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PREFACE

This is a collection of summaries for more than 1200 research projects funded by the Office of Basic
Energy Sciences (BES) in Fiscal Year 2014 at some 200 institutions across the U.S. This volume is
organized based on the three BES divisions: Materials Sciences and Engineering (MSE); Chemical
Sciences, Geosciences, and Biosciences (CSGB); and Scientific User Facilities (SUF). Within the MSE and
CSGB divisions, the summaries are further organized by research program. For the SUF division,
summaries are provided for the research projects in accelerator physics and x-ray and neutron
detectors.

This is the third annual issue of BES research program summaries. The volume covers core research
activities supported by BES. While every attempt was made to obtain a summary for each research
project supported in FY 2014, there may be some omissions. Some specific activities are not covered,
including the construction and operation of scientific user facilities, Energy Frontier Research Centers,
the Fuels from Sunlight Energy Hub, the Batteries and Energy Storage Hub, and the Small Business
Innovation Research (SBIR)/Small Business Technology Transfer (STTR) program. Each project summary
includes: title, point of contact (to whom questions should be addressed), principal investigator, other
senior investigators, postdoctoral fellows, graduate students, approximate funding given in FY 2014
(annual funding shows a single year; forward funding shows the entire award period), a brief description
of the research project, and research highlights for FY 2014. For Experimental Program to Stimulate
Competitive Research (EPSCoR) projects, the funding for the entire award period is shown. Many of
these projects are jointly funded by other Department of Energy programs. A small number of awards
are jointly funded by more than one BES research program. These entries are duplicated in both
research programs and show the full funding amount.

This collection is complementary to the Basic Energy Sciences 2014 Summary Report, which describes in
detail how BES is structured and managed and provides overviews of each of the three BES divisions and
special research activities.



I. CHEMICAL SCIENCES, GEOSCIENCES, & BIOSCIENCES DIVISION

AMO Sciences

Institutions Receiving Grants

Tracing and Controlling Ultrafast Dynamics in Molecules

Institution: Colorado, University of
Point of Contact: Andreas Becker
Email: andreas.Becker@colorado.edu

Principal Investigator: Andreas Becker

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $140,000 (2014)

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.

FY 2014 HIGHLIGHTS

1. Finite-range time delays in numerical streaking experiments
The attosecond streak camera technique enables the retrieval of temporal information of ultrafast
processes on the attosecond time scale. Based on our quantum simulations as well as a classical
trajectory analysis, we have shown that the observed time delay can be written as a sum or integral
of piecewise field-free time delays weighted by the instantaneous streaking field strength, relative
to the streaking field strength at the instant of transition of the electron into the continuum. This led
us to the intuitive interpretation that - for single photoionization - the observed time delay depends
on the finite time between the transition of the photoelectron from the initial bound state into the
continuum and the end of the streaking pulse.

2. Generation of isolated ultrashort pulses using long driving wavelengths
We have examined an alternative path of generating isolated ultrashort pulses by multi-cycle driving
laser pulses at midinfrared wavelengths. Our calculations are based on a numerical model, in which
harmonic generation is computed via an extension of the strong-field approximation on the
microscopic level. Macroscopically, the gas medium is then discretized into elementary radiators
and the radiation (harmonic emission) of each of these sources is 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.

3. Multiple rescattering dynamics at the single atom level
We have studied a control scheme based on the interrogation of the process of HHG by application
of a second color of light. We have demonstrated selective generation of electrons into trajectories
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which revisit the parent nucleus several times and have examined the signatures of multiple
rescatterings in the temporal and frequency domain of the radiation.

Structure and Dynamics of Atomics, lons, Molecules and Surfaces

Institution: Kansas State University

Point of Contact: Itzhak Ben-Itzhak

Email: ibi@phys.ksu.edu

Principal Investigator: ltzhak Ben-ltzhak

Sr. Investigator(s): Brett D. Esry; Kansas State University

Vinod Kumarappan; Kansas State University

Chii-Dong Lin; Kansas State University

Artem Rudenko; Kansas State University

Uwe Thumm; Kansas State University

Carlos Trallero; Kansas State University

Kevin D. Carnes; Kansas State University

Charles Fehrenbach; Kansas State University

Anh-Thu Le; Kansas State University
Students: 7 Postdoctoral Fellow(s), 22 Graduate(s), 2 Undergraduate(s)
Funding: $2,500,000 (2014)

PROGRAM SCOPE

A wide range of experimental and theoretical projects have been conducted at the J.R. Macdonald
Laboratory (JRML), Kansas State University, which fall into the category of observing and controlling
single atoms and molecules on short time scales. The underlying goal is to eventually make this time
scale the natural one on which electrons move in matter. These projects revolve around two themes,
“Attosecond Physics” and “Control”. There is, in reality, no sharp boundary between the two. In fact, we
expect considerable cross-fertilization to enrich both efforts. The JRML laser sources, namely the Kansas
Light Source (KLS), the newly-installed high power tunable wavelength HITS laser, and the high
repetition rate PULSAR, provide a broad range of laser capabilities and ample beam time for research
and development. Shorter, more intense attosecond pulses of radiation from harmonic generation, for
instance, have been used to investigate electronic motion in the time domain and are constantly being
developed further. The JRML theorists continue developing analytical and computational approaches, in
addition to building and refining models for complicated processes, to analyze the interaction of femto-
and atto-second pulses of light with atoms, molecules, and surfaces. Most JRML group members
additionally participate in experiments in various labs around the world, provide theoretical support for
such experiments, and otherwise actively pursue collaborations outside of JRML. Moreover, JRML
continues to host several outside investigators for their experiments. All of these activities build towards
the ultimate goal of understanding the dynamical processes of reactions well enough to control them
while positioning JRML to be a leading center for ultrafast AMO physics.

