density
to the presence of the projectile) is primarily a local phenomenon; that is, the change in electron density in
one part of a large molecule is largely independent of what is happening in distant parts of the molecule.
To take advantage of this fact, we make a unitary transformation from the commonly used canonical
molecular orbitals, which are delocalized across the whole molecule, to localized orbitals. We then restrict
the variational space for the scattering calculation so that only excitations between orbitals located in the
same part of the molecule are included when forming conﬁgurations representing polarization. The overall
scaling of the scattering calculation is thereby reduced from cubic to quadratic in molecular size.
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The initial, trial applications that we have carried out are highly promising. We have veriﬁed that physically reasonable and apparently well-converged results can be obtained for medium-sized test molecules.
We have begun additional exploratory work on larger target systems, including the uracil-adenine base pair,
which would be difﬁcult to treat accurately in any other way.
During the year we also completed and published our work on electron-impact excitation of low-lying
electronic states of methanol [1]. This work was done in collaboration with experimentalists at California
State University, Fullerton, led by Profs. Murtadha Khakoo and Leigh Hargreaves, and with two theorists,
Dr. Thomas Rescigno (LBL) and Prof. Ann Orel (University of California, Davis), who used the complex
Kohn variational approach to treat the scattering. We found generally good qualitative and often quantitative
agreement between our SMC results and the Kohn results. Agreement between the calculated cross sections
and the measurements was less good, especially for the triplet excitation channels. Interestingly, the patterns
of both agreement and disagreement generally mirror those we saw in excitation of water [2,3].
As part of our ongoing collaboration with the experimental electron-molecule collision program at California State University, Fullerton, we completed studies of two small alkyl halides, chloromethane (CH3 Cl)
and chloroethane (C2 H5 Cl). These molecules are analogues of the alcohols that we have studied previously and also prototypes of halogenated organic molecules, where the low-lying antibonding (σ ∗ ) orbital
associated with the carbon-halogen bond is known to play an important role in capturing electrons to drive
vibrational excitation and dissociative attachment. Our computed and measured results for chloromethane
were in generally good agreement with each other and with available literature data. Chloroethane is much
less well studied, and our results added new information about its differential scattering cross sections in
the 1 to 30 eV energy range while conﬁrming that the C-Cl σ ∗ resonance falls signiﬁcantly lower in energy,
at roughly 2.5 eV vs. 3.3 eV in chloromethane. Results for chloromethane were recently published [4], and
those for chloroethane are in press.
PLANS FOR COMING YEAR
In the coming year we will continue to gain experience using localized orbitals for high-level scattering
calculations on large target systems. We intend to complete studies of one or more nucleobase pairs using
this approach, with the goal of understanding how the energies and widths of the low-energy resonances
responsible for dissociative electron attachment (and thus electron-driven DNA damage) may differ in a more
realistic setting from those that have been obtained by existing calculations and gas-phase measurements on
isolated single molecules.
We also plan to continue work on angle-resolved dissociative-attachment studies in collaboration with
Drs. Daniel Slaughter and Ali Belkacem of LBL, following up our recent study of the RNA base uracil
[5]. Preliminary data from LBL indicate that a similar mechanism for H− loss may operate in the DNA
base thymine (5-methyl uracil). We are initiating electronic structure calculations to identify a candidate
Feshbach resonance and will follow that work up with electron-collision calculations to obtain entrance
amplitudes for the dissociative-attachment process.
We further plan to carry out calculations on vibrational excitation of chloromethane by electron
impact, in collaboration with the Khakoo and Hargreaves experimental groups at California State University,
Fullerton. This work is a natural follow-on to our study of elastic scattering and, more importantly, a lead-in
to future computational studies of dissociative attachment dynamics.
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ELECTRON/PHOTON INTERACTIONS WITH ATOMS/IONS
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PROGRAM SCOPE

The project’s primary objective is to gain a fundamental understanding of the near-threshold
electron attachment mechanism in low-energy electron scattering from atoms. Creatively, we have used
our complex angular momentum (CAM) method to link low-energy electron scattering resonances with
chemical reaction dynamics and extracted accurate atomic electron affinities (EAs). These EAs have been
used to develop a fundamental theory of negative ion catalysis. Very recently, the CAM method has been
used to demonstrate that relativity contributes insignificantly to the calculation of atomic EAs, even in the
heavy At atom [1]. Results from selected Transition Metals [Zn, Cd, Au, Mg ] will benefit directly the DOE EFRC

Center for Atomic-Level Catalyst Design at LSU and the LBL’s Advanced Light Source studies of Photoionization
of Au positive ions and developments in the synthesis of the endohedral metallofullerene Au@C60+.
CONTINUING RESEARCH

The time-dependent-density-functional theory is utilized to investigate the photoabsorption
spectra of encapsulated atoms [Zn, Cd, Au, Mg], focusing on the confinement resonances. Their
photoionization cross sections and electron differential cross sections (DCSs) are also calculated. Regge
Trajectories are employed to probe at the fundamental level electron attachment in multielectron systems (transition
metal atoms and fullerenes), yielding ground and excited anions as Regge resonances. Benchmark binding energies
of these anions will be extracted from the calculated electron elastic total cross sections (TCSs) using the CAM
method. Standard structure-type methods such as CIV3, GRASP and MCHF will be used to calculate the additional
energy levels and construct the attendant configurational wave functions for negative ion inner-shell studies.

We also continue our investigations of low-energy electron scattering from simple and complex
atoms such as listed above (and the hotly debated La, Ce, Yb) to obtain new accurate EAs and identify
possible anionic catalysts. The CAM method is being extended to investigate Feshbach resonances. Rmatrix calculations continue of the computationally exacting inner-shell photoionization of Cl.
SUMMARY OF RECENT RESEARCH ACCOMPLISHMENTS

I. Core-Polarization and Relativistic Effects in Electron Affinity Calculations for Atoms:
A Complex Angular Momentum Investigation
Regge poles are singularities of the S-matrix; therefore, they rigorously define resonances. Of
crucial importance in the complex angular momentum (CAM) method are the Regge trajectories that
probe electron attachment at the fundamental level near threshold; they penetrate the atomic core, thereby
allow the determination of reliable electron affinities (EAs) of complex atomic and molecular systems.
Here core-polarization interactions have been investigated in low-energy electron elastic
scattering from the atoms In, Sn, Eu, Au and At through the calculation of their EAs [1]. The CAM
method wherein is embedded fully the vital electron-electron correlations has been used. The corepolarization effects have been studied through the well investigated rational function approximation of the
Thomas-Fermi potential, which can be analytically continued into the complex plane. The EAs are
extracted from the large resonance peaks in the CAM calculated low-energy electron –atom scattering
total cross sections and compared with those from measurements and sophisticated theoretical methods.
When the electron correlation and core polarization effects are accounted for adequately our novel
approach is able to assess the importance of relativity on the calculation of the EAs of atoms and
determine the accurate binding energies of low-lying excited anionic states.
When our EAs for these atoms are compared with those from measurements and sophisticated
relativistic calculations, it is concluded that relativity contributes less than about 3.6% to the calculation
of their EAs, even in the heavy At atom [1, 2]. This is consistent with our conclusion from nanoscale
catalysis using the Auˉ anion [3], where relativistic effects were found to contribute less than 2.3%.
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II. Photon Interactions with Atoms and Fullerenes
II.1 Lorentz-bubble potential for C60 and photoionization of H@C60
The experimental discovery of confinement resonances in the photoionization of the 4d subshell

of Xe atom in molecular Xe@C60
[4] stimulated a number of theoretical investigations, see references in
[5]. While some attempted to understand the predicted distortion of the 4d giant resonance caused by the
confinement resonances, others tried to describe the experimental results by varying the parameters of the
phenomenological square well potential. Very recently, Baltenkov et al [5] investigated, within the
framework of the Jellium model, the simple model potentials of the C60 shell, widely used to describe the
interaction of electrons/photons with fullerene-like molecular systems to gain a deeper insight into their
physical content. Paper [5] concluded that the phenomenological potentials used to simulate the C60 shell
should belong to a family of potentials with a non-flat bottom and non-parallel potential walls similar to
the Lorentz-bubble potential [6, 7] (see also Ref. [5]); these potentials lead to unphysical charge densities.
The parameters of the Lorentz-bubble potential (depth and thickness) have been determined such
that in the potential well an electronic level exists with the experimental EA of the C60 molecule. The
Lorentz-bubble potential has been used very recently to investigate the photoionization cross sections of
H@C60 [5]. The resultant confinement resonances in the cross sections were found to be essentially the
same as those obtained within the framework of the potential wells with well-defined borders (parallel
walls). The paper [5] concluded that the inherent characteristic distances of the potential are not necessary
to produce confinement resonances in atoms or molecules confined in near-spherical fullerenes.
2
anion and its photodetachment cross sections
II.2 Existence of the C 60
2
II.2.1 Existence of the C 60
anion
z
The existence of the endohedral anions A @ C60
, with the charge z varying from 0 through 5, has been
investigated, including the photoionization of the atom A inside. Due to the Coulomb repulsion of the
extra electrons whose wave functions have the parent atomic nucleus as the center, atomic multiplycharged ions (even for z=2) are generally unstable systems with lifetimes of 10-6–10-7s. Conceivably,
z
under appropriate conditions the existence of multiply-charged anions C 60
could become more favorable.
Here we have begun and continue the investigation of the electronic structure of the negative ion
2C 60 and preliminary results appear in our paper [6]. The results were obtained within the Dirac- and
Lorentz-bubble potential models, using a variational method [6, 7]. The same study concluded that the
z
multiply-charged anions C 60
(with z=3, 4, 5) are unlikely to exist in a stable state, but only the z=2 and 1
anions are stable.
2
II.2.2 Photoionization of the C60
anion
Additional important information on the electronic structure of anions can be obtained by the method of
2
photoelectron spectroscopy. However, a problem with the C60
anion is whether its ground state is s-state
or p–state. This is important in the determination of the parameters of the Lorentz-bubble potential. So,
2
in [6, 7] the photodetachment cross section of the C60
anion was investigated near the photodetachment
thresholds and continues.
Preliminary results indicate the presence of two thresholds, each with the appropriate EA. Due to
2   C-60  e (  is the
the Coulomb interaction of the electrons the cross section for the reaction C60
photon energy) was found to vanish exponentially for (  J1 )  0 (J1 = ε2 corresponds to the
photodetachment energy of the doubly-charged anion). The photodetachment cross section of the singlycharged anion near the threshold of the reaction C-60    C60  e is proportional to (  J 2 )3 / 2 ,
consistent with the Wigner threshold law. According to [6] the first detachment energy of the doubly-
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2
charged C60
anion is J1  1.061eV while J 2  2.65 eV is the photodetachment energy of the singlycharged anion. Since the J1  1.061eV value depends on the J2 value, it requires verification.

III. Photoabsorption spectra of Xe atoms encapsulated inside fullerenes
The photoabsorption spectra of Xe atoms encapsulated inside C180 and C240 have been investigated using
the time-dependent density-functional theory (TDDFT) and compared with the result of our short range
spherical well [8]. The calculations were performed in the energy region of the Xe 4d giant resonance and
assumed the central location of the Xe atom inside the fullerenes. The Xe-C180 and Xe-C240 binding
energies along some high symmetry directions have been evaluated as well. The obtained curves show the
possibility of other Xe positions. The main features of the confinement resonances for the Xe atoms
2
inside C180 and C240 may be predicted by the formula E(eV ) = 67.55 + (12.25n/2r) , where r is the radius
in °A of the fullerene, n is the integer 2,3,4,5 · · ·, and E(eV ) is the location of a confinement peak.
The calculations indicate that if the radius of a fullerene equals an integer ( >2) × the half wave
length of the photoelectron, then at this photon energy we may observe a confinement peak. The
photoabsorption spectra of Xe atoms encaged inside C58, C56 and C54 have also been studied. The results
demonstrate that, except for the Xe atom inside C58, which has similar confinement resonances as those of
the Xe atom inside C60, the Xe atoms inside C54 and C56 have completely different spectra. It is concluded
that the quantum confinement resonances will be destroyed if the shape of the fullerene is deformed
significantly from a sphere.
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Program Scope

Nonlinear X-ray spectroscopy experiments, which use sequences of coherent broadband X-ray
pulses, are made possible by new X-ray free electron laser (XFEL) and high harmonic
generation (HHG) sources. These techniques provide a unique window into the motions of
electrons and nuclei in molecules and materials and novel probes for electron and energy
transfer in molecular complexes. This program is aimed at the design of X-ray pulse sequences
for probing core and valence electronic excitations, and the development of effective
simulation protocols for describing multiple-core excited state energetics and dynamics.
Applications are made to time-resolved photoelectron spectroscopy, detecting electronic
coherence by multidimensional broadband stimulated x-ray Raman signals, long range
electron transfer in metalloproteins, and capturing transient intermediates in bio-catalytic reactions.
Recent Progress

Computational protocols for multiple core excitations in molecules were developed and
benchmarked. Several effects associated with the optical response of systems prepared in a
nonequilibrium state by impulsive excitations were predicted. The linear response depends
on the phase of the electric field even if the initial nonequilibrium state has only populations,
no coherences. Initial electronic coherences created by x-ray pulses induce additional phase
dependence, and show new resonances in nonlinear wave mixing.
Long-range electron transfer (ET) in proteins is essential in many energy conversion
processes and biological redox reactions in living organisms. Conventional time-resolved
infrared (IR) and UV-vis spectroscopic techniques cannot pinpoint the electron transfer
dynamics due to the inability to prepare and detect localized states. In addition, different ET
pathways are difficult to resolve. X-ray spectroscopy has unprecedented spatial and temporal
resolution for studying ET. We showed that X-ray pulses can directly probe the evolving
oxidation states and the electronic structure around selected atoms with detail via a
stimulated Raman process. In a multi-step ET, all units along the ET pathway including the
donor, the intermediate bridge and the acceptor, can be selectively detected. This was
demonstrated in a simulation study of the stimulated X-ray Raman spectroscopy (SXRS)
signals in Re-modified azurin, which serves as a benchmark system for photoinduced ET in
proteins. In Fig. 1 we show the signals at different times and the corresponding evolving
electron density differences. These signals offer a direct window into the long-range ET
mechanism.
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Fig. 1: Time-dependent SXRS signals for Azurin. (I) Time-dependent Re L-edge SXRS signals for the three
snapshots indicated in the figure. (J) Same as panel I, but for the Cl L-edge SXRS signals. (K) Same as panel I,
but for the Cu L-edge SXRS signals. (L) Three snapshots, with the delay between the initiation and the Raman
pulses set to 10 ps, 1 ns, and 200 ns from top to bottom, of the evolving electron density difference of the
system (excited state density minus ground state density). Red denotes a negative sign (hole) and blue
denotes a positive sign (electron). Rhenium is in pink, chlorine is in green, copper is in orange, nitrogen is in
blue, oxygen is in red, carbon is in gray, and hydrogen is in white. [P2]

Cytochrome P450 enzymes (CYPs) are important biocatalysts. They oxidize the chemically
inert C-H bonds and account for most of the drug metabolism. The key reaction intermediates
in the CYP catalytic cycle are not completely understood. The most important reaction
intermediates are P450 Compound I (Cpd-I) and II (Cpd-II). We simulated X-ray spectroscopy
signals including X-ray absorption near-edge structure (XANES), resonant inelastic X-ray
scattering (RIXS), and stimulated X-ray Raman spectroscopy (SXRS) of the low- and high-spin
states of Cpd-I and II. Characteristic peak patterns are found and connected to the
corresponding electronic structures, as shown in Fig. 2. Two-color SXRS, can help identify
transient species along the CYP catalytic reaction path.

Future Plans

Non-stationary molecular states which contain electronic coherences can be impulsively
created and manipulated by using ultrashort X-ray pulses via photoexcitation,
photoionization and Auger processes. Stimulated-Raman detection schemes that can monitor
the phase-sensitive electronic and nuclear dynamics will be explored.
More accurate simulation protocols for multiple core excitations will be developed and pulse
shaping coherent control schemes for x-ray pulses including frequency combs will be explored
to optimize the signals. Applications will be made to detecting electronic coherence by
multidimensional broadband stimulated x-ray Raman signals.
We will continue to explore the application of X-ray pulses to probe electron transfer.
Manipulating ET through external factors has many potential applications to solar cells. In a
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donor/bridle/acceptor scheme we propose to move electrons between the bridge valence
orbitals through an X-ray Raman process, in order to facilitate the electron flow from the
donor to the bridge, or from the bridge to the acceptor. The resulting ET dynamics can be
detected by other X-ray pulses. Compared to IR or UV-vis pulses, X-ray pulses can selectively
excite different units in a ET system. Core excitations induced by X-ray pulses significantly
affect the local electronic structures and lead to large effects. Model systems will be studied for
illustrating the principles and real molecular systems will be explored for applications.