FY 2014 HIGHLIGHTS

The Lab has seen many upgrades during this year. One of the more significant is the addition of a world-
class 1 kHz ultrafast intense laser system funded partly by DOE. The HITS laser, which was delivered and
installed by KMLabs in the spring, is rapidly being incorporated into our research, extending our
capabilities by providing higher pulse energy (20mJ), tunable mid-IR wavelengths using a white-light-
seeded optical parametric amplifier, and long term (better than 300 mrad RMS over 9 hours) carrier-
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envelope phase (CEP) stability. We have been involved in a variety of projects this past year. Some of the
most significant are: Imaging charge transfer in iodomethane upon x-ray photoabsorption, waveforms
for optimal sub-keV high-order harmonics with synthesized two- or three-color laser fields, sub-
femtosecond steering of hydrocarbon deprotonation through superposition of vibrational modes,
Optical damage threshold of Au nanowires in strong femtosecond laser fields, multi-pulse three-
dimensional alignment of asymmetric top molecules, and enhancing the intense field control of
molecular fragmentation.

Probing Complexity using the LCLS and the ALS

Institution: Connecticut, University of
Point of Contact: Nora Berrah
Email: nora.berrah@uconn.edu

Principal Investigator: Nora Berrah

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $630,000 (2014-2016)

PROGRAM SCOPE

The goal of our research program is to investigate fundamental interactions between photons and
molecular systems to advance our quantitative understanding of electron correlations, charge transfer
and many body phenomena. Our research investigations focus on probing on femtosecond time-scale
multi-electron interactions and tracing nuclear motion in order to understand and ultimately control
energy and charge transfer processes from electromagnetic radiation to matter. Most of our work is
carried out in a strong partnership with theorists. Our current interests include: 1) The study of non-
linear and strong field phenomena in the x-ray regime using free electron lasers (FELs), and in particular,
the ultrafast linac coherent light source (LCLS) x-ray FEL facility at the SLAC National Laboratory. 2) Time-
resolved investigations of molecular dynamics 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 fluence and fs (4-500) 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.

FY 2014 HIGHLIGHTS

1) Buckyball Explosion by Intense Femtosecond X-Ray Pulses: A Model System for Complex Molecules.
We have carried out an experimental and theoretical study of Csy molecules interacting with intense x-
ray pulses from the LCLS X-ray free electron laser, revealing the influence of processes not previously
reported. This work presents an essential step for the rigorous, quantitative understanding of
femtosecond molecular dynamics. Measurements guided the development of molecular dynamics
simulations suitable for large molecules exposed to intense XFEL pulses. Experimental and simulation
data on Cg ion dynamics reveal that a complex variety of physical and chemical processes are present in
these interactions. Our model demonstrates that full atomic fragmentation of Cgy occurs at the highest
fluence while molecular fragments are generated at medium fluence. We show that ionization
suppression occurs for very short pulses (4 fs). Furthermore, our experiment provided evidence that the
charged particles produced by exposing an extended quantum system, Cg, to high-fluence x-rays
behave as if they were classical particles. At high fluence, the parent molecule explodes within few tens
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of fs, giving rise to fragment ions and highly charged state of C atom including fully stripped C fragments.
Scientific American, 310, 64, (2014); Nature Comm., 5, 4281 (2014); Faraday Discuss. 171, 471 (2014); J.
Phys. B: At. Mol. Opt. Phys. 47 124006 (2014); J. Elec. Spect and Rela. Phen, 196, 34 (2014).

2) Advanced Instrumentation for LCLS-Based Research. We have built and commissioned a multi-user
facility that consists presently of two instruments located at the LCLS and available to any user. They
are: 1) the X-Ray Split and Delay (XRSD) to carry out time-resolved experiments utilizing x-ray pump x-
ray probe technique and 2) the LAMP instrument which presently houses two imaging detectors and
two VMI spectrometers. These instruments have already been used for experiments.

EARLY CAREER: Ultrafast Electron Diffraction from Aligned Molecules

Institution: Nebraska, University of
Point of Contact: Martin Centurion
Email: martin.centurion@unl.edu

Principal Investigator: Martin Centurion

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $150,000 (2014)

PROGRAM SCOPE

The aim of this project is to record time-resolved electron diffraction patterns of aligned molecules and
to reconstruct the 3D molecular structure. This will allow us to investigate, on a fundamental level, the
conversion of light into mechanical and chemical energy at the molecular level. Femtosecond laser
pulses are used to excite the molecules and to align them, and an electron pulse is used to record the
structure at a specific time after the interaction with the laser. The molecular alignment increases the
information content of the diffraction patterns, and allows for retrieval of 3D structures. This method
will allow for capturing structures of intermediate states in ultrafast photoreactions with sub-Angstrom
spatial resolution.

FY 2014 HIGHLIGHTS

In this past year, we have experimentally investigated the interaction of a strong femtosecond laser
pulse with molecules in order to determine the limits of the impulsive laser alignment method. We have
investigated the effect of laser pulses using a linear molecule, carbon disulfide. It was observed that the
degree of alignment increases with laser intensity until it reaches a saturation at an intensity below the
ionization threshold. At intensities beyond the saturation level there is a deformation of the molecular
structure. Using ultrafast electron diffraction we can characterize the structural changes with sub-
Angstrom spatial resolution, and we were able to characterize the alignment, deformation and breakup
of the molecules as a function of laser intensity. While we had previously shown that 3D structures of
symmetric top molecules can be retrieved from diffraction patterns of aligned molecules, we have now
extended the retrieval algorithm to work also for asymmetric molecules. We achieved this by using a
two-step retrieval process. In the first step, two diffraction patterns are combined using a genetic
algorithm to recreate a diffraction pattern corresponding to perfect 1D alignment. In the second step,
we use an iterative phase retrieval algorithm that works with multiple cylindrical harmonics to retrieve
the position of the atoms. We have successfully tested the algorithm with simulated diffraction patterns
of trifluorotoluene (C¢HsCF3), an asymmetric molecule.
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Atomic and Molecular Physics in Strong Fields

Institution: Kansas, University of
Point of Contact: Shih-I Chu
Email: sichu@ku.edu

Principal Investigator: Shih-lI Chu

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $115,000 (2014)

PROGRAM SCOPE

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

FY 2014 HIGHLIGHTS

The major research highlights of our DOE project in 2014 are briefly summarized as follows: (1) Coherent
Phase-matched VUV Generation by Field-controlled Bound States. Recently in collaboration with the
experimental group led by Dr. Z. Chang in UCF, we extend our self-interaction- free TDDFT and
generalized Floquet formalism and uncover a new regime of phase-matched below-threshold harmonics
generation, for which the generation and phase matching is enabled only near Stark-shifted resonance
structures of the atomic target. This work opens the door to the future development of compact, high
flux and ultrafast VUV light sources without the need for cavity or nanoplasmonic enhancement. (2) Sub-
optical-cycle HHG Dynamics and Ultrafast Spectroscopy in the Attosecond Time Domain. We performed
the first ab initio study of the subcycle HHG dynamics of He atoms in near-infrared (NIR) laser fields
subject to excitation by a single extreme ultraviolet (XUV) attosecond pulse (SAP). We explored the
dynamical behavior of the subcycle high harmonic generation (HHG) for transitions from the excited
states to the ground state and found oscillation structures with respect to the time delay between the
SAP and NIR fields. Our analysis reveals several novel features of the subcycle HHG dynamics and we
identify the mechanisms responsible for the observed peak splitting in the photon emission spectra. (3)
Subcycle Transient Structures in Time-Dependent Multiphoton-lonization (MPI) Rate. We perform an
accurate exploration of the subcycle transient MPI dynamics of atomic and molecular systems subject to
intense near-infrared laser fields on the subfemtosecond time scale. MPI bursts within a single optical
cycle are found in the time-dependent ionization rates. The analysis of the electron density reveals that
several distinct density portions can be shaped and detached from the target within a half cycle of the
laser field.

Formation of Ultracold Molecules
Institution: Connecticut, University of

Point of Contact: Robin Coté
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Email: rcote@phys.uconn.edu

Principal Investigator: Robin Coté

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $102,000 (2014)

PROGRAM SCOPE

The main aims of this Research Program are to identify efficient approaches to obtain ultracold
molecules, and to understand their properties. To that end, we often need to calculate the electronic
properties (energy surfaces, dipole and transition moments, ro-vibrational states, etc.), as well as the
interaction of the molecules with their environment (surrounding atoms, molecules, or external fields).

FY 2014 HIGHLIGHTS

We have made progress on 4 main axes of research: 1) Rydberg interactions: we have recently started to
investigate how interactions can be affected by dressing atoms with a Rydberg state. We have shown
that Rydberg-dressed interactions could be used to tune ultracold chemical reactions. We illustrated the
concept with benchmark system, namely H,+D ->HD+H. We also investigate a possible new chemical
bound between ground state atoms using Rydberg dressing of the atoms. The molecular bound states
would be extremely long-range, roughly 500 bohr radii, and very weakly bound. 2) Energy surfaces and
reactions: We recently computed the surfaces for RbOH- and RbOH to model the associative
detachment reaction, paying special attention to the angular dependence of the Potential Energy
Surface (PES). We also extended our study of atom-diatom reactive scattering to H,+Cl to investigate the
effect of resonances near the scattering threshold. We found a new universal behavior of the inelastic
cross section in the s-wave regime scaling as 1/k>, which can be explained by the proximity of a pole in
the complex k-plane. Finally, we are in the process of completing the computation of PES of two other
systems: Mg and Sr*’. More recently, we helped analyzing experimental results on NaCa*. 3) Long-
range interaction between diatomic molecules: We summarized some of our previous work in a book
chapter on ultracold molecules for quantum information processing. 4) Formation of dimers and
tetramers: We recently started to explore how Feshbach resonances could enhance the pump-dump
scheme to produce ground state molecules, and we are using the same approach to investigate the
possible formation of tetramers. In fact, by controlling the long-range interaction between polar
diatomic molecules using external DC electric field, we could increase the shorter-range overlap of the
continuum and excited states (as in FOPA: Feshbach Optimized Photo-Association), and thus the
formation rate of tetramers.