Fig. 2: Modulus one-color (Fe2p pump and Fe2p probe, Fe2p/Fe2p), and two-color (Fe2p pump and N1s
probe, Fe2p/N1s) I2P-SXRS signals of the four studied species, obtained at iron core excitation edges of
698.913, 698.906, 698.387, and 696.630 eV for Cpd-I-d, Cpd-I-q, Cpd-II-t, and Cpd-II-qi, respectively. The
scheme in the right illustrate the spectroscopic technique. The molecular model of CYP is shown in the right
panel.[P8]
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Program Scope
We are developing novel spectroscopic methods and making use of them to study energy flow on
nanometer length scales and ultrafast time scales. Access to short length scales is provided through the
use of light beams with short wavelengths (EUV through hard x-ray spectral ranges) and/or fabricated
structural elements with nanometer dimensions. Recent advances in tabletop high harmonic generation of
extreme ultraviolet (EUV) pulses are exploited to measure thermal transport and acoustic vibrations using
time-resolved diffraction from photoexcited periodic nanostructures, revealing new physics that arises at
length scales of tens to hundreds of nm. A key further step is to employ coherent diffractive imaging to
make possible detailed visualization of thermoelastic responses from a single heated nanostructure or an
irregular nanostructural pattern. Even shorter (x-ray) wavelengths from free-electron laser (FEL) facilities
at the Stanford Linear Accelerator (SLAC) and ELETTRA in Trieste will be used to detect thermoelastic
responses of materials on the shortest length scales. The tabletop EUV sources and the ELETTRA FEL
soft x-ray pulses will also be used to generate as well as measure nanoscale thermoelastic responses
without the need for patterned nanostructures, with the short length scale coming from optical
interference patterns formed by crossing pairs of beams in transient grating experiments. Finally, we will
use light at optical and terahertz frequencies to excite and monitor ultrahigh-frequency acoustic waves at
ultraflat interfaces and multilayer structures, extending our recent measurements of the highest-frequency
coherent acoustic waves observed to date. Our measurements of acoustic properties will allow direct
calculation of thermal conductivities which will be compared with our measurements of thermal transport
and with first-principles calculations. Terahertz-frequency acoustic measurements will also be used to
reveal complex relaxation dynamics in glass-forming liquids and partially disordered solids. The methods
we develop have broad fundamental applications and may also enable new practical metrology for use in
nanoelectronics, just as earlier methods we developed have found commercial applications in
microelectronics metrology.
Recent Progress
First Experimental Phonon Mean Free Path Spectroscopy Capability
In recent work we demonstrated the only experimental approach for phonon mean free path (MFP)
spectroscopy that allows us to extract differential conductivity as a function of phonon mean free path in
materials [1,2]. In our experiment, arrays of nickel nanowires were heated by an ultrafast laser and their
expansion and cooling was then probed using EUV high harmonic probe beams. The nanogratings were
fabricated by LNBL on the surface of sapphire and silicon substrates. The nanowire linewidths L range
from 750 nm down to 30 nm, with period P = 4L and a rectangular profile height of ~ 13.5 nm. The use of
nano-patterned structures rather than optical absorption allows us to explore the dynamics of heat sources
much smaller than the diffraction limit of visible light. Moreover, because the linewidth and period set the
location and width of an effective notch filter in the phonon MFP spectrum, each grating structure
uniquely samples the contribution to thermal conductivity of different MFP ranges of phonon modes, with
a resolution controlled primarily by the number of configurations tested. The larger the resistivity
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correction needed for a given nano-grating, the stronger
the conductivity contribution of phonon modes which
were suppressed.

800nm IR Pump
30nm
EUV
probe

Although the number of experimental data points
(gratings) limits our resolution, we can still see in Fig. 1
that for sapphire, both calculations and experimental
data imply that phonons with MFPs shorter than 1 μm
are responsible for > 95% of the thermal conductivity, so
the cumulative thermal conductivity curves approach
unity at 1 μm. For silicon, our data are consistent with
large contributions from longer MFPs.
There are two significant advantages of our EUV-based
technique compared with previously reported MFP
spectroscopy techniques. First, our approach that
combines nano-heaters with the phase sensitivity of
short-wavelength provides a way to experimentally
access dimensions far below 100 nm in order to directly
resolve the contributions of phonons with MFP down to
14 nm. Other spectroscopic approaches for samples with
macroscopic dimensions such as our substrates require
numerical extrapolation techniques and interpretation,
which are still being developed. Second, we can probe
arbitrary segments of the MFP spectrum for any novel
material, even where predictions do not yet exist.

Nano‐
gra ng

Diffracted
EUV to CCD

Thin film
Substrate

Figure 1. (top) Experimental setup. (lower)
Extracted differential phonon mean free path
spectra of sapphire and silicon: data (solid
purple line) first-principles DFT calculations
(dashed green line).

Extracting Nanoscale Mechanical Properties
In other work, our team used the same setup to extend
photoacoustic spectroscopy into the extreme ultraviolet
(EUV) region [2-5]. Using the setup to measure the
characteristic longitudinal and surface acoustic waves from which longitudinal and transverse acoustic
velocities can be determined, we can extract the Young’s modulus and Poisson ratio (and the full elastic
tensor) of ~ 10-100 nm dielectric thin films, that cannot be accessed using other approaches. As shown in
Fig. 2, we observed a deviation from the expected macroscale elastic behavior in very soft films that is
likely due to their growth method.
5nm film
(preliminary)

50nm film

5nm film
(preliminary)

50nm film
100nm film

100nm film

Figure 2. (left) First measurements of the
Young’s modulus and Poisson ratio of very
thin 10 – 100 nm soft and stiff low-k
dielectric SiC:H films, where the Young’s
modulus was adjusted by varying the extent
of hydrogenation. (right) For very soft thin
films, the Poisson’s ratio deviates
dramatically
from
the
macroscale
expectation of constant values.

Optical measurements of THz acoustic waves
Recently we demonstrated optical generation of the highest-frequency coherent acoustic phonons ever
observed, up to 2.5 THz [6]. Since then we have moved from the “demonstration” phase to measurement
of THz phonon mean free paths and acoustic spectroscopy nanometer structural features, moving well
beyond our earlier GHz results [7,8]. We have used InGaN/GaN superlattice (SL) structures whose
differential absorption of a femtosecond pump pulse leads to spatially periodic excitation and generation
of acoustic waves with wavelengths (and corresponding frequencies) given by the SL periods. We
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measure the acoustic waves in the SLs (through acoustically modulated SL absorption of probe light)
initially upon generation and, in some cases, after propagation in an adjacent region of bulk GaN. Figure
3 shows a schematic illustration of acoustic wave generation in a 25-period SL, propagation through 150
nm of GaN to a free surface, reflection from the interface, and propagation back to the SL. The data are
from measurements made initially (at times t = 0-20 ps, with signal diminishing as the acoustic wave
leaves the SL) and after acoustic wave return to the SL (35-75 ps as the acoustic wave returns to and
passes through the SL). The measurement allows assessment of the interface specularity, a property that is
important in nanostructure thermal transport as well as acoustic wave behavior. The acoustic frequencies
are centered at ~ 1.0 THz, which corresponds to an acoustic wavelength of 8.0 nm (the SL period). For
such short wavelengths, surface roughness on the order of 1 nm leads to significant scattering and
dephasing, reducing the coherent acoustic amplitude and bandwidth after reflection.

Figure 3. Measurement of surface specularity through reflection of an acoustic wave with 8-nm wavelength.

Figure 4 shows measurements from within
two 100-period SL structures whose SEM
images reveal very different degrees of
interface roughness. The very different
acoustic dephasing times of ~ 30 ps and 5 ps
demonstrate that the measurement provides
a simple, noncontact optical diagnostic for
SL quality, with potential applications in
assessment of periodic nanostructures in
electronics as well as thermoelectrics and
other areas in which thermal transport plays
an important role.
Figure 5 shows data recorded from acoustic
waves upon their generation initially in a pair
of SL structures and again after their
propagation through a GaN layer and arrival at
the opposite SLs. The measurements are
continuing with various GaN thicknesses in
order to determine phonon mean free paths at
frequencies (to date) up to 1.4 THz. The
results will allow incisive comparison to
thermal transport data from which phonon
mean free path distributions are inferred as
discussed above. Similar measurements will
permit assessment of the nature and extent of
disorder in glasses and partially disordered
crystals, and may allow study of viscoelastic
behavior beyond the 200 GHz range that we
reached previously [9].

Figure 4. SEM images and acoustic wave
data from SL structures of different quality.

Figure 5. Acoustic waves measured upon generation (0-10
ps) in each of two SL structures and in the same two SL
structures (275-295 ps) after traversal across an intermediate
2.0 m thick GaN layer.
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Nonlinear GHz-frequency viscoelasticity
We have measured amplitude-dependent velocities of 20-GHz acoustic waves in both glassy and viscous
liquid states of the organic glass former tetramethyl-tetraphenyl-trisiloxane (trade name DC704) [10]. The
nonlinear acoustic behavior informs us about the dynamics of excursions farther from local equilibrium
than those that we have probed earlier [ref] in the linear response regime. Large-amplitude local structural
rearrangements play key roles in liquid flow and other phenomena of central interest. The nonlinearity
was constant at temperatures below Tg, the glass transition temperature, but increased monotonically at T
> Tg. This cannot be explained by linear relaxation dynamics which show no T-dependent 20-GHz
features because they are on time scales of seconds, not picoseconds, near Tg! We believe the nonlinearity
indicates far faster motions that become possible once local intermolecular geometries are disrupted.
Future Plans
We are further refining our capabilities for direct measurement of nanoscale thermal transport and the
acoustic phonon mean free paths that mediate it as well as nanoscale mechanical properties and highfrequency viscoelastic behavior. The same efforts will continue to demonstrate potential applications of
our novel measurement methods in nanoscale thermal management and noncontact characterization of
nanostructures. Several additional experimental components are planned. These include coherent
diffraction imaging of nanoscale thermoelastic responses using tabletop high harmonic generation; EUV
transient grating measurements, with beamtime scheduled at ELETTRA; and diffuse x-ray scattering
from squeezed high-wavevector acoustic phonons, in collaboration with Stanford Professor David Reis
who pioneered the technique, with beamtime scheduled at the LCLS.
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Project Scope: The primary objectives of this program are to investigate the fundamental physics
and chemistry involved in low-energy (1-250 eV) electron and soft x-ray interactions with
complex targets. There is a particular emphasis on understanding correlated electron interactions
and energy exchange in the deep valence and shallow core regions of the collision targets. The
energy loss channels associated with these types of excitations involve ionization/hole exchange
and negative ion resonances. Thus, the energy decay pathways are extremely sensitive to many
body interactions and changes in local potentials. Our proposed investigations should help
determine the roles of hole exchange via inter-atomic and intermolecular Coulomb decay (ICD)
and energy exchange via localized shape and Feshbach resonances in the non-thermal damage of
biological interfaces.

Recent Progress: We have carried out limited worked on several tasks during the past year.
The first task focused on intermolecular coulomb decay (ICD) at weakly interacting
interfaces. The second examined low-energy electron induced damage of DNA and RNA
nucleotides adsorbed on graphene. The third extended this study and probed the role of
secondary electrons and substrate interactions in x-ray induced DNA and RNA nucleotide
damage.

Task 1. Investigating ICD at weakly interacting molecular interfaces.
We have carried out preliminary
studies which indicate that ICD may occur
in complex molecular systems containing
water clusters adsorbed on multilayers of
ethane. As can be seen in Figure 1, the water
cluster yield (0.2 ML of water adsorbed onto
60 ML of C2H6) is high and co-incident with
the formation and release of C2H5+ and
probably C3H5+. The water interaction with
this hydrophobic surface will lead to the
deposition/growth of small water clusters
typically seen on rare gas layers. As shown
previously, water cluster ions can be ejected
Figure 1. Electron stimulated desorption spectrum
by Coulomb explosions resulting from ICD; of H(H O) + from 0.2 ML of water adsorbed on 60
2
n
especially in the inner valence ionization ML of ethane. The signal threshold energies, cluster
energy range. The preliminary threshold size distributions and kinetic energy distributions
energy ( 30 eV) and kinetic energies indicate that intermolecular Coulomb decay (ICD)
occurs in this complex molecular interface.
measurements ( 2 eV) are consistent with
ICD. The water cluster ion yield is also greatly enhanced for coverages < 0.5 ML, as
expected and previously observed for ICD on rare gas substrates.
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Project 2. Low-energy electron induced damage of DNA and RNA nucleotides on a novel
graphene platform
We have examined the low-energy electron (LEE) induced damage of DNA and more
recently several nucleotides using a novel graphene-platform and Raman micro-spectroscopy
approach. The single stranded DNA was shown to undergo significant damage due to the
capture of electrons into primarily * shape resonances initially localized on the bases.
Adsorption on p-doped graphene can also lead to direct capture in phosphate *-type levels.
Though simlar processes are expected for isolated nucleotides based on gas-phase studies of
the constituent sugars and bases, we only observe limited damage of the RNA constituent
nucleotides following < 5 eV electron bombardment. However, significant LEE-induced
damage of DNA nucleotides such as deoxyadenosine monophosphate (dAMP) occurs after
bombardment of only 2 eV electrons. The much higher stability of the RNA nucleotide
adenosine monophosphate (AMP) is correlated with a change in the electronic structure
associated with the simple addition of an –OH group to the 2-C site on the sugar. This
dramatically changes the attachment energies and lifetimes of the transient negative ion
resonances. The DNA nucleotides have lifetimes long enough to allow base damage and
glycosidic bond cleavage at energies < 2 eV. This is not the case for the RNA nucleotides.
The general radiation stability of important RNA sub-units relative to those in DNA is
consistent with an RNA or RNA-like polymer based origin of life hypothesis.
Project 3. X-ray induced damage of DNA and RNA nucleotides.
Our collaboration at Argonne National Laboratory has recently focused on examining
secondary electron induced damage of DNA and RNA nucleotides using tunable x-rays.
Specifically, we are examining the cross sections and rates of low-energy electron damage of
dAMP and rAMP as well as dTMP amd rUMP. Time dependent photoemission from C, O
and P core levels are directly compared to damage measured by Raman microspectroscopy.
Future Plans.
We are particularly interested in extending our initial ICD studies to water clusters adsorbed
on other weakly coupled molecular solids such as ethane (C2H6), acetylene (C2H2), and
formaldehyde (HCHO). This series span the regime of essentially no coupling (C2H6), to
weak -interactions (C2H2), and hydrogen bonding (HCHO). HCHO can also be considered
a building block for more complicated biomolecules and has hydrogen bonding interactions
expected in biochemical systems.
We will continue LEE-induced damage studies of nucleotides using the graphene platform
and Raman microspectroscopy. Nucleotides we plan to study include but are not limited to,
deoxycytidine monophosphate (dCMP), cytidine monophosphate (rCMP), deoxythymidine
monophosphate (dTMP), thymidine monophosphate (rTMP), deoxyuradine monophosphate
(dUMP) and uradine monophosphate (rUMP). The damage probability will be studied as a
function of incident electron energy, total electron dose and base identity.
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Structure from Fleeting Illumination of Faint Spinning Objects in Flight
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There is an urgent need for new data-analytical approaches capable of efficiently
extracting reliable information from XFEL datasets in the presence of sample
heterogeneity and timing uncertainty. We have developed and validated a powerful
algorithmic platform for determining conformational heterogeneity, ensemble kinetics,
energy landscapes, and dynamics beyond the limits set by these effects.
1. Conformations, molecular movies, and energy landscapes of nanomachines
Many functions in the cell are performed by Brownian machines, macromolecular
assemblies that use energy from the thermal environment in their work cycles. We have
developed a new approach capable of mapping the motions of such nanomachines along
their trajectories in the free-energy landscape (1). The input data consist of cryo-EM
snapshots of randomly oriented machines without timing information or use of templates.
Application to experimental snapshots of yeast ribosome reveals a closed pathway
corresponding to the elongation cycle. Our approach constitutes a universal platform for
the analysis of free-energy landscapes and conformational motions of nanomachines, and
their dependencies on temperature, buffer conditions, and regulatory factors. The
application of this approach to other important nanomachines is underway.
2. Accurate dynamics from data with extreme timing uncertainty
Imperfect knowledge of the time-points at which “snapshots” of a system were recorded
often degrades our ability to recover dynamical information, and can even scramble the
sequence of events. In X-ray Free Electron Lasers (XFELs), for example, the uncertainty
– the so-called timing jitter – between the arrival of an optical pump pulse and a probing
X-ray pulse can exceed the X-ray pulse-length by up to two orders of magnitude (2), thus
marring the otherwise exquisite time-resolution capabilities of this powerful class of
instruments. The widespread notion that little information is available on timescales
significantly shorter than the timing uncertainty has spawned a variety of elaborate
hardware schemes to reduce timing uncertainty [see, e.g., (3-5)]. These schemes are
expensive, tend to be specific to one experimental approach, and cannot be employed
when the record was created under ill-defined or uncontrolled conditions, as, for
example, in geological or cosmological events. We have developed a purely dataanalytical approach (6) based on machine-learning (7-9), which is capable of recovering
accurate histories and dynamics from noisy snapshots recorded at extremely uncertain
time points. We have demonstrated the power of this approach by extracting novel
dynamical information on the few-femtosecond timescale from noisy experimental XFEL
data recorded with 300 fs timing uncertainty (2). This capability far exceeds what was
∗