Optical Two-Dimensional Spectroscopy of Disorder Semiconductor Quantum Wells and Quantum Dots

Institution: Colorado, University of
Point of Contact: Steven Cundiff
Email: cundiffs@jila.colorado.edu

Principal Investigator: Steven Cundiff

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $120,000 (2014)
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PROGRAM SCOPE

We are using two-dimensional coherent spectroscopy to study electronic excitations, mainly excitons, in
semiconductor nanostructures. During the next grant period, we plan to focus on using the ability of 2D
coherent spectroscopy to make size resolved measurements in an ensemble sample to study size
dependent phenomena in epitaxially grown self-organized quantum dots and in colloidal quantum dots.
Typically the size dependence can only be determined by making a series of single dot measurements,
whereas it can be extracted from a single two-dimensional spectrum. In addition, two-dimensional
coherent spectroscopy can measure energetic shifts and splittings that are small compared to the
inhomogeneous width, as long the fluctuations in the energies are correlated. In the self-organized InAs
dots, we will use 2D coherent spectroscopy to 1) study the exciton-phonon interactions of both the
ground-state and excited state transitions, 2) study the coherent and incoherent interaction between
the ground-state and excited-state transitions and 3) to observe Rabi flopping due to a prepulse. We
plan to use two-dimensional coherent spectroscopy to study three types of colloidal quantum dots. For
CdSe/ZnS dots we will study the low temperature dephasing to determine underlying physical
mechanism. For Ge dots we will determine the excitonic dephasing time, the fine structure and the
biexciton binding energy. In PbSe/CdSe dots, we will make similar measurements. Both the Ge and
PbSe/CdSe dots are quite new, thus very little is known about them, so these measurements will help
establish their properties. In addition both are technologically relevant for solar energy applications.

FY 2014 HIGHLIGHTS

During the most recent grant period we used two-dimensional coherent spectroscopy to 1) measure the
size dependence of the biexciton binding energy in self-organized InAs quantum dots, 2) observe
contributions due to the x(s) terms and trions in the same sample, 3) measure the dephasing of excitons
in 110 oriented GaAs quantum wells, 4) observe many-body induced coupling in asymmetric InAs double
quantum wells, 5) observe exciton-trion coupling in an n-doped CdTe quantum well and 6) make
preliminary measurements of the low-temperature dephasing of CdSe/ZnS colloidal quantum dots.

Understanding and Controlling Strong-Field Laser Interactions with Polyatomic Molecules

Institution: Michigan State University
Point of Contact: Marcos Dantus
Email: dantus@chemistry.msu.edu

Principal Investigator: Marcos Dantus

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $150,000 (2014)

PROGRAM SCOPE

When intense laser fields interact with polyatomic molecules, the energy deposited leads to
fragmentation, ionization and electromagnetic emission. The objective of this project is to determine to
what extent these processes can be controlled by modifying the phase and amplitude characteristics of
the laser field according to the timescales for electronic, vibrational, and rotational energy transfer.
Controlling these processes will lead to order-of- magnitude changes in the outcome from laser-matter
interactions, which may be both of fundamental and technical interest. The proposed work is unique
because it seeks to combine knowledge from the field of atomic-molecular- optical physics with
knowledge from the fields of analytical and organic ion chemistry. This multidisciplinary approach is
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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.

FY 2014 HIGHLIGHTS

This year we developed two different methods for determining electronic coherence in large molecules
in solution using shaped laser pulses. These findings will eventually speed up and make possible single
molecule coherent spectroscopies. Two publications have resulted from this work and a third one is
pending. We completed a significant theory/experiment collaborative project on the behavior of
polyatomic molecules under intense femtosecond laser irradiation. These findings are now published as
a Feature Article in the Journal of Physical Chemistry. We have been completing a project on the study
of electronic coherence mediated quantum control of chemical reactions in polyatomic molecules.

Production and Trapping of Ultracold Polar Molecules

Institution: Yale University
Point of Contact: David DeMille
Email: david.demille@yale.edu

Principal Investigator: David DeMille

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $135,000 (2014)

PROGRAM SCOPE

Our goals are to produce and trap a gas of polar molecules in the ultracold regime, and to study novel
physical effects associated with the low temperatures and/or the polar nature of the molecules. Using
the technique of photoassociation, we form RbCs molecules by binding together laser-cooled Rb and Cs
atoms. We previously created a gas of rovibrationally-excited RbCs in an optical trap, and studied the
collisional properties of the molecules. Our focus since has been on the production of RbCs molecules in
their absolute rovibronic ground state, where they will be stable against inelastic collisions and hence
suitable for precisely controlled study and manipulation. Once a large trapped sample is formed, we will
study chemical reactions at ultracold temperatures, dipolar effects in collisions, and similar phenomena.