In collaboration with: A. Dashti, R. Fung, A. Hosseinizadeh, P. Schwander (Univ. of Wisconsin,
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previously thought possible, with potentially wide impact whenever dynamical or
historical information is tainted by timing uncertainty. We plan to exploit this capability
to study ultrafast dynamics on the single-femtosecond timescale in the first instance.
3. Single-particle Initiative
In 1970, Breedlove and Tramel (10), and later Solem and Baldwin (11) suggested that the
problem of radiation damage in structural biology might be solved by destroying the
sample with a short pulse of intense radiation, because a few photons should be scattered
before the onset of radiation damage . Backed by simulations, the proposal was revived
in the year 2000 (12) to use ultrashort, intense pulses of X-rays generated by X-ray Free
Electron Lasers to determine the structure of biological molecules without the need for
crystals. Although algorithmic solutions for three-dimensional (3D) structure recovery
emerged quickly (13-17), the experimental road has proved arduous, yielding only a
limited number of three-dimensional structures (18, 19), often at resolutions comparable
with optical methods. The daunting experimental challenges (20) resulted in the
formation of an international collaboration led by the LCLS, designed to tackle the
experimental and algorithmic challenges in a systematic fashion (21). The group of this
PI has been an active participant in this collaboration, with strong representation at both
experimental beamtimes in 2015 and the subsequent data analysis effort. Progress has
been gratifying, but many experimental and algorithmic challenges remain.
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Princeton University, Frick Laboratory, Princeton, NJ 08540
hrabitz@princeton.edu, tsho@princeton.edu
A. Program Scope:
This research is concerned with the conceptual and algorithmic developments addressing
control over quantum dynamics phenomena. The research is theoretical and
computational in nature, but its ultimate significance lies in the associated implications
and applications in the laboratory. The goal of the research is to develop a deeper
understanding of the principles of quantum control as well as to provide new algorithms
to extend the laboratory control capabilities.
B. Research Progress:
In the past year, a broad variety of research topics were pursued in the general area of
controlling quantum dynamics phenomena. A summary of these activities is provided
below.
[1] Assessment of optimal control mechanism complexity by experimental landscape
Hessian analysis: fragmentation of CH2BrI: In this study, we introduced landscape
Hessian analysis (LHA) as a practical experimental tool to aid in elucidating control
mechanism insights. This technique was applied to the dissociative ionization of CH2BrI
using shaped fs laser pulses for optimization of the absolute yields of ionic fragments as
well as their ratios for the competing processes of breaking the C–Br and C–I bonds. The
experimental results suggested that these nominally complex problems can be reduced to
a low dimensional control space with insights into the control mechanisms.
[2] Systematically altering the apparent topology of constrained quantum control
landscapes: This work developed algorithms to (1) seek optimal controls under restricted
resources, (2) explore the nature of apparent suboptimal landscape topology, and (3)
favorably alter trap topology through systematic relaxation of the constraints.
Mathematical tools were introduced to meet these needs by working directly with
dynamic controls. The new tools were illustrated using few-level systems showing the
capability of systematically relaxing constraints to convert an isolated trap into a level set
or saddle feature on the landscape, thereby opening up the ability to find new solutions
including those of higher fidelity.
[3] Exploring the complexity of quantum control optimization trajectories: This
study addressed the structure of the landscape as a complement to topological critical
point features. Especially, we extended the state-to-state transition probability results to
the quantum ensemble and unitary transformation control landscapes. The interplay of
optimization trajectories with critical saddle submanifolds was found to influence
landscape structure. A fundamental relationship necessary for perfectly straight gradient-
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based control trajectories was derived, wherein the gradient on the quantum control
landscape must be an eigenfunction of the Hessian.
[4] Constrained control landscape for population transfer in a two-level system: This
work explored the effects of constraining the control field fluence on the topology and
features of the control landscape for pure-state population transfer in a two-level system
through numerical simulations, where unit probability population transfer in the system
was only accessible in the strong coupling regime within the model explored here. With
the fluence and three phase variables used for optimization, no local optima were found
on the landscape, although saddle features are widespread at low fluence values. Global
landscape optima were found to exist at two disconnected regions of the fluence that
possess distinct topologies and structures. Broad scale connected optimal level sets were
found when the fluence is sufficiently large, while the connectivity was reduced as the
fluence becomes more constrained.
[5] Topology of classical molecular optimal control landscapes for multi-target
objectives: This work considered a control landscape defined in terms of multi-target
(MT) molecular states and analyzed the landscape as a functional of the control field. The
topology of the MT control landscape was assessed through its gradient and Hessian with
respect to the control. Under particular assumptions, the MT control landscape was found
to be free of traps that could hinder reaching the objective. Numerical simulations were
presented to illustrate the classical landscape principles and further characterize the
system behavior as the control field is optimized.
[6] Hessian facilitated analysis of optimally controlled quantum dynamics of systems
with coupled primary and secondary states: This study considered a quantum system
composed of coupled primary and secondary subspaces of energy levels with the initial
and target states lying in the primary subspace. Important insights about the resultant
dynamics in each case were revealed in the structural patterns of the corresponding
Hessian. The Fourier spectrum of the Hessian was shown to be complementary to
mechanistic insights provided by the optimal control field and population dynamics.
[7] Searching for quantum optimal controls under severe constraints: Using optimal
control simulations, this study showed that constraints on quantities such as the number
of control variables, the control duration, and the field strength were potentially severe
enough to prevent successful optimization of the objective. For each such constraint, we
showed that exceeding quantifiable limits can prevent gradient searches from reaching a
globally optimal solution.
[8] Experimental observation of saddle points over the quantum control landscape
of a two-spin system: This paper presented a systematic experimental study of quantum
control landscape saddle points. Nuclear magnetic resonance control experiments were
performed on a coupled two-spin system in a 13C-labeled chloroform (13CHCl3) sample.
We addressed the saddles with a combined theoretical and experimental approach,
measured the Hessian at each identified saddle point, and studied how their presence can
influence the search effort utilizing a gradient algorithm to seek an optimal control
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outcome.
[9] Coherent revival of tunneling: This study introduced a tunneling effect by a driving
field, referred to as coherent revival of tunneling (CRT), corresponding to complete
tunneling (transmission coefficient = 1) that is revived from the circumstance of total
reflection (transmission coefficient ≈ 0) through application of an appropriate
perpendicular high-frequency ac field. To illustrate CRT, we simulated electron transport
through fish-bone-like quantum-dot arrays and explored the corresponding current-field
amplitude characteristics as well as current-polarization characteristics. We also
discussed two practical conditions for experimental realization of CRT.
[10] Coherent light-driven electron transport through polycyclic aromatic
hydrocarbon: laser frequency, field intensity, and polarization angle dependence: In
this study, we simulated a phenyl-acetylene macrocycle (PAM) within a linear-polarized
laser field. In the absence of the laser field, the PAM behaved as a perfect insulator due to
destructive quantum interference. In the weak-field regime, field-amplitude power laws
for one-, two-, and three-photon assisted tunneling were evident in the computational
results. The study revealed a range of experimentally feasible field strengths for the
observation of picoampere current caused by photon assisted tunneling. In addition, we
found that the light-driven current is proportional to the cosine square of the polarization
angle, and molecular electronic structure was revealed by the current-frequency
characteristics. The computations showed that PAM-based optoelectronic switches have
robust large on–off switching ratios under weak-field operating conditions, which are not
sensitive to asymmetric molecule-lead couplings.
C. Future Plans:
The research in the coming year will include the following: (1) We plan to continue our
work on landscape Hessian analysis (LHA) by combining it with judicious vibronic
information about a particular molecular system to fit the Hessian data to practical
models. Future works may benefit from systematically performing LHA on a series of
optimal solutions at different laser energies to reveal information about the nature of the
resonance transitions combined with model extraction from the data. (2) We plan to
explore a variety of possible control variables and constraints to investigate the rich
nature of constrained control landscape topology. The complex interplay between
controls and constraints makes it virtually impossible to know a priori how to relax the
constraints, especially in a minimal fashion, to achieve enhanced control performance.
Specifically, we plan to explore how systematic variations of control resources affect the
apparent constrained landscape topology. For example, the controls may also be
expanded to include the Hamiltonian structure as resources when system engineering or
manipulation is possible. Moreover, in order to fully understand the effects of
constraining fluence, further investigations on a variety of quantum systems are needed,
for example, including with different control field parameterizations. Here we
specifically plan to examine the importance of other control resources beyond fluence in
order to provide a greater understanding of the consequences of constraining necessary
control resources upon the apparent control landscape. (3) The analysis of the classical
molecular optimal control landscape rests on the nature of the objective functional, the
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controllability and surjectivity of the system, and access to any desired control. As in the
quantum case, we plan to investigate the fundamental and practical consequences of
violating the assumptions to varying degrees. In addition, to further examining the
continuous classical ensemble control, we plan to study the subtle issues of controllability
and surjectivity. (4) We plan to continue our study on light-driven electron transport with
single molecular junctions beyond (a) the wide-band limit by including the memory
effects caused by the electrodes, (b) the independent electron model by including manybody effects such as electron-electron interactions and electron-photon interactions, and
(c) the Huckel-type Hamiltonian by computing a more realistic molecular model, e.g.,
based on the density functional theory. In addition, we plan to study the interplay
between the photon assisted tunneling and electronic excitation in a molecular junction.
(5) We plan to build on our current study, in collaboration with Dr. Yuzuru Kurosaki in
Japan, to form a more elaborate assessment of the prospects of performing ozone
isomerization by executing OCT calculations to include rotation under the sudden
approximation in order to reveal more general nature of the field resonances necessary
for a learning control experiment.
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(robichf@purdue.edu)
Program Scope
This theory project focuses on the time evolution of systems subjected to either coherent or
incoherent interactions represented by fields and particles, respectively. This study is divided
into three categories: (1) coherent evolution of highly excited quantum states, (2) incoherent
evolution of highly excited quantum states, and (3) the interplay between ultra-cold plasmas and
Rydberg atoms. Some of the techniques we developed have been used to study collision
processes in ions, atoms and molecules. In particular, we have used these techniques to study the
correlation between two (or more) continuum electrons and electron impact ionization of small
molecules.
Recent Progress 2014-2015
Single cycle ionization: The manipulation of electrons within atoms is an important objective
in many groups. R.R. Jones recently published results in PRL where a single-cycle electric-field
ionized highly excited atoms. Inspired by these experiments, the postdoc Baochun Yang
performed systematic studies of single cycle ionization of atoms, from highly excited states
down to the ground state.[16,17] The resulting dynamics depends on the binding energy of the
electron and duration of the pulse. In Ref. [16], we investigated the threshold electric field
needed for ionization and found that it scaled inversely with the binding energy when the pulse
duration becomes shorter than the classical Rydberg period. We showed this behavior holds for
weakly bound electrons with large principle quantum number n down to the ground electronic
state. When the pulse duration is short, the effect of the single cycle pulse is to displace the
electron; the ionization that results from this displacement is qualitatively different from
tunneling ionization and multiphoton ionization. In Ref. [17], we investigated the energy
distribution of electrons ionized by a single-cycle electric field. As seen in the experiments from
R.R. Jones’ group, we found that more deeply bound electrons led to larger ionization energy of
the electron. We also described the implications of the substantial difference in the character of
ionization from a single cycle pulse compared to a multicycle pulse.
Quasistable states in a strong IR field: The stabilization of atoms in strong, oscillating fields
has been an important issue for ~20 years. In 2013, we were involved in an experimental and
theoretical study with T.F. Gallagher’s group of how atoms can have resonance states in
extremely strong microwave fields.[10] As had been seen earlier, when atoms are exposed to
intense laser or microwave pulses, ~10% of the atoms are found in Rydberg states subsequent to
the pulse, even if it is far more intense than required for static field ionization. In Ref. [20], the
graduate student Changchun Zhong performed calculations for the analogous system but for
excitation in a strong IR field. Because the IR frequency is much greater than the microwave
frequency, we found that the stabilized states have n~10 in the IR field compared to n~500 for
microwaves. Although the number of resonances in the stabilized states was substantially less
than for microwaves, we found a series of stabilized states that extended from below the n=2
state in H to above the ionization threshold. The atoms survive the strong IR field even after
hundreds of IR cycles. This paper was an Editor’s Choice for July, 2015.
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Two electron physics: The correlated motion of two electrons is a fundamental system for
atomic scattering theory. We recently developed a method for dealing with the quantum
mechanics when two electrons extend over very large regions and/or interact for a long time.
With the graduate student Qianxia Wang, we used our fully quantum method to test the range of
validity of some of the approximations that are standard in PCI.[14] We compared our time
dependent calculation to the best approximate methods for the energy and angular distributions
where the two methods should agree and where they should disagree, thus demonstrating their
consistency and range of accuracy. For the regions where the methods disagree, we discussed the
reasons for the discrepancies and the trends in the differences. We also compared the
calculations with existing experimental data as a final check on accuracy.
Fundamental investigations in scattering theory: With the postdoc Panos Giannakeas and
with Chris Greene, we have embarked on a series of studies in fundamental scattering theory.
The basic problem in scattering theory is to calculate the amplitude for a system to start in
channel i and scatter into channel j. As a paradigm, we investigated the case where the scattering
center has a small range but has a different symmetry from the channel functions.[18,19,21] In
Refs. [18,19], the system is a highly excited atom in a strong electric field. Since a pure Coulomb
potential plus a uniform electric field separates in parabolic coordinates, the channels are the
eigenstates in parabolic coordinates while the scattering center is the non-Coulomb part of the
potential (arising from core electrons) which has spherical symmetry. We used a standardized
form of the local-frame-transformation and generalized quantum defect theory to study the
angular distribution of outgoing electrons. Our formulation allowed us to treat the angular
distribution through the local frame transformation and gave a critical test of the accuracy of
frame transformations. This study is important because the frame transformation approximation
underlies the treatment of several important scattering systems. In Ref. [21], we reformulated the
underlying theory of the frame transformation using the Schwinger-variational-principle. This
reformulation agreed in some cases with previous frame transformations but in other cases
showed that previous treatments contain inherent approximations. Also, the treatment of Ref.
[21] gave results without the divergences that need to be regularized in other methods. We used
the method to treat photodetachment in the presence of various confining potentials, thereby
highlighting effects of infinitely many closed channels. Two general features predicted were the
vanishing of the total photoabsorption probability at every channel threshold and the occurrence
of resonances below the channel thresholds for negative scattering length.
Neutron-impact ionization of He: The double ionization of He by photon absorption or ion
impact has been extensively studied because they are simple examples of correlated electrons;
although the systems are simple, the accurate calculation of the wave function is a challenge.
When neutrons collide with a nucleus, the sudden change in velocity of the atom can cause one
or more electrons to be shaken off the atom. We used a time-dependent close-coupling
calculation to accurately calculate the neutron-impact single and double ionization cross sections
for He.[13] We also investigated the ratio of double to single ionization and found a rapid rise of
the ratio at high neutron energies: a trend unique to neutron-impact ionization.
Plasma with equal masses: P.L. Gould at UConn suggested the study of an ultracold plasma
consisting of charged particles with opposite sign charges but the same mass. Two examples are
an electron-positron plasma or a plasma consisting of A- and A+ ions. Ultracold plasmas could
lead to strong coupling between the different species which would lead to correlated motion.
With the undergrads Brian Bender and Michael Phillips, we simulated the evolution of a plasma
created by the fast dissociation of a neutral particle.[15] The temperature of the plasma is
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controlled by the relative energy of the dissociation. At early plasma times, we studied the
temperature evolution and three body recombination for plasmas initially in the strongly coupled
regime. For weakly coupled plasmas, we studied how an expanding plasma thermalizes and how
the scattering affects the expansion.
Finally, this program has several projects that are strongly numerical but only require
knowledge of classical mechanics. This combination is ideal for starting undergraduates on
publication quality research. Since 2004, twenty-seven undergraduates have participated in this
program. Most of these students have completed projects published in peer reviewed journals.
Two undergraduates, Michael Wall in 2006 and Patrick Donnan in 2012, were one of the 5
undergraduates invited to give a talk on their research at the undergraduate session of the
DAMOP meeting. Four publications during the past three years [6,7,11,15] had an undergraduate
supported by DOE as first author or coauthor.
Future Plans
Single cycle ionization: We will continue the study of atoms interacting with single cycle
electric fields started in Refs. [16,17]. One aspect of interest is the behavior of negative ions. For
atoms, the single cycle led to a displacement of the electron when the duration of the pulse is less
than the period of motion. These concepts become somewhat sketchy for negative ions (what
corresponds to the period? what part of the wave function shifts?). We are also interested in how
an electron ionized by a laser pulse would interact with a single cycle pulse. For this case, we
expect that there are situations where there are two or more electron paths that can lead to the
same result which would lead to interesting quantum interference.
Basic scattering theory: We will further apply the developments in Ref. [21] to understand
the limitations and extend the applicability of the local frame transformation. We will attempt to
extend the basic Harmin-Fano theory of the Stark effect to include the strongly closed parabolic
channels. In the current theory, only weakly closed channels are included but, in Ref. [21], we
found that the sum over the infinite number of strongly closed channels could lead to qualitative
changes in other scattering systems. We will also try to apply the method to the complicated
problem of atoms/ions in crossed electric and magnetic fields.
Strong laser physics: T.F. Gallagher’s group has probed the stabilized states in a microwave
field by coherently exciting the atom to the threshold region using two laser frequencies. Guided
by these results, we will investigate the analogous situation but for the case where the atom is
driven by a strong IR field of ~1 m wavelength. We will focus on how the total survival
probability varies with the phase of the two laser photons. We will also explore whether
information about the spatial asymmetry of the stabilized electron is available. Also, P.H.
Bucksbaum’s group recently published experiments that use two lasers with frequencies f and f/2
to obtain asymmetric ionization in the strong field limit. We will perform calculations to
understand how the asymmetry in the direction of the electron ionization depends on properties
of the system (e.g. phase shift of electron waves in zero field, strength of the lasers, frequency of
the lasers etc).
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Program description
The great interest in the use of high intensity coherent soft x-ray and x-ray light motivates the
development of compact sources of intense coherent soft x-ray light that can be readily accessible. The
project goals are to explore amplification of atomic transitions in plasma regimes leading to compact soft
x-ray lasers emitting high energy pulses of femtosecond pulsewidth at high repetition rate, and to investigate
schemes that promise to increase their conversion efficiency with the ultimate goal of achieving high
average powers. This research builds on recent progress in the generation of bright soft x-ray laser beams
on a table-top. We have recently made use of a diode-pumped laser driver to demonstrated soft x-ray laser
operation at 100 Hz repetition rate, producing a record 0.1 mW average power at 13.9 nm from a table-top
laser. The project experimentally and theoretically studies the amplification of soft x-ray radiation in high
plasma density regimes in which collisions broaden the laser transitions to create a gain medium with the
increased bandwidth necessary to amplify femtosecond soft x-ray laser pulses. The ultrafast high energy
pump laser that we are developing to enable this research will also allow us to explore lasing at wavelengths
below 8 nm in transitions of Ni-like lanthanide ions. In addition, we are using hydrodynamic/atomic physics
simulations and experiments to tailor the interaction between the driver laser and the target in table-top soft
x-ray plasma amplifiers with the goal of obtaining a significant increase in efficiency, as part of an strategy
to develop high average power table-top soft x-ray lasers. The combination of an increased efficiency with
a further increase in repetition rate can be expected to yield soft x-ray laser beams with an unprecedented
average power on a table-top high photon flux demanding applications.
Modeling of dense soft x-ray laser amplification media
We have used an atomic physics/hydrodynamic code to model novel atomic soft x-ray laser amplifiers
based on high density plasmas. Simulations were conducted for two different type of amplifiers in which
we plan to conduct experiments. The first consists in dense plasmas of lanthanide ions that are of interst to
generate intense laser pulses at wavelengths shorter than 8 nm. The second concerns the generation of a
super-critical density plasma generating by irradiation of arrays of aligned nanowires with high intensity
femtosecond optical laser pulses. The aim in this case is to create very dense plasmas in which large
collisional broadening of the atomic laser lines can support amplification of femtosecond soft x-ray pulses.
We performed a set of simulations with the goal of expending transient collisional lasers to sub-8 nm
wavelengths in a plasma of Ni-like lanthanide ions. A goal is to determine efficient pumping configurations
to extend these lasers to the shortest possible wavelengths. Specifically we are interested in first attempting
to produce a gain saturated soft X-ray laser amplifier at λ= 7.3 in Ni-like samarium, and next explore soft
X-ray laser amplification in the 4d 1 S0 -4p1 P 1 transition of Ni-like Gd at λ= 6.7nm. We have conducted
simulations to determine the optimum laser parameters for such experiments. As an example we discuss
below results for lasing in Ni-like Gd at λ= 6.7 nm.
Figure 1 shows the evolution of the electron
temperature, ion temperature and electron density of a prospective Gd plasma soft X-ray amplifier created
irradiating a Gd flat target with a sequence of a 300 ps optical laser (λ= 800 nm) pre-pulse with an intensity
of 2 x 1013 W cm-2 , followed by a 3 ps duration pulse with and intensity of 1 x 1015 W cm-2 . The spatio-
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temporal evolution of the gain in the 6.7
(b)
(a)
nm laser transition is shown in Fig. 1(d)
(d)
-1
to reach values of about 50 cm . This
gain coefficient is sufficient to observe
strong amplification in such plasma, but
is likely to be too small to allow us to
reach gain saturation. We are therefore
exploring optimum irradiation conditions
to optimize the gain. Fig. 1(e) shows the
(d)
(c)
computed gain coefficient as a function of
the angle with which the short pulse
impinges onto the target. The largest gain
is predicted for the angle closest to
normal incidence of those explored, 45
degrees.
Figure 1(f) shows the
dependence of the gain on time delay
between the 300 ps pre-pulse and the
short pulse for a configuration in which
the short pulse impinges at an angle of 55
degrees respect to the target normal. Next
we plan to run experiments first on
(e)
(f)
samarium (laser line at λ = 7.3 nm), and
then in gadolinium (laser line λ= 6.7 nm)
Fig.1. Simulations of plasma parameters and laser gain in the
and to compare the results with model the
λ = 6.7 nm line in a Gd laser-created plasma. (a) electron
simulations.
temperature, (b) ion temperature, (c) electron density, (d) gain
A second set of simulations was
coefficient, (e) gain coefficient as a function of angle of
conducted to study the possibility of
incidence of the main excitation pulse respect to the target
amplification in super-dense plasmas.
normal, (f) gain coefficient as a function of time delay
Figs. 2,3 show the results of simulations
between the pre-pulse and short pulse for a short pulse an
for a prospective soft x-ray laser plasma
angle of incidence of 55 degrees. The irradiation conditions
amplifier generated by irradiation of a
are those described in the text.
target consisting of aligned ruthenium
nanowires. The target is assumed to be irradiated by high contrast pulses of 50 fs duration at an intensity of
5 x 10 16 W cm-2 . Based on the results of our recent experiments with nanowire array targets the absorption
depth of the laser pulse into the target is assume to be ~ 5 μm. Fig. 2(a) shows that the electron temperature
is predicted to reach 500 eV over a depth > 5 μm while ions reach a temperature of 200 eV. The electron
density is computed to exceed 1 x 1022 W cm-3 . The mean degree of ionization is predicted to reach a value
of Z=15 with a density of Ni-like ions, the prospective lasing species, of ~ 20 %. Fig. 2(e) shows the
spatio-temporal distribution of Ni-like ions. Figures 2(f) shows the gain in the 4d 1 S0 -4p1 P 1 transition of
Ni-like ruthenium ions at λ = 16.7 nm. is computed to exceed 120 cm-1 at 400 fs after the peak of the
irradiating laser pulse. Figure 3 shows the simulated bandwidth of this laser transition as a function of the
electron density. The bandwidth is observed to increase with plasma density due to collisional broadening.
At the predicted electron density of 1x 10 22 cm-3 the bandwidth corresponds to a transform-limited pulse
width of a few femtosecond. However gain narrowing limits the amplified laser pulse bandwidth to a value
corresponding to a transform limited pulse width of ~ 50 fs (Fig.(3b)).
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Fig. 2. Computed parameters of plasma amplifier generated by irradiation of aligned ruthenium nanowires with
16

-2

femtosecond laser pulses at an intensity of 5 x 10 W cm . (a) electron temperature; (b) ion temperature, (c)
electron density, (d) mean degree of ionization, (e) Ni-like ion fraction, (f) spatial distribution of the soft x-ray
laser gain at 400 fs after the peak of the excitation pulse.

(b)

(a)

1

1

Fig 3. (a) Computed bandwidth of the amplified 4d S0 -4p P1 laser transition in Ni-like ruthenium as a function
of electron density showing the effect of collisional broadening , and (b) corresponding bandwidth and transform
of the laser pulse amplified to reach saturation taking into account the gain narrowing.

Upgrade of Ti:Sapphire pump laser
During the past year we have also worked in upgrading to higher energy the Ti:sapphire laser that will be
used as pump laser in a large part of the experiments. The laser, that was recently installed into a new

265

Rocca

laboratory space, was upgraded by adding an additional amplification stage pumped by a new chain of
frequency doubled Nd:glass slab amplifiers. We achieved a Ti:sapphire pulse energy of 32 J before
compression. A new grating compressor was also installed to allow for the compression of higher energy
pulses. The new compressor was measured to have an efficiency of ~ 70 percent, and to deliver pulses of
50fs duration. With the capability of operating at multi-Hertz repetition rate at a peak power approaching
0.5 Pw this high energy ultrashort pulse is a unique facility. Figure 4 shows a photograph of the newly
upgraded laser system. New line focus optics is currently been installed to conduct the proposed
experiments. Future plans includes the realization of these experiments.

Fig. 4. Wide angle view of the high energy Ti:Sapphire laser developed at Colorado State University.
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1 Program Scope
The goal of this research program is the study of processes at nanometer length scales and ultrafast to slow time
scales. We study the structure of nanometer-sized materials using Spatial Frequency Heterodyne Imaging (SFHI), an
x-ray imaging modality developed during the past DOE funding cycle. Ultrafast dynamics of molecules in their
solvation environment are studied with picosecond x-ray absorption fine structure (XAFS) spectroscopy using an
endstation that we developed in collaboration with Bernhard Adams at 7ID-C of the Advanced Photon Source,
Argonne National Laboratory.

1.1 SFHI of water phase transitions in carbon nanotubes
The spatial dimensions of nanomaterials bestow on them unique properties, and fluids confined at the nanoscale
show properties that differ from the bulk. Evaporation and condensation of water confined to the inner cavity of
carbon nanotubes (CNTs) was the focus of this study. Understanding of fluids confined to nano dimensions is
necessary to facilitate widespread application of nanofluidic phenomena to fields including transmembrane
transport4, sequestration of gases in nanoporous minerals, nanofluidic devices, chromatography, water purification
but also ultrafast dynamics in nano-confined spaces.
CNTs are made of hydrophobic graphene sheets. Despite the hydrophobic nature of the grapheme sheets,
experimental studies have revealed that water can be confined in CNTs. They are wetted by liquids of interfacial
tension below 200 mN/m. Water has an interfacial tension of approximately 72 mN/m and therefore wets CNTs
despite their insolubility in polar solvents. The acute contact angle water makes with CNT surfaces permits
population of the inner cavity via capillary forces. Functionalization of the CNT surfaces by oxidation decreases the
contact angle of water by addition of oxygen containing functional groups, exaggerates defect sites, and removes
any hemispherical caps possibly sealing the CNTs at either end.
Capillary theory predicts a decrease in water vapor pressure within CNTs resulting from formation of an aqueous
meniscus with negative radii of curvature. An increased boiling point is an immediate consequence of decreased
vapor pressure. The Kelvin equation predicts the change in vapor pressure of a liquid as its free surface deviates
from a planar geometry, and the Clausius-Clayperon equation yields the change in boiling point given the change in
vapor pressure. Molecular dynamics simulations have also shown that pressures on the order of hundreds of bar are
possible by heating water confined to a closed CNT within a few tens of degrees above its boiling point. The ability
to generate such high pressures by relatively mild heating could have a dramatic impact on the high pressure
chemical industry. We used Spatial Frequency Heterodyne Imaging (SFHI) developed with support from this DOE
program to measure the loading and unloading of water into Carbon Nanotubes (CNTs). Our objective is to develop
SFHI as an X-ray detection method suitable for studying phase transitions in nanomaterials.
SFHI is related to small angle x-ray scattering (SAXS), but simultaneously measures at thousands of points in a
sample the integrals of the SAXS profiles in a single x-ray image exposure. The image data can be numerically
decomposed into a pure absorption image and several images that only contain the scattered x-rays. As SAXS is
particularly sensitive to the nano and mesoscopic structures of a sample, SFHI images the distribution, size, and
orientation of nanostructures in a sample. Since all image points are measured simultaneously and only a single xray exposure is needed to obtain a complete image of the sample, ultrafast time-resolved imaging of an entire sample
is possible. The imaging setup does not require any x-ray optics between the x-ray source and the sample and is
equally well-suited for use with point x-ray sources as well as accelerator-based sources. This feature enables future
measurements of the dynamics of nanomaterials on an ultrafast time scale with the nanometer-sensitivity typical of
conventional SAXS. Here we present results for the equilibrium structure of CNTs during water loading and
unloading.
Multi-wall CNTs with an inner diameter of 7±2 nm, an outer diameter of 15 ±5 nm, and a length of 1-5 μm
produced by chemical vapor deposition were obtained from Nano Lab Inc. (Waltham, MA). A fraction of the multiwall CNTs were placed in a Pyrex tube open to atmosphere and heated to 500°C for approximately 50 minutes in
order to functionalize the CNTs. Heating produced a 15% mass loss.
Two functionalized (heat treated) and two as purchased 16 mg samples of multi-wall CNTs were placed in glass
tubes. The CNTs were packed at one end of the glass tubes by a glass wool plug, and 250 μl of nano-pure water
were added to one functionalized and one as purchased sample. All four samples were then vacuum sealed and
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placed in an aluminum holder fitted with two heating elements, a thermocouple, and five sample slots. The middle
slot contained an empty glass tube. The two samples that did not have water explicitly added were heated to 110°C
for ten minutes while under vacuum in order to insure that all water already adsorbed into the CNTs was removed.
The portions of the glass tubes containing CNTs were within the dimensions of the holder, while the empty lengths
of glass tubing that remained extended beyond the holder. Extension beyond the dimensions of the aluminum holder
allowed the vacant portion of the glass tubes to remain at room temperature throughout the experiment. The dry
samples were therefore under vacuum while the wet samples were under a pressure equal to that of water vapor
pressure at room temperature. A schematic of the holder is presented in Figure 3.
The holder was placed 1.2 m below a 12 bit RadEye 200 CMOS detector in a vertical imaging arrangement with a
1.6 m source to detector distance. The source was a True Focus X-ray tube, model TFX-3110EW with a Tungsten
anode and 10 μm focus size. The tube was operated at 80 KV and 0.2 mA. The absorption grid was a two
dimensional 170 μm period stainless steel wire mesh with 66 μm gauge. The grid was placed immediately below the
sample holder. Only the sample volumes contained within the dimensions of the aluminum holder were in the
viewing field of the imaging system. As the samples were heated a temperature gradient was established and water
condensed at the room temperature end of the glass tubes out of the viewing field.
Prior to imaging the samples were situated in a vertical position to ensure contact of the CNTs with the added
water. The samples were then oriented horizontally and heated to 80°C for 30 minutes to expel excess water from
the samples into the region of the glass tubes outside of the viewing field. After preheating the samples were
allowed to cool for four hours. The samples were heated as quickly as possible to a set point temperature that was
then maintained.
Figure 1 contains the results of heating the samples to various set point temperatures. The signals depicted are the
differences between the intensities measured for the samples containing water and their corresponding dry samples,
so any change in intensity is due solely to the effect of added water. The abscissa was normalized to the time at
which all water had been removed from the as purchased CNTs. The time in hours to which the abscissa was
normalized is located next to the temperature at which images were collected.
The left ordinate is the scale for image intensities obtained from the (0,0) harmonic, so these intensities are due to
changes in absorption and have been rescaled to represent the amount of water in the samples as a percentage of the
initial water content. A rescaling of absorbance values is permissible because absorbance is proportional to
concentration. No such rescaling is permissible for the integrated scatter intensities, whose scale is the right ordinate.
Scattered intensity is only related to the number of scattering centers squared in the zero scattering angle limit. Both
the
scatter
and
absorbance intensities
were offset corrected.
In each of the four
graphs shown in Figure
1
the
absorbance
intensities
decrease
monotonically in accord
with water leaving the
viewing
field.
The
integrated
scatter
intensity profiles for the
functionalized and as
purchased samples are
qualitatively the same at
each temperature with
an initial increase in
intensity, followed by a
subsequent
increase,
and then decrease back Figure 1: Temporal x-ray absorbance and scatter profile of CNTs heated to 45°C (a), 60°C (b),
to baseline. A change in 85°C (c), and 95°C (d). The abscissa has been normalized to the time at which evaporation went to
integrated
scatter completion in the as purchased sample. The time to which the abscissa was normalized is located
intensity
for
both next to the temperature at which the experiment was conducted. All signals depicted are the
samples is not observed differences between the wet samples and their corresponding dry samples. In the legends F stands
until 20 to 30% of the for the samples that were functionalized by heat treatment, and AP stands for the as purchased
samples. The relative error for a 95% confidence interval was never greater than 4% of the signal
water
has
been amplitude for all curves displayed.
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evaporated from the CNTs, indicating that unlike
absorbance the scatter intensity is not sensitive to the
change in water content alone. At 45°C (Figure 1a) and
60°C (Figure 1b) water starts to evaporate from the as
purchased sample at an earlier time than the functionalized
sample, and at 85°C (Figure 1c) and 95°C (Figure 1d) water
starts to evaporate from the as purchased and functionalized
samples at about the same time. At all temperatures
regardless of when evaporation begins water leaves the
functionalized samples at a faster rate. The change in
evaporation rates between the functionalized and as
purchased samples with temperature is clearly seen in the
absorbance profiles, but is also dramatized by the
displacement of the scattering profiles relative to one
another. At 85°C and 95°C the increased evaporation rate of
water from the functionalized sample compresses the scatter
intensity profiles in time relative to the as purchased
sample.
In an effort to interpret the shape of the scatter intensity
integrals
over
SAXS
distributions
corresponding to the four states of CNTs were
calculated. Figure 2 depicts the CNT model
states used to compute SAXS distributions. The
series of states modeled represent different
instances along the progression of capillary
condensation. The CNTs were modeled as 10
nm long tubule segments with electron
densities taken as that of bulk material. The
integrals
over
SAXS
distributions
corresponding to CNTs of constant cross
section undergoing capillary condensation, and
CNTs of changing cross section without
capillary condensation were also calculated.
The integral of these SAX distributions were
compared to the measured scatter intensities
shown in Figure 1 and found to be in
qualitative agreement with the observed scatter
profiles. Coincidence of the change in
evaporation time scales with the boiling point
predicted by the Kelvin equation and the
qualitative agreement between the theoretical
calculations and observed scatter intensity of
the as-purchased sample during condensation
establishes the applicability of thermodynamics
to water confined to dimensions less than
10 nm. To our knowledge this is the first
experimental verification that thermodynamics
may be applied within this size regime.

Figure 2: State 1: empty CNT with circular cross section;
state 2: CNT after a 20% radial contraction caused by the
formation of 1 nm thick film of water; state 3: elliptical
cross section resulting from a 10% change in radius along
both the semi major and minor axes, following the
formation of an aqueous meniscus; state 4: CNT with its
original cross section and complete filling with a planar
meniscus at each end.

profiles in terms of CNT shape and water content the

1.2 Ultrafast XANES of solvation shell
dynamics
The ultrafast x-ray absorption near edge
spectra (UXANES) of two anionic ions,
[Fe(CN)6]4- and MgO4-, in water have been
measured after intense photoexcitation with
266-nm, 50-fs laser pulses. The resulting

Figure 3: Decomposition of the total x-ray transmittance vs. time after
excitation of [Fe(CN)6]4- (top) and MnO4- (bottom) with 50-fs, 266nm
laser pulses. Fit functions are: a double-exponential function, a sigmoidal
function, and a dampened sinusoidal function. Relevant function
parameters are indicated.
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dynamics causes modulations in the UXANES. Figure 3 shows the data points and their respective fit curves. The
nature of the anions is not very important; they simply act as probes of the solvation shell dynamics that results from
the laser excitation. The XANEs spectra were measured at 7128 eV – 7132 eV for [Fe(CN)6]4-. This spectral range is
most sensitive to changes in the solvation environment. It is also strongly changes if, for instance, reaction products
are formed. Thus, form this limited range, structural details cannot be deduced. MnO4- was probed at 6542.8 eV, the
energy of the 1s → 3d transition of Mn. This transition is only detectable because of the tetrahedral symmetry of the
complex. It vanished upon distortion of this complex or the formation or reaction products. Thus, measurements at
this location will only show departure from the (pre-excitation) equilibrium structure.
Figure 3 shows the two x-ray absorption spectra measured in transmission mode. Raw data points are shown
every 900 fs. The spectra are each fitted with an exponential rise and an exponential drop. The rise time constant is a
few ps. There is an exponential decay on with time scales of 23 ps and 17 ps for ferrocyanide and permanganate,
respectively. We attribute this decay mainly to the vibrational cooling process. At about 20 ps both measurements
show oscillations (blue fitted curves) with about 30-ps oscillation periods. The green fit curves likely are the product
formations. The red curves improve the fit qualities, but we do not interpret them due to their small amplitudes.
It is clear that the oscillations cannot be the consequence of molecular vibrations, because the oscillation
frequencies are much too low. Instead, the oscillation periods approximately match that known from microwave data
for bulk water, which is caused by the oscillations of water networks. Since x-ray spectroscopy can only probe the
1st, and perhaps the 2nd, solvation shells, the oscillation shown here cannot be caused by bulk water. We believe that
the oscillations of the water in the solvation shells modulate the dielectric constant into which the anions are
embedded. The XANES scatter phases, or in the case of permanagante the 3d orbital energies, are sensitive to the
dielectric environment. Thus, this modulation should shift or broaden the absorption features, an effect which is
detected as a modulation of the x-ray absorbance as shown in Figure 3. Since both solutes are entirely different the
similarity of the frequencies supports this interpretation. Similar effect should detectable in many other ultrafast
XANES and pore-edge measurements.
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Program Scope