FY 2014 HIGHLIGHTS

In Fiscal Year 2013, we have continued our study of a recently-discovered, simple method to produce
ultracold RbCs in its absolute ground state. We drive photoassociation (PA) transitions from free Rb and
Cs atoms into tightly-bound RbCs molecular states that can decay to the absolute ground state. We
observe high rates of formation of RbCs into low-lying vibrational levels, including the vibrational ground
state, through intermediate PA resonances that are well-characterized from previous spectroscopy. In
the latest Fiscal Year, we used a new high-resolution spectroscopic technique to measure the
distribution of rotational levels formed via PA. With this data, we were able to further characterize the
decay process that leads to formation of ground state molecules. We also verified that, as expected, a
large fraction (~1/3) of the vibrational ground state molecules are formed also in their rotational ground
state. We have subsequently gone on to apply this method to form molecules in an optical trap, and to
verify that we are trapping significant numbers of ultracold, rovibrational ground-state molecules, as has
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long been our goal. We have now begun to study the collisional properties of these absolute ground-
state RbCs molecules. RbCs in its ground state should be immune to inelastic collisions with itself and
with Cs atoms. Hence, molecule production in the presence of dense Cs vapor should make it possible to
use Cs atoms as a “scrubber” to remove, via inelastic collisions, residual rovibrationally-excited RbCs
molecules that otherwise would accumulate in the trap. We are exploring the dynamics of the scrubbing
process in an optical trap now.

Attosecond Ultra-Fast X-Ray Science

Institution: Ohio State University
Point of Contact: Louis DiMauro
Email: dimauro@mps.ohio-state.edu

Principal Investigator: Louis DiMauro

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $500,000 (2014-2015)

PROGRAM SCOPE

The new frontier of attophysics aims at visualizing and controlling in real time the motion of electrons
composing matter. In the new millennium the generation of attosecond XUV pulses became a laboratory
reality. A primary goal of this grant is to apply these light pulses in a series of time-resolved experiments
in order to understand correlated electron dynamics, and by doing so provide a new perspective on
elementary atomic processes. These studies will be enabled by the unique technology developed at The
Ohio State University (OSU) for attosecond science that utilizes long wavelength lasers and the OSU
attosecond beamline/end-station. Several key attosecond measurements were achieved in the previous
grant cycle and provide a firm foundation for continued progress in the renewal. A second thrust will
continue to explore fundamental aspects of high harmonic generation and the ability to utilize this
spectroscopy to access some fundamental atomic parameters. The second scope of this grant is the
continued implementation of AMO science program using the ultra-fast, intense x-rays available at LCLS
XFEL. The objective is the study of fundamental atomic processes involving multiple inner-shell
ionization, x-ray nonlinear optics and the development of unique methods for time-resolved x-ray
physics. These investigations will also enable novel metrological methods for the characterization of the
LCLS beam and the foundation for understanding more complex matter-x-ray interactions, e.g. biological
imaging. In addition this grant allows the development of experimental and intellectual competency
using different 4™ generation platforms whether on laboratory attosecond sources or the larger facilities
available at the LCLS. The OSU program has already trained graduate students and post-doctoral
research associates that are now contributing to x-ray science as staff members at DOE laboratories.

FY 2014 HIGHLIGHTS

Attosecond pulse shaping around a Cooper minimum. One signature of atomic structure, first discussed
by Cooper, is a local minimum in the photoionization (PI) probability at a specific photon energy. This
Cooper minimum (CM) is caused by a sign change, equivalent to a m-phase jump, in the bound-free
transition dipole of one angular momentum channel. 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. Consequently the Cooper minimum in argon became an excellent candidate for examining
the viability of high harmonic spectroscopy. We have investigated the phase modification in the high
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harmonic emission induced by the 3p Cooper minimum of argon, over a wide spectral range. In the
experiment, the derivative of the spectral phase, the group delay (GD), is measured using the resolution
of attosecond beating by interference of two-photon transitions (RABBITT) method. The measured RDM
phase and amplitude agrees well with predictions based on the scattering phases and amplitudes of the
interfering s- and d-channel contributions to the complementary photoionization process.

RABBITT measurement and the interpretation of the Wigner delay in photoionization. Photoionization
by an XUV attosecond pulse train in the presence of an infrared pulse (RABBITT method) conveys
information about the atomic photoionization delay. By taking the difference of the spectral delays
between pairs of rare gases (Ar,He), (Kr,He) and (Ne,He) it is possible to eliminate in each case the larger
group delay (“attochirp”) associated with the attosecond pulse train itself and obtain the Ar, Kr and Ne
“effective” Wigner delays referenced to calculated He delay. Our extracted delays have been compared
with several theoretical predictions and the results are consistent within 30 as over the energy range.

Spatial - Temporal Imaging during Chemical Reactions

Institution: Ohio State University

Point of Contact: Louis DiMauro

Email: dimauro@mps.ohio-state.edu

Principal Investigator: Louis DiMauro

Sr. Investigator(s): Pierre Agostini; Ohio State University

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $222,000 (2014)

PROGRAM SCOPE

This grant is an experimental program designed to develop and demonstrate the tools for directly
“watching and clocking” both the nuclear and the electronic motion during chemical bond
making/breaking and other comparable processes. Our program is built around two facets of the
molecule self-probing paradigm, derived from the strong-field rescattering model scaled to long
wavelength. The first one is laser-induced electron diffraction in which the molecular structure is
retrieved from the photoelectron momentum distribution with sufficient space-time resolution to
observe the motion of the nuclei as directly as conventional electron diffraction measures equilibrium
nuclear positions. The second is based on high harmonic generation from aligned molecules and the
tomographic reconstruction of the Dyson orbitals pushed to higher precision by virtue of our mid-
infrared driver lasers, combined with a pump-probe scheme. Both approaches will be benchmarked and
applied to the resolution of unimolecular dissociation reactions. Both techniques allow us to exploit
fundamental principles of strong-field scaling and combined they have the potential to visualize both the
nuclear and electronic dynamics in chemical and material processes.