Our program is centered around the theoretical study of transient absorption of ultrafast extreme ultraviolet
(EUV) radiation by atoms and materials interacting with a precisely synchronized near-to-mid infrared (IR)
laser pulse. Transient absorption spectroscopy can in principle provide high spectral resolution and high
(attosecond) time resolution simultaneously, by spectrally resolving the light transmitted through a sample
as a function of delay between the dressing laser pulse and the broadband attosecond EUV probe. As in
all transient absorption calculations/measurements, one of the main challenges we confront is the extraction
of time-dependent dynamics from delay-dependent information. In addition, we must also account for the
reshaping of the broadband XUV light in the macroscopic medium. We study attosecond transient absorption
(ATA) using a versatile theoretical treatment that takes account of both the strong laser-atom interaction at
the atomic level via the time-dependent Schrodinger equation (TDSE), as well as propagation of the emitted
radiation in the non-linear medium via the Maxwell wave equation (MWE), in the single-active electron
(SAE) approximation up to now [1]. We have now extended our SAE treatment in atoms to fully-active two
electron calculations in helium, in both full and reduced dimensions. Our immediate goal is to extend our
Maxwell/TDSE treatment to include multi-electron systems, beginning with reduced dimensions.
Recent Progress

In the past year we completed a number of research projects in collaboration with experimental groups
carrying out attosecond transient absorption (ATA) measurements. These have now appeared or will soon
appear as journal articles [R1-R4]. An Invited Topical Review to appear in Journal of Physics B [P2] will
summarize and place in context many of the theoretical results on attosecond transient absorption that we
have obtained in the course of this work.
As part of our work on the fundamental properties of ATA, we collaborated with the experimental group
of Prof. G. Sansone at Politecnico Milan, Italy. We explored the dependence of broadband, attosecond XUV
absorption on the relative polarizations of an isolated attosecond pulse (IAP) and an IR pulse [R4]. This
polarization control manifests itself in the variation of the light induced states (LIS) in the transient absorption spectrum. The LISs [2], which appear when the XUV and IR pulses overlap in time, are manifestations
of the strong IR-induced coupling between states that are bright (dipole allowed) or dark (dipole forbidden)
with respect to the XUV absorption. When the strongly coupled bright and dark states are detuned from
resonance with the IR field, the LISs can be thought of as one IR photon sidebands on the dark states.
This allows the various LISs to be assigned to specific dark states, and to be labeled accordingly. While this
picture makes sense, we sought experimental verification. Rotating the relative polarization of the XUV and
IR pulses allowed us to prove that our picture of the LISs is correct since it allowed us to predict which LISs
would survive when the polarization was rotated and which would not. The excellent agreement between
experiment and theory is shown in Figure 1. This work demonstrates that the pump-probe polarization
can be used to selectively turn on and off the transient processes that lead to two photon (phase sensitive
Raman-like) population transfer in laser-dressed systems.
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Figure 1: Left panels: Experimental optical densities for attosecond transient absorption in helium atoms as a
function of the relative delay between the XUV and IR pulses for the XUV and IR polarizations that are (a) parallel
or (b) perpendicular. In the region between 21 and 23 eV light induced states appear between the the dipole allowed
1s2p and 1s3p transitions near zero delay. More LISs appear for parallel than for perpendicular polarizations due to
the presence or absence of IR-induced s − p couplings. Right panels: TDSE calculations that mimic the experimental
conditions reveal the same pattern. From M. Reduzzi, et al., Polarization-control of absorption of virtual dressedstates in helium, Phys. Rev. A, accepted (2015).

As part of our work on the macroscopic properties of attosecond transient absorption, we collaborated
with the group of Prof. A. Sandhu at the University of Arizona, Tuscon [R3]. Specifically, we studied the
macroscopic propagation effects in the absorption of attosecond pulse trains (APTs) by IR-laser-dressed He
atoms. Since transient absorption experiments must measure a non-zero (usually substantial) amount of
absorption, it is important to understand the absorption lineshape beyond the single atom response, and in
particular the interplay of microscopic and macroscopic effects. An additional motivation for this work is the
great amount of interest that has been generated by the work of Thomas Pfeifer’s group on the reshaping of
absorption lines in helium by a strong IR field [3]. The work of the Pfeifer group has all been in the single
atom framework, ignoring collective (i.e., propagation) effects.
In the LSU/UofA collaboration we studied the interplay between the IR-induced phase shift of the
microscopic time-dependent dipole moment [3,4] and the resonant-propagation-induced reshaping of the
macroscopic XUV pulse [5]. Our results showed that as the optical depth increases, this interplay leads
initially to a broadening of the IR-modified line shape, and subsequently to the appearance of new, narrow
features in the absorption line. We were able to explicitly observe its effects in attosecond transient absorption
for the first time and show how the coupling between the single-atom IR-induced phase and the collective
resonant pulse propagation effects manifests itself in the absorption profile. Our full TDSE-MWE calculations
reproduced the experimental results quite well, and we were able to use few-state models plus propagation to
understand the basic effects. An interesting extension of this work relates to the Milan polarization control
experiment. Rotating the relative polarization between IR and XUV pulses will alter the IR-induced phase
on the absorption line. This should be a stringent test of our understanding of the reshaping. We are
currently pursuing this in collaboration with the UofA group.
Future directions

A major goal of our research program is the study of attosecond transient absorption in multi-electron
systems. Our approach is to begin with two electron systems in both full dimension and in reduced dimensions. The full dimensional problem is studied in our group using an ab-initio, five-dimensional, two-electron
TDSE solver for He atoms interacting with electromagnetic fields written by Dr. X. Guan (formerly of Drake
University, now at the High Performance Computing Center at LSU). We are currently exploring transient
absorption around the low-lying autoionizing resonances in helium. The modification of these (Fano-like)
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resonance features by an IR dressing field has been extensively studied by T. Pfeifer’s group [3,6]. Our work
has examined the appearance of LIS in the helium attosecond transient absorption spectrum above the first
ionization threshold. These LISs are manifestations of the strong IR-induced coupling between bright and
dark autoionizing states, in contrast to our earlier work below the first ionization threshold [2]. We emphasize
that it is very difficult to study the dark autoionizing states, such as the 2s2 1 S e , 2p2 1 S e and 1 De states,
since they do not appear in synchrotron spectra unless a static electric field is used, and the electric field of
an IR laser such as those used in attosecond transient absorption experiments is thousands of times stronger
than the largest static fields employed in synchrotron studies. The dark states couple strongly with bright
states like the sp+
2,2 to yield several LISs around 60 eV. The assignment of the particular bright/dark state
coupling which gives rise to a particular LIS in the autoionizing region can be very difficult because so little
is known about, for example, the dipole matrix elements between the autoionizing states. Our strategy in
studying the LIS is to vary the wavelength of the dressing laser and observing how the features move in
the delay-dependent spectrogram. The preliminary results from this strategy are very promising and this
strategy seems to allow us to assign the bright/dark state couplings that give rise to a particular LIS with
high confidence. In addition, we will try and demonstrate a consistent, ab-initio method for extracting the
bright/dark state dipole matrix elements from the delay-dependent oscillations in the ATA spectrum. A
related goal is to study the intensity dependence of the LIS in the autoionizing region.
Of course true two-electron calculations (in at least five spatial dimensions) are very expensive and so we
have also initiated a program, led by a new post-doc, Dr. R. Pazourek and a graduate student Mr. Seth Camp,
to study lower-dimensional models of two electron systems. Our goal is to couple these reduced-dimension
helium model calculations to the MWE solver to study propagation effects around auto ionizing resonances.
Initial testing of the two dimensional, two electron TDSE coupled to the MWE solver are promising and we
expect that this will be a major focus in the coming year.
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absorption, in preparation for J. Phys. B Invited Topical Review.
P3. C. T. Liao, A . Sandhu, S. Camp, K. J. Schafer, M. B. Gaarde, Attosecond Transient Absorption in
Dense Gases: Dependence of Lineshapes on Perturbing Laser Pulse Parameters, in preparation.
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Program Scope
Understanding the quantum transport of electrons and holes, and the correlations between them,
provides an avenue toward improving the efficiency of chemical processes including energy
conversion and catalysis. The relevant electron dynamics evolve on exceedingly fast time scales down
to the natural time scale of the electron, the attosecond. For this reason attosecond science has
increasingly focused on the possibilities for measuring and controlling correlated electron motion in
complex many body systems such as polyatomic molecules as one of the key applications of this new
science.
There are two broad motivations for extending the measurement of electron/hole dynamics in
chemical systems to the attosecond time scale. The first is the study of electron correlation itself.
Though electrons interact on an attosecond time scale, currently measurements are made over much
longer time scales, meaning that two and many-electron interactions are averaged over. Attosecond
studies open a new perspective on these interactions beyond the mean-field picture and without timeaveraging. The second motivation is the study of the earliest phase of charge transfer reactions. These
reactions are among the simplest processes in chemistry yet the efficiency with which electrons move
around in a molecule is one of the primary regulation mechanisms in biology. As an important
example of correlated electron dynamics in many-body systems we will study ultrafast charge
migration in complex chemical environments. Charge migration refers to the rapid movement
(femtosecond or faster) of positively charged holes in a molecule following localized excitation or
ionization.
Attosecond charge migration in molecular systems is thought to be driven by a complex interplay
between many-electron correlation effects and dephasing/relaxation due to weak coupling with nuclear
motion. Understanding the mechanisms of this migration, and developing experimental tools for
observing this process, are crucial to advancing ultrafast science. The objective of the ATTO-CM team
is to advance ultrafast science in the US both on small-scale and large-scale facilities using a concerted
effort of both theorists and experimentalist solving these problems side by side. Our emphasis is to
evaluate high harmonic spectroscopy as a sensitive probe for studying charge migration dynamics in
chemical systems by developing a symbiotic relationship between theory and experiment. The initial
experimental campaigns will be laboratory based but with the probes maturation will translate onto a
large-scale facility, like LCLS, a natural progression for the science.

Recent Progress – LSU Node
The primary goal of the LSU node is to determine the sensitivity of time-resolved HHG as a probe
of charge migration in strong-field ionized molecules. With the arrival of Samuel Hernandez from
UCLA, the LSU effort comprises one postdoc and one student each in Chemistry and in Physics. The
theoretical approach consists of modeling all three steps of the time-resolved high harmonic
generation process (ionization, wave packet propagation, and electron/molecule scattering) along with
the electron/hole dynamics generated on the ionized molecule. Progress this year has focused on the
first-principles ionization and semiclassical wave packet propagation steps, which will form the
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foundation for future TR-HHG simulations, both on model systems, and in conjunction with ongoing
experimental efforts at OSU and UVa.
First-Principles Ionization Rates: For the ionization step of the process, we have recently
developed a time dependent density functional theory (TDDFT) approach which uses a linear
combination of atomic orbitals (LCAO) to capture strong-field ionization rates and dynamics in atoms
and small molecules. The electronic density matrix is propagated in time with a time-dependent laser
potential which drives ionization in the system. A space-dependent, non-Hermitian complex absorbing
potential (CAP) is projected onto the atom-centered basis set(s) to remove ionized charge from the
simulation. The use of an LCAO scheme enables us to use tuned range-separated functionals (e.g.,
LC-PBE*), which have the correct asymptotic -1/r form of the potential and to significantly reduce
localization errors as compared to traditional pure or hybrid DFT functionals. This prescription gives
quantitative agreement with strong-field approximation calculations for simple, well-characterized
diatomic molecules (e.g., N2 in Fig. 1, left panel), it reproduces the experimentally observed ionization
anisotropies (Fig. 1, right panel), and it yields molecular orbital ionization mechanisms consistent with
previous studies (Fig. 2). Moreover, our atom-centered basis approach also scales to large molecules
and is applicable to future core-level ionization dynamics studies, as it does not require the use of
pseudo-potentials. Finally, the use of range-separated hybrid functionals is expected to yield improved
electron/hole charge migration dynamics on the parent ion, whereas traditional local-density and
global hybrid DFT functionals qualitatively fail to capture charge transfer excitations and are thus
unsuitable for charge migration.
Wave packet Propagation: In parallel, the LSU node has also been working towards modeling the
propagation of the ionized electronic wave packet. To this end we have constructed a classical
trajectory Monte Carlo (CTMC) model of strong field ionization, following the general outline of the
CTMC-QUEST model. We are in the process of testing this code against published results, both
theoretical and experimental. Using large numbers of classical trajectories is computationally efficient
even when the laser fields are complex (e.g., multiple driving fields or time-dependent polarizations).

Figure 1: (left panel) Intensity-dependent ionization rates for molecular nitrogen irradiated with 800 nm
light polarized parallel to the molecular axis. Tuned range-separated TDDFT (blue triangles) gives quantitative
agreement with molecular-orbital strong-field approximation (MO-SFA) rates (orange squares) over the range of
intensities relevant to HHG experiments (purple band). (right panel): Ionization rates for molecular nitrogen as a
function of angle θ between molecular axis and light polarization. The calculated anisotropy ratio of
approximately 2 is consistent with the experimentally observed ionization anisotropy.

Future Plans – LSU Node
Ionization Rates: Next, we will validate the ionization calculations against a wider range of
molecules, and begin integrated work with the UVa node to compute the angle-dependent ionization
rate calculations on a range of small gas phase molecules. Additionally, we will further elucidate the
molecular orbital mechanisms giving rise to the ionization by going beyond a simple MO occupation
picture, and instead extract the phase between the various MO channels directly from the timedependent TDDFT density matrix. These results will then form the basis for future time-dependent
scattering calculations.
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Wave packet Propagation: Using the CTMC-QUEST code and assigning a quantum phase to each
returning trajectory via the classical action, we can construct the returning wave packet. We will
normalize the continuum wave packet using ionization rates supplied by the TDDFT simulations. We
are also exploring scenarios where the classical position and momentum of the returning trajectories
are taken as the peak position and momentum of a Gaussian function, which will allow us to account
for the momentum spread of the returning wave packet in a natural way. Our next step will be to put
together a benchmark model which includes ionization, wave packet propagation, and recombination
out of and in to different molecular orbitals, for instance in N2. For now we will use dipole
recombination matrix elements from the literature (see below).
Charge Migration and Time-Dependent Scattering Cross Sections: With the arrival of our new
LSU postdoc (Samuel Hernandez) we are now ready to begin charge migration calculations by
extending our real-time TDDFT ionization simulations to capture electron/hole dynamics via
localization functions. Initial studies will validate TDDFT (especially the use of range separated
functionals) against previous computational studies of vertical excitation-triggered charge migration in
simple molecules, before moving on to ionization-triggered migration. Additionally, we will begin
work towards computing the third step of the time-resolved high harmonic generation process, namely
the recombination of the photoelectron with a time-dependent (non-stationary) state on the parent ion.
The first stage is to compute scattering matrix elements by adapting existing technologies (e.g., multichannel scattering approaches) to a time-dependent molecular state, before attempting to extend the
TDDFT formalism to directly compute the matrix elements from the time-dependent density matrix.

Figure 2: Molecular orbital-dependent ionization rates for on-axis strong field ionization of molecular nitrogen.
The dominant contributions come from the HOMO (3σg) and HOMO-2 (2σ*u), which are the two frontier
orbitals oriented along the laser polarization.

Publications During the Current Grant Period – LSU Node
A. Sissay, P. Abanador, F. Mauger, M. B. Gaarde, K. J. Schafer, and Kenneth Lopata, “Quantitative
Angle-Dependent Strong-Field Molecular Ionization Rates with Tuned Range-Separated TimeDependent Density Functional Theory”, (in preparation).
F. Mauger, P. Abanador, K. Lopata, M. B. Gaarde, and K. J. Schafer, “Semi-classical wave function
perspective on high harmonic generation”, (in preparation).

Recent Progress - OSU Node
At Ohio State a team has been assembled for performing the collaborative experimental program.
A 3rd year graduate student, Tim Gorman, started in March 2015 and a post-doc, Tim Scarborough,
joined our group on September 1, 2015 from Prof. Zewail group at Caltech. Also, Lou Barreau
(graduate student of our collaborator Dr. Pascal Salieres, Saclay) participated in RABBITT
measurements at OSU during August 2015.
The emphasis at OSU has been in developing competency in performing two-source high
harmonic spectroscopy on molecular systems. The technical aspects that are being addressed include
(1) making the RABBITT interferometer achromatic, (2) developing a 1D imaging soft x-ray
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spectrometer for the two source interferometry and (3) performing high-resolution RABBITT
measurements.
Achromatic RABBITT: In our N2 high harmonic
spectroscopy (HHS) studies, we have found that resonances
play a critical role in identifying dynamical phase effects.
This is particular evident using mid-infrared drivers which
produce a high density frequency comb. Consequently, we
have modified our 2-color interferometer by eliminating
chromatic optical elements, e.g. transmission beam splitters,
lens. In the current configuration, beam splitters have been
replaced by mirrors with designed holes. The HHG
generating beam and harmonic radiation transmit through the
holes of the beam splitter and combiner. The mid-infrared
reference beam is relay imaged as a doughnut mode, thus
maximizing delivery of the pulse energy into the RABBITT
magnetic bottle spectrometer detector. During Lou Barreau’s
visit we investigated the new capability to tune the midinfrared driver near sharp Fano resonances. Tuning the driver
around 1.7 m will excite the argon and neon Fano
resonance
(~150 meV width) near 26.6 eV and 45 eV,
Figure 3: Top is the Fano intensity
respectively. Figure 3 shows neon measurements.
profile of neon. Each point is acquired by
1D imaging photon spectrometer: As discussed in the
varying the drive wavelength around
original proposal, we have designed and are assembling a 1D
1.72 m. Bottom is the phase variation
around the Fano profile for photon
imaging spectrometer. The photon spectrometer can cover an
energy 62-times the fundamental. The
energy range of approximately 15 – 1,240 eV. Two concave
different traces are taken with N2 and
variable line spacing gratings (Hitachi) were chosen to cover
CO2 harmonic generation source. Taken
the entire energy range: 15 – 248 eV and 248 – 1,240 eV.
by Camper & Barreau at OSU.
The resulting flat field image produced on a MCP/phosphor
detector allows measurements over a broad spectral range while observing the two source interference
in the perpendicular direction.
High-resolution RABBITT measurements: In order to perform complementary RABBITT
measurements to our two source spectroscopy it is necessary to increase the resolution of our magnetic
bottle electron spectrometer (MBES) at high harmonic energies (> 100 eV). We are implementing
retardation field plates into our MBES, similar to our design used on the LCLS MBES.

Future Plans – OSU node
The priority is to implement the two source interferometry in our laboratory by the end of the
calendar year. All procurement has been completed for the imaging photon spectrometer. The vacuum
chamber is scheduled for delivery in mid-October 2015. This will be followed by final assembly and
commissioning. The phase plates needed for producing the two source harmonic scheme are being
designed and ordered by Tim Scarborough. We will initially target our design for 1.3 m and 1.8 m
experiments. We hope to have the optics by November 2015. The first case study for the two source
interferometry will use N2 since our post-doc, Antoine Camper, performed these studies at 0.8 m as
part of his thesis work at Saclay. Of course our work will be performed in the mid-infrared. For these
initial studies the OSU group will host student/post-docs from the participating institutions. Lou
Barreau will return to Columbus and stay until the end of year. Prof. Jones will also send a UVa
student to participate in these initial measurements and coordinate future campaigns. The LSU group
will also send a student and a post-doc at this time to OSU for discussions and to become familiar with
the experimental metrology. This will be an excellent opportunity for all nodes to exchange ideas and
coordinate plans.

Publications During the Current Grant Period – OSU Node
None yet from the OSU node on work supported by this grant.
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Recent Progress - UVa Node
Although delays in receipt of funding meant that we could not bring any personnel onto this
project until Summer 2015, progress has been made. First, the molecular beam apparatus that was used
previously used to demonstrate THz-induced molecular orientation at a 15 Hz repetition rate [2] has
been modified, and moved to a new laboratory, where we hope to soon demonstrate field-free THz
orientation at kHz repetition rates. Second, an upgraded 1 kHz Ti:Sapphire amplifier, which will
supply sufficient laser energy (~ 5 mJ) for the three beams required to explore THz orientation (prealignment, THz generation, and Coulomb explosion probe) has been constructed and will soon be
commissioned. Third, we are working to improve the design of our hollow-core-fiber based HHG
source, to improve reliability and reproducibility and to enhance the XUV yield. Fourth, we have
installed dispersion compensation mirrors to remove high-order chirp from the amplified pulses
produced by our Ti:Sapphire laser amplifier. This should allow us to produce shorter pulses from our
hollow-core fiber compressor. These will be needed for producing the ~3 fs UV laser pulses which
will serve as pump pulses in future charge migration studies. Fifth, preliminary concepts for the ~3fs
UV pump source are under consideration.

Future Plans – UVa node
With the anticipated arrival of a post-doc this fall, we hope to begin experiments in earnest. First,
we plan to measure the angular-dependence of the strong-field ionization rate for several symmetric
and/or asymmetric top molecules. Following Kumarappan et al. [3] we will record the ionization yield
as a function of the delay between a non-ionizing alignment pulse and the ionizing laser. Using the
known rotational constants of the molecule, the experimental ionization rate anisotropies (angularly
symmetrized versions for symmetric tops) can be determined from fits to the time-dependent yield.
These experimental values will be used to test and benchmark the calculations of angular-dependent
strong-field ionization rates performed by members of the LSU team. Second, we will initiate
experiments aimed at demonstrating THz orientation of halogenated methanes or other symmetric top
molecules of similar size and complexity. Once again, we will plan to measure strong-field ionization
rate anisotropies, now with the head vs. tail ambiguity removed, as a test of theory. Third, we intend to
explore HHG from aligned halogenated methanes in a hollow-core fiber. Working with the theoretical
team at LSU, we hope to quantitatively assess phase-matching as a tool for coherently enhancing the
observability of ionization rate anisotropies in molecular gases. Fourth, one student and/or a postdoc
will visit OSU for several weeks to prepare for future collaborative experiments involving their midinfrared lasers and attosecond beamline. Fifth, the UVa postdoc will visit LSU, or LSU postdoc(s)
may visit UVa, during the analysis of the ionization rate anisotropy data, to both extract the
experimental ionization rates from simulations and compare the experimental and theoretical rates.

Publications During the Current Grant Period – UVa Node
None yet from the UVa node on work supported by this grant.
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Strong-Field Control in Complex Systems
1. Program Scope
Our AMOS-supported research can be broadly categorized into two related topics: (1)the design and control of complex material system with strong ﬁeld concepts developed in our earlier
AMOS work, including alignment, 3D alignment, torsional alignment and molecular focusing;
and (2)the physics, theory, and potential applications of high harmonics generated from aligned
molecules. Whereas the ﬁrst topic is a generalization of the thrust of our original AMOS-supported
research, the second has been motivated by the intense interest of the AMOS Program in attosecond science and rescattering electrons physics, and has been carried out in collaboration with
AMOS experimentalists colleagues.
Our AMOS-supported research during the past year has focused primarily on the former problem, as summarized in Secs. 2.1–2.8 and includes a theory development project, three collaborative
research projects with diﬀerent experimental laboratories, and four concept development projects.
Research in the next year on the problem of strong ﬁeld coherent control in complex molecular
and material systems is discussed in Sec. 3.1. Within the second part of our AMOS-supported
research during the past year (2.9), we continued earlier research in collaboration with experimental AMOS colleagues on the problem of ellipticity in harmonic signals. Our plans for further
research in the area of attosecond physics and high harmonic generation (HHG) during the next
year is outlined in Sec. 3.2. Citations refer to the list of AMOS-supported publications from the
Sept. 2013–Aug. 2015 period, Sec. 4.
2. Progress during the past year
2.1 Alignment Thresholds of Molecules
In a recently submitted letter1 we illustrate and explore the physical origin of a new phenomenon
in the adiabatic alignment dynamics of molecules, which is fundamentally interesting and has
an important practical implication. Namely, the intensity dependence of the degree of adiabatic
alignment exhibits a threshold behavior, below which molecules are isotropically distributed
rotationally and above which the alignment is rapidly maximized. Furthermore, we show that
the intensity dependence of the alignment of all molecules is universal. Finally, we illustrate
that the alignment threshold occurs very generally at a lower intensity than the oﬀ-resonance
ionization threshold, a numerical observation that is readily explained. This ﬁnding illustrates
that nonresonant alignment of molecules is a very general method, applicable to all anisotropic
molecules. The threshold behavior is attributed to a tunneling mechanism that rapidly switches
oﬀ at the threshold intensity, where tunneling between the potential wells corresponding to the
two orientations of the aligned molecules becomes forbidden.
2.2 Collisional Decoherence and Quasi-Revivals in Asymmetric Tops
In a collaborative research with AMOS colleague Phil Bucksbaum,2 recently submitted for
publication, we demonstrate the observation of quasi-periodic revivals out to 27 ps in an
impulsively-aligned asymmetric-top molecule, sulfur dioxide, at high sample temperature and
density. We use a linear birefringence measurement ﬁt to a full quantum simulation of the
asymmetric rotor, and are able to separately measure both the population (T1) and coherence
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(T2) lifetimes of the rotational wavepacket. Additionally, we observe a high rate of elastic
decoherence and attribute this to long-range interactions mediated by the permanent dipole of
the SO2 molecule. We propose the use of birefringence measurements to study intermolecular
interactions in a coherent ensemble, as a step toward using ﬁeld-free alignment to investigate
reaction dynamics and dissipative processes.
2.3 Accurate Dynamics from Data with Extreme Timing Uncertainty
Imperfect knowledge of the time-points at which “snapshots” of a system were recorded often
degrades our ability to recover dynamical information, and can even scramble the sequence of
events. In collaboration with AMOS colleague Abbas Ourmazd, we present in a submitted
publication3 a data-analytical approach based on machine-learning, which is capable of recovering
accurate histories and dynamics from noisy snapshots recorded at extremely uncertain time
points. The power of the approach is demonstrated by extracting novel dynamical information on
the few-femtosecond timescale from noisy experimental XFEL data recorded with 300 fs timing
uncertainty. This capability far exceeds what was previously thought possible, with potentially
wide impact whenever dynamical or historical information is tainted by timing uncertainty.
2.4 Laser Alignment and Orientation of Semiconductor Nanorods
Semiconductor nanorods have a large variety of potential applications, ranging from solar cells to
bio-sensors. Orientational order is important for all these applications. In a recently published
article,4 we present the results of molecular dynamics simulations of semiconductor nanorods
aligning and orienting under the combined inﬂuence of static electric and laser ﬁelds. The
transformation of the isotropic ensemble into an orientationally ordered assembly is a slow
(microseconds) process, but in sharp contrast to previously oriented systems yields high levels
of both alignment and orientation at elevated temperatures (300 K) and rather low ﬁelds (1.4
GWcm−2 laser intensity and 2–4 Vμm−1 static ﬁeld amplitude). The resulting long range
orientational order could serve to control the electric, magnetic and mechanical properties of the
nanorods assembly and hence assist several of its applications.
2.5 Time-Dependent, Optically-Controlled Dielectric Function
Plasmon resonances associated with metal nano-constructs, with their vast variety of applications,
are sensitive to the dielectric function of the medium. In 5 we suggest optical modulation of the
refractive index of a molecular monolayer adsorbed on a metal surface as a potential means of
controlling plasmon resonance phenomena. The refractive index is altered using a laser pulse of
moderate intensity and linear polarization to align the constituent molecules. Time-dependent,
optically-controlled dielectric function is illustrated by molecular dynamics calculations.
2.6 Wigner Representation of the Rotational Dynamics of Rigid Tops
The broad rotational wavepackets associated with aligned molecules become increasingly diﬃcult
to compute quantum mechanically as the system complexity grows. Semiclassical methods make
an attractive alternative that can also yield useful insight. In 6 we propose a methodology
to design Wigner representations in phase spaces with nontrivial topology having evolution
equations with desired mathematical properties. As an illustration, two representations of
molecular rotations are developed to facilitate the analysis of laser-assisted molecular alignment,
diagnostics of reaction dynamics, studies of scattering and dissipative processes.
2.7 Strong Field Coherent Control of Molecular Torsions. Analytical Models
The concept of torsional alignment, introduced in our earlier AMOS-supported research, introduces a wide variety of potential applications along with several interesting phenomena. In addition, it oﬀers analytically soluble limits that are pedagogically useful and also assist the design
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of future experiments. The latter feature is illustrated in a recent publication7 that introduces
analytical models of torsional alignment applicable to the limiting cases of the torsional barrier
heights. Using these models, we explore the role that the laser intensity and pulse duration
play in coherent torsional dynamics. We also investigate several interesting torsional phenomena,
including the onset of impulsive alignment of torsions, ﬁeld-driven oscillations in quantum number space, and the disappearance of an alignment upper bound observed for a rigid rotor in the
impulsive torsional alignment limit.
An ongoing study extends the torsional alignment concept to the case of multiple torsion
angles. The latter exhibit new phenomena, including interesting chirality properties and strongly
enhanced dependence of the electronic coupling on the alignment ﬁeld as compared to the dimer
case.
2.8 Unidirectional Electron Transfer via Torsional Control
One of the applications of torsional alignment (item 2.7) is explored in a recently submitted
manuscript8 in collaboration with an experimental Northwestern group focused on charge
transport. Speciﬁcally we suggest an approach to enhance forward electron transfer while
suppressing backward electron transfer with its consequent undesired recombination events. The
scheme is based on the vast laser enhancement of the electronic coupling in donor-bridge-acceptor
systems where the bridging molecule exhibits one or more torsional modes. It suggests the
usefulness of torsional alignment as a method to reduce undesired electron-hole recombination in
applications such as solar cells and catalysis.
2.9 Ultrafast Elliptical Dichroism in High-Order Harmonics
Molecules illuminated by an elliptically polarized, high intensity laser ﬁeld emit elliptically polarized high-order harmonics. In a submitted article9 , we discuss collaborative experimental and
theoretical work with AMOS colleagues Murnane and Kapteyn, where surprising experimental
observations of ultrafast elliptical dichroism in the harmonic emission as the ellipticity of the
driving ﬁeld and the molecular alignment are scanned are explained and generalized. To that
end we develop a simple model in which both the collision angle of the continuum electron with
the molecule and the interference between recombination at multiple charge centers play a role.
Our analysis ties the observed elliptical dichroism to the journey of the continuum electron in
the ﬁeld and the underlying bound state of the molecular ion. These results show how to use
molecular structure and alignment to manipulate the polarization state of high-order harmonics,
and also present a potential new attosecond probe of the underlying molecular system. .

3. Future Plans
3.1 Strong Field Coherent Control in Complex Material and Molecular Systems
1. An experimental realization of an ultrafast, nanoscale electron switch based on laser orientation of an organic molecule adsorbed onto a silicon surface and subject to a metal tip,
which was proposed in our earlier AMOS-supported work, was recently initiated by the
groups of Stelios Tzortzakis and Maria Vamvakaki in Greece. We will collaborate with the
experimental groups by carrying out calculations to assist the design of the molecule and
the interpretation of the results.
2. We will extend our torsional alignment research to the case of an adsorbed assembly of
biphenyl derivatives. Here we expect to observe correlated torsional alignment as well as
locking of the molecules in the torsionally-aligned conﬁguration after the pulse turn-oﬀ
through chemical interactions.
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3. In collaboration with the group of AMOS colleague Phil Bucksbaum, we will explore the
orientation of water molecules by half-cycle pulses. This work will continue our (already
fruit bearing) collaborative eﬀorts to unravel the quantum dynamics of the asymmetric top
and their correlation to its classically unstable motion.
3.2: The physics, Numerical Methodology and Applications of High Harmonics from
Aligned Molecules
A goal of future research, which will hopefully be largely accomplished within the next year, is to
develop an approach for accurate modeling of the continuum electronic wavefunction underlying
harmonic signals and combine it with our rotational theory of HHG. Our approach will be based
on time-dependent density functional theory, currently being tested in our group. The method
will be ﬁrst applied to linear systems, but my main interest is in the case of 3D aligned (e.g., by
means of an elliptically polarized ﬁeld) asymmetric top molecules as targets for the recolliding
continuum electron. These I expect to allow both a new view of the electronic structure and
dynamics in complex polyatomic molecules and a new and interesting approach to probe the
(classically unstable) rotations of asymmetric tops in the fully quantum domain.
4. Publications from DOE sponsored research(9/13–8/15, in citation order)
1. J. E. Szekely and T. Seideman, Alignment Thresholds of Molecules, submitted for publication in
Phys. Rev. Lett.
2. I. F. Tenney, M. Artamonov, T. Seideman and P. H. Bucksbaum, Collisional Decoherence and
Rotational Quasi-Revivals in Asymmetric-Top Molecules, submitted for publication in Phys. Rev.
A.
3. R. Fung, S. Ramakrishna, T. Seideman, R. Santra and A. Ourmazd, Accurate Dynamical Histories
From Data with Extreme Timing Uncertainty, submitted for publication in Nature
4. M. Artamonov and T. Seideman, Alignment and Orientation of Semiconductor Nanorods with a
Combination of Static and Laser Fields, submitted for publication in NanoLett.
5. M. Artamonov and T. Seideman, Time-Dependent, Optically-Controlled Dielectric Function, J.
Phys. Chem. Lett. 6, 320-325 (2015).
6. D. V. Zhdanov and T. Seideman, Wigner Representation of the Rotational Dynamics of Rigid Tops,
Phys. Rev. A. 92, 012129, (2015).
7. B. A. Ashwell, S. Ramakrishna, and T. Seideman, Strong Field Coherent Control of Molecular
Torsions - Analytical Models, J. Chem. Phys. 143, 064307, (2015).
8. B. A. Ashwell, A. M. Rasmussen, E. A. Weiss and T. Seideman, Unidirectional Electron Transfer
via Torsional Control, submitted for publication.
9. P. A. J. Sherratt, R. M. Lock, X. Zhou, H. C. Kapteyn, M. M. Murnane, and T. Seideman, Ultrafast Elliptical Dichroism in High-Order Harmonics as a Probe of Molecular Structure and Electron
Dynamics, submitted for publication in Phys. Rev. Lett.
10. L. S. Spector, M. Artamonov, S. Miyabe, Todd Martinez, T. Seideman, M. Guehr, and P. H.
Bucksbaum, Axis-dependence of molecular high harmonic emission in three dimensions, Nature
Communications 5, 3190 (2013).
11. J. Wu, X. Gong, M. Kunitski, L. Ph. H. Schmidt, T. Jahnke, A. Czasch, T. Seideman, and R.
Dorner, Sequencing Strong Field Multiple Ionization of a Multicenter Multibond Molecular System,
Phys. Rev. Lett. 111. 083003 (2013)
12. S. M. Parker, M. Smeu, I. Franco, M. A. Ratner, and T. Seideman, Molecular Junctions: Can
Pulling Infuence Optical Controllability?, NanoLett. 14, 4587 (2014).
13. B. Ashwell, S. Ramakrishna and T. Seideman, Laser-Driven Torsional Coherences, J. Chem. Phys.
138, 044310 (2013).
14. B. Ashwell, S. Ramakrishna and T. Seideman, Dissipative Dynamics of Laser-Induced Torsional
Coherences , Special Issue of J. Phys. Chem. C 117, 22391 (2013) (invited).
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Program Scope
The goal of this program is to expand the scope and scientific potential of advanced x-ray
spectroscopies, including x-ray absorption fine structure (XAFS), x-ray emission spectroscopy
(XES), and time-resolved inelastic x-ray scattering (IXS). During the term of this award this effort
has had several notable accomplishments, including: new insight into the energy transfer
mechanisms of lanthanide-based phosphors and related luminescent materials; new theoretical and
experimental methods for the study of dense plasmas, such as in the transitional, ‘warm dense
matter’ regime; improved instrumentation and resulting strong collaborations focused on the timedynamics of energy transfer in photosynthetic proteins and on the f-electron physics of lanthanide
elements and compounds at high pressures; and a rejuvenation of laboratory-based XAFS and
XES. This latter development is allowing for a broad range of XAFS studies in contemporary
energy sciences and for new fundamental investigations of excitonic and multi-electron effects via
coupled XAFS and XES studies. It is anticipated that the technology developed under this award
will soon be licensed to a local startup whose mission is to enable and enlarge the community of
scientists and engineers who already use or who could benefit from advanced x-ray spectroscopies.
Selected Recent Progress and Future Directions
I. A Rejuvenation of Laboratory-based High-Resolution X-ray Spectroscopies
In October 2013 we commissioned a new type of inexpensive lab-based spectrometer for
high-resolution x-ray studies, including x-ray absorption fine structure (XAFS) and x-ray emission
spectroscopy (XES). The startling performance of this modest instrument [Seidler, et al, RSI 2014]
has garnered significant interest that, we emphasize, has been solely focused on DOE-priority
research issues and that does not have the character of competition with synchrotron facilities. In
addition to providing a true introductory capability that can help attract and educated entire new
user communities, laboratory-based XAFS enables measurements that, for reasons of long
duration, sample preparation complexity, chemical hazards, or radioisotope hazards, cannot be
performed with regularity or certainty at synchrotron light sources. To this end, under funding
from the University of Washington, we have used the technology developed under support from
this award to build a mid-scale lab XAFS user facility for the UW Clean Energy Institute (CEI),
with a highest emphasis on in situ battery studies. Commissioning is proceeding well, and all
performance milestones for flux and energy resolution have been achieved. It is anticipated that
the technology developed under this award will soon be licensed to a new start-up, easyXAFS LLC,
that is dedicated to broadly increasing access to XAFS and XES. This goal is especially important
given the decrease in ‘routine’ XAFS capability in the US after the closing of NSLS-I and also
given the steadily increasing importance of XAFS in electrical energy storage research.
From the fundamental perspective, these lab instruments demonstrate some capabilities
that are difficult to replicate at synchrotron beamlines. In Figures 1 and 2 we present a recent
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Figure 1 [From Mortensen, et al, 2015]. The
lab-based Rowland-circle spectrometer. The
slits in front of the sample constrain the
angular width (δθB) probed by the analyzer
which improves energy resolution and
reproducibility. The sample is slightly
rotated (ϕ) to improve line-of-sight to the
SBCA.