FY 2014 HIGHLIGHTS

In Nature Communication we introduced fixed-angle broadband laser-driven electron scattering
(FABLES) as an alternative to fixed-energy, angle-swept LIED. 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 DCS is retrieved as compared
to the angle-dependent DCS 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.
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This unique aspect combined with molecular alignment was shown theoretically to offer a full molecular
tomographic reconstruction.

High Intensity Femtosecond XUV Pulse Interactions with Atomic Clusters

Institution: Texas-Austin, University of
Point of Contact: Todd Ditmire
Email: tditmire@physics.utexas.edu

Principal Investigator: Todd Ditmire

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 5 Graduate(s), 0 Undergraduate(s)
Funding: S0 (Research was supported with prior fiscal year funding.)

PROGRAM SCOPE

The goals of our experiments are to extend experiments on the explosion of van der Waals bonded
atomic and molecular clusters irradiated at 800 nm to the short wavelength regime (1 to 50 nm). 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 is very different from the IR where the ponderomotive potential is significantly greater than
the binding potential of electrons in the cluster. We perform these studies by converting a 1.5 J,
femtosecond laser to short wavelengths by high order harmonic generation (HHG) in a gas jet. We are
working to confirm a hypothesis about the origin of the high charge states seen in XUV irradiated
exploding clusters. We assessed from our first experiments that the photo-ionization of the atoms and
ions in each cluster is strongly affected by plasma continuum lowering (ionization potential depression)
in a cluster nano-plasma. 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. In our present
work, we intend to confirm this hypothesis by performing experiments in which XUV pulses of carefully
chosen wavelength irradiate clusters composed, on one hand, of only low-Z atoms and, on the other
hand, clusters with a mixture of this low-Z atom with higher Z atoms. The latter clusters will exhibit
higher electron densities and will see greater ionization potential lowering than in the clusters
composed only of low Z atoms. By measuring the charge state distribution, we can see if direct single
photon photo-ionization channels open for higher charge states when there is a higher plasma density in
the cluster.

FY 2014 HIGHLIGHTS

We completed the characterization of a long focal length, HHG beamline on a 1.5 J, 30 fs, 10 Hz
Tl:sapphire laser. This new beam has produced XUV laser pulse energies at 38 nm which are twenty
times that of our previous experiments. We made direct comparison of ion charge states observed in
large Xe clusters in the new apparatus. We observed a dramatic drop in ion intensities above Xe®" as
observed previously. With the higher XUV intensity now available we see production up to Xe'* in the
new experiments compared with Xe®" in previous ones. We have also completed the measurement of
ion charge state distributions, ion energies, and the electron emission spectra in Xe, Ar, N,, CH,, and Xe
doped CH, clusters formed in a cryo-cooled, supersonic cluster source in the new target chamber. Some
of the new clusters measured can be compared directly with experiments previously complete using the
LCLS laser at much shorter wavelengths. We have now tested the LAM production of clusters of Ag on a
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source which will be soon mounted on the new target chamber. We will then study ion production from
XUV pulses in oxide clusters (like SiO, and SnO,).

Atomic and Molecular Electron Correlation in Strong Fields

Institution: Rochester, University of
Point of Contact: Joseph Eberly
Email: eberly@pas.rochester.edu

Principal Investigator: Joseph Eberly

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $100,000 (2014)

PROGRAM SCOPE

We are interested to understand how very intense and very short laser pulses excite electrons in atoms
and molecules, with intensities in the range above one-tenth PW per square centimeter. The
combination of phase-coherent character and short-time nature of laser pulses in related experimental
use creates substantial challenges to theoretical study in this domain. The intensities are high enough to
mandate development of non-perturbative approaches. We have discussed the theoretical successes
and listed the still-existing challenges in a recent article in Reviews of Modern Physics. Challenging
complications of great interest arise when more than one electron is dynamically active in response to
the laser excitation.

FY 2014 HIGHLIGHTS

In the current grant year we have undertaken two projects. First, we will extend the method we
introduced last year that combines quantum and classical time-dependent descriptions of atomic
electron evolution, labeled the SENE approach. The goal is to overcome the extreme demands made on
computational resources by more conventional methods. Second, we have begun to calculate the
degree of electron-electron correlation that develops during short-pulse ionization. Our method will
allow the first distinction to be made between classical and quantum origins of correlation, a question of
fundamental interest for which no answers are currently known.

Image Reconstruction Algorithms

Institution: Cornell University
Point of Contact: Veit Elser
Email: velO@cornell.edu

Principal Investigator: Veit Elser

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: S0 (Research was supported with prior fiscal year funding.)

PROGRAM SCOPE

Digital image processing has played a significant role in microscopy for decades. Removing noise,
enhancing contrast, identifying features and constructing 3D models are now routine operations that
the microscopist relies on to extract the maximum information from his instrument. These now
standard forms of data manipulation are in a sense refinements in that they begin with something that
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is already recognizable as an image. However, with the development of techniques such as diffractive
imaging the scope of digital processing in microscopy has expanded considerably. The data delivered by
the new instruments are often very indirectly related to actual images and sophisticated algorithms are
increasingly an integral component of the actual microscope. One of the most ambitious plans for
algorithmically enabled microscopy is the proposal to image individual biological particles such as
proteins and viruses with X-ray free electron lasers. The incentive for the development of this capability
is strong, given that many of the most interesting targets of study resist crystallization, the necessary
first step in the standard crystallographic approach to structural biology. But while the brilliance of free-
electron lasers such as LCLS is higher by orders of magnitude than synchrotron sources, so too is the
amplification effect of crystals. Single-particle imaging at LCLS will not only be very indirect, as
diffraction images, but extremely noisy because of the weak signal. The main project described in this
proposal is the further development of the expand-maximize-compress (EMC) algorithm for obtaining
3D structure from millions of noisy diffraction data. This algorithm has been very successful in
simulations, at building accurate models in the standard setting where the particle orientation is
unknown in each frame of data. The new studies will address various forms of background in the data
and assess the effects of particle heterogeneity.