Figure 2. [From Mortensen, et al., 2015] Peakintensity normalized CoO Kβ spectra measured at the
aligned and the extreme misaligned location. The
gray curve shows the residual between the two
spectra. Inset: the peak count rate and energy shift as
a function of lateral sample position.

instrument modification that results in an exceptional energy-scale stability of better than 20 meV
between different samples. This same stability of energy calibration extends to XANES studies
and to the consistency between XANES and XES studies with the low-powered spectrometer.
This allows for unique studies of excitonic (core hole) effects, see Fig. 3.
II. X-ray Heating Studies at LCLS/MEC
The recent LD67 campaign at LCLS/MEC was led by the PI. While this beamrun
emphasized laser-shock heating of multicomponent targets (supported by a grant from DOE/FES),
complementary x-ray heating experiments were also performed as part of the WDM research under
the present award. The results are still under analysis, but show interesting effects in the electronic
structure of metallic and more complex intermediate-Z alloys and compounds. For example, the
ability to compare response across multiple intermediate-Z species in alloys will allow a detailed
interrogation of the correct theoretical treatment of the electronic structure of isochorically heated
matter. Ideas spawned from the results of the LD67 campaign led to the successful beamtime
proposal LK20, also led by the PI, that will investigate new x-ray heating target designs and their
use in two-color x-ray studies aimed at testing finite-T treatments of density functional theory.
III. Time-resolved Studies of Energy Transfer and Electron Correlations
Lanthanide compounds and coordination complexes are responsible for a wide range of
light-gathering and light-emitting applications, including as commercial phosphors in lighting
applications, as tools to better match the solar spectrum to the function of photovoltaic devices,
and as a critical component in many bioassays. In this lattermost role, an organic ‘antenna’ acts
as a strong near-UV photoabsorber before nonradiatively transferring energy to a chelated,

286

Seidler

Figure 3: [From Mortensen,
et al., in prep 2015] XES and
XANES on the same energy
scale, to a precision of ~20
meV.
These results will
allow new tests of the
theoretical
treatment
of
excitonic (core-hole) effects
on XANES spectra. The
apparently above-Fermi-level
emission is due to multielectron effects.

trivalent lanthanide ion via a 4f-4f intrashell excitation. This dipole-forbidden excitation
subsequently decays through the so-called ‘hypersensitive’ pseudo-quadrupolar decay, giving light
at delays of order msec after the initial excitation due to the long lifetime for the 4f excitation.
This long time-delay allows simplest time-gate filtering of the emission from the luminescent
lanthanide complex from that of the host biological system.
The microscopic physics underlying each step in the energy transfer pathway in the
luminescent lanthanides remain incompletely understood. Our recent work at the Advanced
Photon Source on luminescent lanthanide complexes demonstrate an unexpected, but clear
expression of the 4f instrashell excitation in the time-resolved x-ray absorption near-edge spectrum
(XANES) of the lanthanide ion.[Pacold, et al., JACS 2014] Our leading explanation requires a
surprisingly dynamic coupling between the 4f and 5d orbitals of the lanthanide ion. In any event,
this discovery opens up new opportunities to use the LCLS to directly monitor the energy transfer
onto the lanthanide species, giving an important complement to studies of the de-excitation of
multiple ligand states by transient optical absorption. We have recently extended this project with
time-resolved x-ray excited optical luminescence (TR-XEOL) studies performed at the Advanced
Photon Source. The high flux-density of the 20-ID microprobe endstation allowed us to reach a
nonlinear XEOL regime where the time scales for different steps in the energy relaxation cascade
in Bi-sensitized Y2O3:Eu phosophors can be separated. A manuscript is in preparation.
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PROGRAM SCOPE
The goals of this project are to understand, describe, control, and image processes involving
energy transfers from intense electromagnetic radiation to matter as well as the time-dependent
dynamics of interacting few-body, quantum systems. Investigations of current interest are in the
areas of strong field (intense laser) physics, attosecond physics, high energy density physics, and
multiphoton ionization processes. Nearly all proposed projects require large-scale numerical
computations, involving, e.g., the direct solution of the full-dimensional time-dependent or timeindependent Schrödinger equation for two-electron (or multi-electron) systems interacting with
electromagnetic radiation. In some cases our studies are supportive of and/or have been
stimulated by experimental work carried out by other investigators funded by the DOE AMOS
physics program. Principal benefits and outcomes of this research are improved understanding of
how to control atomic processes with electromagnetic radiation and how to transfer energy
optimally from electromagnetic radiation to matter.
RECENT PROGRESS
A. Asymmetries in Production of He+(n=2) with an Intense Few-Cycle Attosecond Pulse
By solving the two-electron time-dependent Schrödinger equation, we studied carrier-envelopephase (CEP) effects on ionization plus excitation of He to He+(n=2) states by a few-cycle
attosecond pulse with a carrier frequency of 51 eV. For most CEPs the asymmetries in the
photoelectron angular distributions with excitation of He+(2s) or He+(2p) have opposite signs and
are two orders of magnitude larger than for ionization without excitation. These results indicate
that attosecond pulse CEP effects may be significantly amplified in correlated two-electron
ionization processes. (See reference [3] in the publication list below.)
B. Carrier-Envelope-Phase-Induced Asymmetries in Double Photoionization of He by an
Intense Few-Cycle XUV Pulse
The carrier-envelope-phase (CEP) dependence of electron angular distributions in double
ionization of He by an arbitrarily-polarized, few-cycle, intense XUV pulse is formulated using
perturbation theory in the pulse amplitude. Owing to the broad pulse bandwidth, interference of
first and second order perturbation amplitudes produces asymmetric angular distributions that are
sensitive to the CEP. Our perturbation theory parametrization is shown to be valid by comparing
with results of solutions of the full-dimensional, two-electron time-dependent Schrödinger
equation for the case of linear polarization. (See reference [4] in the publication list below.)
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C. High-Order Harmonic Generation of Be in the Multiphoton Regime
The high-order harmonic generation (HHG) spectrum of Be is investigated in the multiphoton
regime by solving the full-dimensional, two-active-electron, time-dependent Schrödinger
equation in an intense (1013W/cm2), 30-cycle laser field. As the laser frequency ωL varies from
1.7 to 1.8 eV (which is in the tunable range of a Ti:sapphire laser), the 7th harmonic becomes
resonant sequentially with the transition between the ground state and two doubly-excited
autoionizing states while the 3rd harmonic becomes resonant with the 2s2p(1P) singly-excited
state. At each resonant frequency, the HHG power spectrum increases by an order of magnitude
over a range of harmonics that form a plateau, extending from the resonant harmonic up to a
cutoff at the 25th harmonic. In contrast to the well-known rescattering plateau cutoff law
appropriate in the tunneling regime (which predicts a cutoff at the 5th or 7th harmonic), the
multiphoton regime plateau we find for Be originates from atomic resonance effects. Offresonance, the Be HHG spectrum decreases monotonically with harmonic order. By taking the
ratio of the integrated harmonic power of the 7th harmonic to that of the 5th harmonic, one can
isolate the resonant effects of the two doubly-excited states in the HHG spectrum from those of
singly-excited resonance states. These ratios exhibit resonance profiles for driving laser pulse
durations much longer than the lifetimes of these autoionizing states. The energy widths of these
resonance features are comparable to the widths of the laser pulse and are much smaller than the
autoionizing state widths. These results demonstrate an important role for electron correlations in
enhancing harmonic generation rates in the multiphoton regime. (See reference [5] below.)
D. Potential Barrier Features in Three-Photon Ionization Processes in Atoms
Resonance-like enhancements of generalized three-photon cross sections for XUV ionization of
Ar, Kr, and Xe have been demonstrated and analyzed within a single-active-electron, centralpotential model. The resonant-like behavior is shown to originate from the potential barriers
experienced by intermediate- and final-state photoelectron wave packets corresponding to
absorption of one, two, or three photons. The resonance-like profiles in the generalized threephoton ionization cross sections are shown to be similar to those found in the generalized twophoton ionization cross sections [Phys. Rev. A 82, 053414 (2010)]. The complexity of Cooper
minima in multiphoton ionization processes is also discussed. Owing to the similar resonancelike profiles found in both two- and three-photon generalized cross sections, we expect such
potential barrier effects to be general features of multiphoton ionization processes in most atoms
with occupied p- and d-subshells. (See reference [6] in the publication list below.)
E. Nonlinear dichroism in back-to-back double ionization of He by an intense ellipticallypolarized few-cycle XUV pulse
We have predicted a new dynamical effect observable in double photoionization of the He atom
by an elliptically-polarized, ultrashort laser pulse: nonlinear dichroism (ND). The ND effect is
exquisitely sensitive not only to electron correlations, but also to the temporal duration, the
polarization, and the carrier-envelope phase (CEP) of a laser pulse. This new effect thus permits
one to explore electron correlations on their natural time scale (in the case of attosecond XUV
pulses), providing both dynamical and phase information on the double photoionization
amplitudes involved. It also provides a new means for experiment to characterize the duration,
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the polarization, and the CEP of ultrashort (attosecond) XUV pulses. Measurement of this
predicted ND effect requires more intense attosecond pulses than are available currently, but
great strides are being made to increase the intensity of attosecond pulses. Finally, our
predictions have required us to develop theoretical tools to solve the full six-dimensional
problem of the interaction of the fundamental two-electron He atom with an ultrashort,
elliptically-polarized attosecond pulse. (See reference [7] in the publication list below.)
F. Electron Vortices in Photoionization by Circularly-Polarized Attosecond Pulses
Single ionization of He by two oppositely circularly-polarized, time-delayed attosecond pulses is
shown to produce photoelectron momentum distributions in the polarization plane having helical
vortex structures sensitive to the time-delay between the pulses, their relative phase, and their
handedness. The matter-wave vortex patterns we predict have a counterpart in optics, in which
similar vortex patterns have been produced by interference of particular kinds of laser beams.
However, such vortices have never before been either observed or predicted by interference of
electron matter waves. We thus have here a dramatic example of wave-particle duality. Results
are obtained by both ab initio numerical solution of the two-electron time-dependent Schrödinger
equation and by a lowest-order perturbation theory analysis. The energy, bandwidth, and
temporal duration of attosecond pulses are ideal for observing these vortex patterns. In particular,
attosecond pulse durations are required to observe the momentum space vortex patterns we
predict. Our results indicate the exquisite sensitivity of the spiral vortex patterns to both the
properties of the two laser pulses and the time-delay between them, thus indicating (i) that this is
a new means to control electron motion with laser pulses and (ii) that this process provides a new
diagnostic tool for characterizing the laser pulses and for determining the delay between them.
(See reference [8] in the publication list below.)
G. Favorable target positions for intense laser acceleration of electrons in hydrogen-like,
highly-charged ions
Classical relativistic Monte Carlo simulations of petawatt laser acceleration of electrons bound
initially in hydrogen-like, highly-charged ions show that both the angles and energies of the
laser-accelerated electrons depend on the initial ion positions with respect to the laser focus.
Electrons bound in ions located after the laser focus generally acquire higher (≈ GeV) energies
and are ejected at smaller angles with respect to the laser beam. Our simulations assume a
tightly-focused linearly-polarized laser pulse with intensity of ≈ 1022 W/cm2. Up to fifth order
corrections to the paraxial approximation of the laser field in the focal region are taken into
account. In addition to the laser intensity, the Rayleigh length in the focal region is shown to play
a significant role in maximizing the final energy of the accelerated electrons. Results are
presented for both Ne9+ and Ar17+ target ions. (See reference [9] in the publication list below.)

FUTURE PLANS
Our group is currently carrying out research on the following additional projects:
• We are investigating higher-order Fermat spiral vortices in single ionization of the He atom by
oppositely circularly-polarized and time-delayed attosecond laser pulses.
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• We are investigating the efficient production of high-energy bremsstrahlung photons and their
control by means of external laser pulse fields.
• We are investigating the use of helical laser beams to accelerate electrons bound in highlycharged ions to GeV energies.
• We are investigating resonant harmonic generation with chirped laser pulses, using the chirp as
a means to be on resonance with doubly-excited states of two-electron atoms such as He and Be.
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1

Program Scope

The program is aimed at theoretical investigations of a wide range of phenomena induced by ultrafast
laser-light excitation of nanostructured or nanosize systems, in particular, metal/semiconductor/dielectric
nanocomposites and nanoclusters. Among the primary phenomena are processes of energy
transformation, generation, transfer, and localization on the nanoscale and coherent control of such
phenomena.
2

Recent Progress and Publications

Publications resulting from the grant during the period of 2013-2015 are: [1-21]. During the current grant
period of 2014-2015, the following articles with this DOE support have been published [10-13]. The
following articles received, as acknowledged, supplementary support of this grant during 2014-2015 [14,
15, 17-21]. Below we highlight selected articles that we consider most significant.
2.1

Strong-Field and Attosecond Physics in Solids [1]

In this article, we consider the status of strong-field and attosecond processes in bulk transparent solids
near the Keldysh tunneling limit. For high enough fields and low-frequency excitations, the optical and
electronic properties of dielectrics can be transiently and reversibly (adiabatically) modified within the
applied pulse. One of the phenomena considered is high harmonic generation (HHG) from solids. We
conclude that the solid-state HHG is significantly different from that in gases due to structural periodicity
inherent in crystals. One of the consequences is that the cutoff harmonic frequency is linearly
proportional to the field, instead of quadratic dependence in gases. This can be interpreted as a result of
adiabatic Wannier-Stark localization and Bloch oscillations of electrons in the presence of the strong
field. Other class of the considered phenomena is reversible semi-metallization of dielectric n the strong
fields, which causes appearance of ultrafast electrical currents controlled by the carrier-envelope phase of
the pulse.
2.2

Strong-Field Perspective on High-Harmonic Radiation from Bulk Solids [2]

In this article, mechanisms of HHG from crystals are described by treating the electric field of a laser as a
quasistatic strong field. Under the quasistatic electric field, electrons in periodic potentials form dressed
states, known as Wannier-Stark states. The energy differences between the dressed states, which is the
Bloch frequency 𝜔𝐵 = 𝑒𝑎𝐹/ℏ, where 𝑒 is unit charge, 𝑎 is lattice constant, and 𝐹 is the electric field,
determine the frequencies of the radiation. The radiation yield is determined by the magnitudes of the
interband and intraband current matrix elements between the dressed states. The generation of attosecond
pulses from solids is predicted. Ramifications for strong-field physics are discussed. In particular, HHG
from solids may provide a pathway to creation of a nanosource of VUV and XUV radiation with
pronounced application potential.
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2.3

Graphene in Ultrafast and Superstrong Laser Fields [3]

For graphene interacting with a few-fs intense optical pulse, we predict unique and rich behavior
dramatically different from three-dimensional solids. Quantum electron dynamics is shown to be coherent
but highly nonadiabatic and effectively irreversible due to strong dephasing. This dephasing is due to the
absence of the bandgap – graphene is a semimetal. Electron distribution in reciprocal space exhibits hot
spots at the Dirac points and oscillations whose period is determined by nonlocality of electron response
and whose number is proportional to the field amplitude. The optical pulse causes net charge transfer in
the plane of graphene in the direction of the instantaneous field maximum at relatively low fields and in
the opposite direction at high fields. This behavior of graphene is related to peculiarities of the WannierStark states of electrons in strong fields [5]. The phenomena described in this article [3] promise ultrafast
optoelectronic applications with petahertz bandwidth.
2.4

Ultrafast Field Control of Symmetry, Reciprocity, and Reversibility in Buckled
Graphene-Like Materials [9]

In this article, we theoretically show that buckled two-dimensional graphene-like materials (silicene and
germanene) subjected to a femtosecond strong optical pulse can be controlled by the optical field
component normal to their plane. In such strong fields, these materials are predicted to exhibit
nonreciprocal reflection, optical rectification, and generation of electric currents both parallel and normal
to the in-plane field direction. Reversibility of the conduction band population is also field- and carrierenvelope phase controllable. There is a net charge transfer along the material plane that is also dependent
on the normal field component. Thus a graphene-like buckled material behaves analogously to a fieldeffect transistor controlled and driven by the electric field of light with subcycle (femtosecond) speed.
3

Directions of Work for the Next Period

We will develop the present success in the optics of ultrastrong and ultrafast fields on the nanoscale. We
will extend the existing theory to other dielectrics, semimetals, and metals, in particular sapphire, alkali
and alkali-earth fluorides, silicene, and germanine. We will invoke more realistic models for the crystal
structure of the materials involved, in particular using tight-binding model with experimentally known
geometry of the unit cell and pseudopotential model. We will extend theory to describe photoelectron
emission caused by the strong ultrashort pulses and probe attosecond XUV pulses in graphene. We will
extend theory to describe generation of high harmonics in solids in strong ultrafast optical fields of
nontrivial polarization structure. In ultrafast active plasmonics, we will study properties of the spaser with
optical pumping as ultrabright label for biomedical diagnostics and laser therapy. We will extend our
theory to ultrafast processes and spasing in topological insulators
4
1.
2.