FY 2014 HIGHLIGHTS
No FY14 Highlights received.

Collective Coulomb Excitations and Reaction Imaging

Institution: California State University-Fullerton
Point of Contact: James Feagin
Email: jfeagin@fullerton.edu

Principal Investigator: James Feagin

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $96,000 (2014)

PROGRAM SCOPE

Innovations in few-body science at molecular nano levels will be a critical component of ongoing
international efforts to establish sustainable environmental and energy resources. The varied research
paths to be taken will require the development of basic science on broad fronts with increasingly flexible
views to crossover technologies. Although the work described and performed in this project is
theoretical, our interest in these topics remains motivated by the recent surge in and success of
experiments involving few-body atomic and molecular fragmentation and the collection of all the
fragments. We accordingly continue two parallel efforts with (i) emphasis on reaction imaging while (ii)
pursuing longtime work on collective Coulomb excitations. As in the past, we continue to place priority
on research relevant to experiment.

FY 2014 HIGHLIGHTS

Three papers have been published this past year as a culmination of efforts on this project to track the
origins of classical trajectories in an otherwise fully time-independent quantum reaction event. In the
first of these papers, we have analyzed the so-called imaging theorem (IT) to establish an asymptotic
relation for macroscopic times between coordinate and momentum wavefunctions describing the

CSGB | I-13



many-particle state of an arbitrary fragmentation reaction. In the second paper, we extended the IT to
electric- and magnetic-field extraction and position-sensitive detection as widely used in modern
reaction microscopes. In the third paper, we derived a multi-fragment generalization of the IT and
emphasized an alternative point of view relevant to quantum imaging that fully establishes a link to the
classical trajectories without wavepackets or wavefunction collapse.

Studies of Autoionizing States Relevant to Dielectronic Recombination

Institution: Virginia, University of
Point of Contact: Thomas Gallagher
Email: tfg@virginia.edu

Principal Investigator: Thomas Gallagher

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $148,000 (2014)

PROGRAM SCOPE

In this DoE sponsored program we have worked on two major areas. The first is understanding the
response of atoms to simultaneously applied low and high frequency fields which are harmonically
related. Experiments done with a combined xuv attosecond pulse train (APT) and an intense infrared
laser field showed a clear phase dependence of the ionization of He atoms on the phase of the infrared
field at which the attosecond pulses arrived. The phase dependence arises because the energy transfer
from the low frequency field to the He electron excited by the APT depends on the phase of the infrared
field at which the excitation occurs. The accompanying theoretical analysis showed that the magnitude
of the phase dependent signal depended on the coherent effect of the train of attosecond pulses. We
are conducting analogous experiments having using a microwave field as the low frequency field and a
near infrared laser as the high frequency field. With previous DoE support we used a single ps infrared
laser pulse which could be moved temporally relative to the microwave field. We were able to observe a
clear dependence on the phase of the microwave field at which the ps pulse, but the signal was very
small, less than 0.1%. The present effort has been focused on extending our work to match the APT, as
opposed to a single attosecond pulse. We have replaced the ps infrared laser with two diode lasers
whose beat note is phase locked to the second harmonic of the microwave source generating the
microwave field. The two lasers generate a 100% amplitude modulated infrared field, analogous to the
APT, which has maxima every half microwave cycle. These maxima can be phase shifted relative to the
microwave field, mimicking the APT and the near infrared laser. If the coherent effect of the multiple
pulses in an APT is important we should see a corresponding increase in the magnitude of the phase
dependent energy transfer signal. The second area in which we have worked is to measure

FY 2014 HIGHLIGHTS

The most striking advance was that we observed phase dependent energy transfer using our amplitude
modulated laser, which was phase locked to the microwave field. Unlike the single ps infrared pulse, the
magnitude of the phase dependent signal was enormous, 10%. This observation verified the theoretical
claim that the coherent effect of the APT was important in the earlier experiments. Depending on how
we tune the frequencies of the diode lasers we are able to see the transfer of population to both higher
and lower energy, as expected theoretically. In much of the literature on the interactions of strong
electromagnetic fields with atoms or molecules the coulomb potential is ignored. While this
approximation is excellent in some cases, in problems involving near threshold electrons it is wrong, as
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these experiments clearly demonstrate. We have completed a series of microwave measurements of
the intervals between the high angular momentum states of Ca. Ca*is a most promising candidate for an
optical clock, and its dipole polarizability was not known to 10%. Our experimental value for the dipole
polarizability of Ca* is in good agreement with the recently calculated value, providing confidence that
the black body radiation shift can be calculated with sufficient accuracy to correct for temperature shifts
of the clock. The Ca® clock transition has a measurement uncertainty of 1 Hz, and the black body shift at
300K is 0.4 Hz. Since the shift has a T4 temperature dependence, the temperature shift is quite
important. While our value of the dipole polarizability agree with the calculations, the quadrupole
polarizability does not, although the source of the discrepancy is not apparent. If it can be identified, we
shall be able to extract more precise values from our measurements.