3.

4.
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Program Scope
X-ray synchrotrons and x-ray free-electron lasers have proven to be transformational technologies for
physical and biological sciences. As part of this project, we developed a new type of x-ray source, one
which—by virtue of its unique characteristics—may have similar transformational potential. Not only does
its x-ray peak brightness and photon energy rival that of 3rd generation x-ray synchrotrons, but its
femtosecond x-ray pulse duration is comparable to x-ray free-electron lasers. Moreover, the device is small
enough to fit in a university laboratory.
The new light source is based on inverse Compton back-scattering (ICS), driven by two intense light pulses,
each of which is amplified by a single high-power laser system. One laser pulse rapidly accelerates electrons
(~3 GeV/cm) by means of the laser-wakefield mechanism; and the other laser pulse backscatters from the
relativistic electrons. The scattered light is relativistically Doppler upshifted to high photon energy. We
have demonstrated that these x-ray beams have several other unique features: narrow spectral bandwidth
(∆E/E ~ 50%), large energy-tuning range (50 keV ≤ hν ≤ 10 MeV), and small angular divergence (10-mrad)
[Powers et al (2014)].
These features have advantages for x-ray science in general, and for the study of ultrafast phenomena in
particular. An exceptionally large x-ray-energy tuning range can facilitate the probing of almost any
element’s inner-shell atomic structure. Femtosecond x-ray pulse duration, coupled to high photon energy,
can enable ultrafast time-resolved studies with atomic-scale spatial and temporal resolutions.
Synchronization with ultra-high-intensity laser light pulses (≤ 1022 W/cm2, a0~100) can merge ultrafast
science with ultra-high-field science.
Near-term objectives of this project include: (i) reduction of the x-ray spectral width, (ii) measurement of
the x-ray pulse duration (inferred to be < 10 fs), and (iii) demonstration of an x-ray pump-probe capability.
Recent Progress
High peak power laser system
The all-solid-state DIOCLES laser is based on the technique of chirped-pulse amplification, a broadband
amplification medium (titanium sapphire), and an oscillator with Kerr-lens mode-locking. For the
experiments described here, 3-J, 35-fs, 805-nm laser pulses were produced at 10-Hz repetition rate [Liu et
al. (2013)].
Recently, the laser system was modified to produce two independently controllable laser pulses, one each
from two separate grating pulse compressors (as shown in Figure 1, left). The ability to use two laser pulses
with independently variable parameters allows for independent optimization of both the electron
acceleration and ICS, which have very different parameter requirements. For instance, second harmonic
generation of the scattering laser beam, as shown in Figure 1, right [Zhao et al. (2014)], allowed us to reach
an x-ray energy of 9 MeV [Liu et al. (2014)], which—by virtue of exceeding the giant dipole resonance—
is sufficient for photo-nuclear active interrogation [Silano et al. (2013)] and shielded radiography [Banerjee
et al. (2015)]. The production of 9-MeV x-ray photons with electrons of the same energy as used previously
to produce 4.5 MeV x-rays would not have been possible without the use of phase correction of the second
harmonic laser beam (as shown in Figure 1, right).
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FIGURE 1: LEFT: A NOVEL LASER DESIGN WITH TWO INDEPENDENTLY ADJUSTABLE PULSE COMPRESSORS TO CREATE
TWO INDEPENDENTLY ADJUSTABLE DRIVE LASER PULSES ALLOWS DIFFERENT PARAMETER OPTIMIZATION FOR
ELECTRON ACCELERATION AND COMPTON SCATTERING. MIDDLE AND RIGHT: IMPROVEMENT OF SECONDHARMONIC-GENERATED FOCUS. MIDDLE: UNCORRECTED FOCAL SPOT OF SECOND HARMONIC LIGHT (400 NM). THE
PERCENTAGE ENERGY ENCLOSED IN A 10- µM FOCAL AREA IS 10.7%. FAR RIGHT: PHASE-CORRECTED FOCAL SPOT
OF SECOND HARMONIC LIGHT (400 NM). THE PERCENTAGE ENERGY ENCLOSED IN A 10-µM FOCAL AREA IS 33.4%.

Laser wakefield electron accelerator
Since the x-ray beam parameters are directly dependent on the electron beam parameters, in order to
generate narrow-bandwidth and tunable x-ray beams, it is necessary to generate electron beams with the
same characteristics. To accomplish this, we implemented a novel dual-jet accelerator design, which
allowed for independent optimization and control of electron injection and acceleration [Golovin et al.
(2015], as shown in Figure 2.

FIGURE 2: DUAL JET DESIGN FOR INDEPENDENT OPTIMIZATION AND CONTROL OF ELECTRON INJECTION AND
ACCELERATION (LEFT). SPECTRA OF TUNABLE AND NARROW-BANDWIDTH ELECTRON BEAMS (RIGHT).

X-ray source based on inverse Compton scattering of laser light with laser-wakefieldaccelerated electrons
In experiments conducted early in the project, two separate counter-propagating laser beams are generated
from a single beam by means of an optical beam splitter. One laser beam (the scattering beam) is spatially
overlapped with the electron bunch that is accelerated by the other laser beam (the drive beam). The
scattering interaction occurs in vacuum just downstream from the electron accelerator. In this case, a wellcollimated (10-mrad divergence angle) and high photon energy (4 MeV) x-ray beam is produced [Chen et
al. (2013)].
In subsequent experiments, the monoenergetic laser-accelerated electron beams from Figure 2 were used to
produce an x-ray pulse with peaked photon-number spectral density [Powers et al. (2014)]. Additionally,
the x-ray photon energy was tuned over an unprecedentedly large range, extending more than an order of
magnitude, from 50 keV to 1 MeV. This is accomplished by tuning the energy of the electron beam energy
(from 50 MeV to 300 MeV), as in Figure 2. These results represent the first demonstration of any type of
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all-laser-driven hard x-ray source with a peaked photon-number spectral density. It also demonstrated the
widest tuning range of an x-ray source of any type.
Spectroscopic imaging of the x-ray beam
In the most recent experiments, the same peaked x-ray spectrum was measured by a different, more versatile
and direct method. Whereas our prior x-ray spectral measurements were based on the Ross filter technique
[Powers et al. (2014)], which has quite a limited range of utility, we have recently used instead singlephoton counting spectroscopy. Figure 3 (a) shows the dispersed image of the electron beam used to obtain
the electron spectrum [Figure 3 (b)]. The electron beam was quasi-monoenergetic, peaked at 60±1 MeV
and with 10±1% (FWHM) spread and 2.4±0.4 pC charge. The image of the x-ray beam on a CdTe detector
for this shot is shown in Figure 3 (c). The pulse height information is converted to energy using the
measured response function of the detector. The resulting x-ray spectrum is shown in Figure 3 (d) (red
curve). The black curve in Figure 3(d) is the x-ray spectrum calculated for the measured electron spectrum.
The x-ray spectrum was peaked at 85±1 keV with 24±2% spread (FWHM, averaged over 6-mrad cone),
which is comparable to the x-ray bandwidth from conventional RF-LINAC-based Compton sources, and
the narrowest yet reported from an all-laser ICS x-rays.

FIGURE 3. MEASURED ELECTRON AND X-RAY SPECTRUM OBTAINED USING MAGNETIC SPECTROSCOPY AND
SPECTROSCOPIC X-RAY IMAGING. (A) LANEX IMAGE OF THE DISPERSED ELECTRON BEAM. (B) RECONSTRUCTED
ELECTRON BEAM SPECTRUM BASED ON THE RESPONSE FUNCTION OF THE MAGNETIC SPECTROMETER. (C)
MEASURED X-RAY SIGNAL ON THE CDTE DETECTOR WITH CHARGE SHARING CORRECTION. EACH DOT REPRESENTS
A SINGLE PHOTON EVENT. (D) X-RAY SPECTRUM, MEASURED WITH THE CDTE DETECTOR (RED) AND SIMULATED
SPECTRUM BASED ON THE ELECTRON BEAM SPECTRUM (BLACK).

Future Plans
We are increasing the number of x-ray photons generated per pulse by three orders-of-magnitude by
increasing the field of the scattering laser light pulse from a0 ~ 0.7 to a0 ~ 15. This increased x-ray flux will
enable femtosecond time-resolved x-ray pump-probe studies of ultrafast phenomena.
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1 Program Scope
We use intense, shaped, ultrafast laser pulses to follow and control molecular dynamics and high
level ab initio calculations to interpret the dynamics and guide the control.
2 Recent Progress
2.1 Photoelectron Spectrum and Dynamics of the Uracil Cation
A focus of the theoretical part of this project for the past year has been understanding better
dynamics of radical cations formed during strong field ionization, and how they proceed to fragmentation. Ionization processes can lead to the formation of radical cations with population in
several ionic states. An important question is whether fragmentation occurs on the excited ionic
states or very fast relaxation to the ground ionic state occurs first followed by fragmentation.

Figure 1: The photoelectron spectrum of uracil is shown as calculated using MCTDH. The first four
ionic states contribute to the spectrum up to 12 eV.
The first approach we used to explore the above questions was multiconfigurational time-dependent
Hartree (MCTDH) method. The photoelectron spectrum of uracil and the molecular dynamics of
its radical cation were investigated using MCTDH. For this aim, the vibronic coupling model Hamiltonian was used including up to ten important a0 modes. Moreover, to account for coupling through
conical intersections between states of different symmetry in the system, coupling constants of two
a00 modes had to be taken into account. The parameters used in the model were obtained by fitting
to ab initio data obtained with extensive EOM-IP-CCSD calculations. The first four cationic states
were investigated, which are either of A00 (hole in a π orbital) or A0 (hole in a nO orbital) symmetry.
The results of the wavepacket propagations were used to calculate the corresponding photoelectron
spectrum and compare to the experimental spectrum (see Figure 1). The MCTDH simulations
reproduce the experimental spectrum well. The dynamics starting from the D2 and D3 ionic states
show a fast relaxation to the cationic ground state often involving direct D2 → D0 or D3 → D1
transitions.
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Figure 2: Energies of the cationic
states in the CHD-HT
system
at
important
geometries.
All energies are given in eV at
CASSCF(5,6)/cc-pVDZ
level of theory relative to
the energy of D0 at its
minimum.
Geometries
are optimized at the
CASSCF level except
the S0 and D0 minima
which are optimized at
the B3LYP level.
2.2 Surface hopping investigation of the relaxation dynamics in radical cations
In this study we examined the dynamics of three radical cations starting from an excited ionic
state using trajectory surface hopping dynamics in combination with multiconfigurational electronic
structure methods. The competition between relaxation to the ground state and fragmentation was
examined. The potential energy surfaces of the cations can be complicated involving multiple
conical intersections, as is illustrated in Figure 2 for the cyclohexadiene/hexatriene system. The
results on cyclohexadiene, hexatriene and uracil indicate that relaxation to the ground ionic state
is very fast in these systems, while fragmentation before relaxation is rare. Ultrafast relaxation
is facilitated by the close proximity of electronic states and the presence of two- and three-state
conical intersections. Examining the properties of the systems in the Franck-Condon (FC) region
can give some insight into the subsequent dynamics.
2.3 Velocity map imaging studies of molecular cation dynamics
An important aspect of our project has been the dynamics of molecular cations in strong laser fields.
As discussed above, we have devoted considerable effort to calculating the dynamics of molecules
in excited cationic states, with an aim toward understanding how relaxation competes with dissociation. As part of our experimental efforts along these lines, we made detailed measurements of
dissociative ionization of cyclohexadiene. The original idea was to use our coincidence velocity map
imaging measurements to establish which ionic states are populated via strong field ionization, and
then study the kinetic energy release (KER) of the fragments in conjunction with theory to see
whether molecules ionized to excited states dissociated before internal conversion.
We specifically looked to fragments ejected with nonzero kinetic energy to see evidence of dissociation on the ground state after internal conversion from an excited state of the cation. The most
striking feature we found in our momentum resolved fragment ion measurements was evidence of
significant double ionization at intensities where we did not expect to see any. We found peaks
in the fragment ion KER spectrum which always corresponded to a total dissociation energy of
about 5 eV when considering two body dissociation in the axial recoil approximation. This energy
corresponds to the kinetic energy one would expect for the dissociation of a doubly charged cation
with an initial separation of the ring diameter.
In order to test our hypothesis that these high energy fragments were a result of double ionization,
we devised a coincidence measurement, in which we measured the momentum resolved spectrum
of fragments measured in coincidence from a single molecule. In other words, we reduced the gas
302

Weinacht and Matsika

density such that each laser shot on average ionized less than one molecule. We then recorded the
spectrum of fragments for each laser shot whose vector momentum added to zero. The spectrum
measured in this fashion corresponds to the spectrum for double ionization, and overlapped very
well with the 5 eV peak which we found in the non-coincidence measurements.
We feel that these coincidence measurements conclusively establish their origin as being double
ionization, and we are currently in the process of interrogating the mechanism for this double
ionization at low intensities. Measurements as a function of pulse duration indicate that there is
roughly as much double ionization for a 10 fs pulse as a 30 fs pulse with comparable peak intensity.
Our current working hypothesis is that the double ionization is due to enhanced ionization. While
enhanced ionization in diatomic molecules typically occurs away from the Franck Condon region at
bond lengths of roughly 6 atomic units (∼ 3Å), the case of ring molecules such as cyclohexadiene
is interesting because already at the equilibrium geometry, the ring diameter roughly corresponds
to this distance.
2.4 UV pump VUV probe measurements of excited state dynamics
We have been working over the past two years to develop a femtosecond VUV source as a probe
for following excited state dynamics such as internal conversion and dissociation. Our aim was to
develop a femtosecond probe pulse with a photon energy of 8 eV (λ0 = 160 nm), since this is in many
ways the perfect probe of excited state dynamics: it is capable of ionizing from almost anywhere in
any molecular excited state, but not capable of ionizing ground state molecules, ensuring a probe
which can follow the evolution of the wave packet throughout the excited state surface, without
having any background ionization of ground state molecules. We demonstrated the generation of
VUV pulses about a year ago, with sufficient pulse energy to produce several ions per laser shot
when ionizing a special sample chosen to have an ionization potential below the photon energy. Very
recently we have been able to carry out first pump probe experiments, using a UV pump (λ0 = 260
nm), and a VUV probe. Figure 3 illustrates how the UV/VUV experiments can probe excited
state dynamics and also shows some of our initial pump probe results for cyclohexadiene. While
the time resolution is still quite poor (with an impulse response function of 300-400 fs) already the
measurements are quite interesting as we see a marked asymmetry in the yields for large positive
and negative delays, despite the fact that cyclohexadiene is understood to undergo rapid internal
conversion after excitation in the UV, with 100 % of the excited state population making it down
to the ground state in less than 200 fs. We are currently working on improving the time resolution
by an order of magnitude by reducing the dispersion in the pump and probe paths. Additionally,
we are modifying our apparatus to handle solid samples (such as DNA/RNA bases), and within the
next year or so, we plan on adding velocity map imaging capability to the detection.
3 Future Plans
We have several goals for the immediate future:
1. We plan on using our UV pump VUV probe apparatus to study internal conversion and
isomerization dynamics in several molecules of interest, including uracil, cytosine, adenine and
cyclohexadiene. We will also use this apparatus to compare strong and weak field ionization
of molecular excited states to test many basic aspects of strong field ionization.
2. We will follow up calculations of excited cationic dynamics with velocity map imaging studies
of excited molecular cations produced via strong field ionization. A molecule of particular
interest is hexatriene, for which extensive calculations have been carried out, but which needs
to be produced in our lab as it is not commercially available. We plan on producing it from
cyclohexadiene using deep UV laser pulses in our laboratory.
303

Weinacht and Matsika

Figure 3: A cartoon illustrating UV pump VUV probe experiments (left). Initial measurements for
cyclohexadiene excited showing the ion yield as a function of pump probe delay.
3. We plan on completing our study of strong field double ionization of cyclohexadiene. In
particular, we would like to test the hypothesis that the double ionization is driven by enhanced
ionization of the singly ionized cation.
4 Publications of DOE Sponsored Research
• “Field Dressed Orbitals in Strong Field Molecular Ionization”, Robert Siemering, Oumarou
Njoya, Thomas Weinacht, Regina de Vivie-Riedle, Phys. Rev. Lett., submitted (2015)
• “Surface hopping investigation of the relaxation dynamics in radical cations”, Mariana Assmann, Thomas Weinacht, and Spiridoula Matsika, J. Chem. Phys., submitted (2015)
• “Photoelectron spectrum and dynamics of the uracil cation”, Mariana Assmann, Horst Köppel
and Spiridoula Matsika, J. Phys. Chem. A, 119, 866-875, (2015)
• “Modified Nucleobases’, S. Matsika, “Topics in Current Chemistry - Photoinduced Phenomena
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