Experiments in Ultracold Molecules

Institution: Connecticut, University of
Point of Contact: Phillip Gould
Email: plg@phys.uconn.edu

Principal Investigator: Phillip Gould

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $125,000 (2014)

PROGRAM SCOPE

This project is currently focused on the production of molecules at sub-millikelvin temperatures via the
process of photoassociation. Our experiments begin with ultracold Rb atoms confined at high density in
a magneto-optical trap. We then apply pulses of frequency-chirped light to form excited-state molecules
by long-range photoassociation of the colliding atoms. Normally, ground-state molecules are produced
by spontaneous emission of these excited molecules. However, by manipulating the frequency and
amplitude of the pulses on the nanosecond time scale, we can coherently control the molecular
formation process. The resulting ground-state molecules are detected using state-selective ionization
with a pulsed dye laser. In conjunction with the molecular experiments, we are developing the
technology to enable production of pulses and frequency chirps on nanosecond and subnanosecond
time scales. Diode laser light is manipulated by fiber-optic-based electro-optical phase and intensity
modulators that are driven by a fast arbitrary waveform generator. The resulting chirped pulses are then
amplified by a tapered semiconductor amplifier or by injection locking a slave diode laser. The output
pulses are diagnosed using heterodyne analysis. Overall goals of the program include the development
of techniques to control the interactions of ultracold atoms, improved schemes for ultracold molecule
production, and application of the techniques of coherent control to ultracold systems. Ultracold
molecules have many potential uses, including precision measurements, quantum degeneracy, quantum
computing and ultracold chemistry. Understanding, controlling, and optimizing their formation is
important to many of these applications.

FY 2014 HIGHLIGHTS

We have extended our work on the production of ground-state rubidium molecules with frequency-
chirped light. We previously found a dramatic difference in the production rate for positive and negative
chirps and identified, via quantum simulations, the mechanism for this difference. The formation of
ground-state molecules takes place in two-steps. First, a colliding pair of atoms absorbs a photon and
forms an excited molecule. Then, this excited state makes a transition to the ground state, either by

CSGB | I-15



incoherent spontaneous emission or by coherent stimulated emission. For the coherent process, a
positive chirp provides the proper time ordering of the two steps and thus enhances the formation rate.
We are currently using faster chirps and shorter pulses, as well as higher intensities, in order to enhance
the coherent contribution and diminish the role of spontaneous emission. We are also implementing a
novel double-pass configuration with a tapered semiconductor amplifier in order to achieve even higher
intensities of the chirped light.

Physics of Correlated Systems

Institution: Purdue University
Point of Contact: Chris Greene
Email: chgreene@purdue.edu

Principal Investigator: Chris Greene

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $145,000 (2014)

PROGRAM SCOPE

The focus of this project is the theoretical quantum mechanical description of systems having two or
more strongly coupled degrees of freedom. While diverse topics come under investigation, the unifying
theme connecting all of the supported research is the goal of overcoming existing limitations in the
quantitative and qualitative understanding of nonperturbatively interacting atomic and molecular
systems, in which energy and angular momentum is exchanged between different coordinates or modes
of the system. We have continued our efforts in recent years to understand the interaction of very short
pulsed lasers with atomic and molecular systems. A second thrust is in the area of electron-molecule
collisions, where there are frequently strong correlations between the incident electron motion and
other electrons in the molecular target, or with the nuclear motion degrees of freedom. In one new
direction for this project, we have begun an investigation into the connection between quantal and
classical theories of three-body recombination in collisions of three neutral atoms. The resulting sharper
understanding of the borderline between quantal and classical regimes has led to the realization that
ion-atom-atom three-body recombination can be accurately treated using the techniques developed for
collisions of three neutral atoms. These systems are all representative of nonperturbative energy
transfer processes, in the sense that energy from one degree of freedom becomes coupled or
transformed into another degree of freedom in a microscopic system. Another area of continuing
development has been an extension and application of theoretical techniques that allow a systematic
separation of short-range interaction effects and long-range evolution of a fragmented quantum system.

FY 2014 HIGHLIGHTS

Three-body recombination and its time-reversed process have historically been some of the most
difficult types of energy transfer processes to describe using the standard toolkits of theoretical atomic
and molecular physics. Our project has made strides over the years in advancing this theoretical
capability, and the past year has seen encouraging progress in extending the range of systems for which
three-body recombination processes such as A+B+C -> AB+C can be quantitatively described.
Calculations this year have helped to delineate the energy range above which classical Newtonian
methods can be safely utilized instead of the far more expensive and complicated quantal treatments
that are required in the low energy limit. A new direction that followed up this better understanding has
been an initial treatment of three-body recombination processes for which one of the three incident

CSGB | I-16



collision partners is ionized. This has already generated some encouraging results such as the classical
threshold law for this process, apparently not previously derived. Further extensions to four interacting
atoms have been of interest for some time, although the computational capabilities are far more limited
for the four-body problem than they are for three-body systems. As a prototype four-body system, we
have conducted a first exploration of the positronium dimer molecule, consisting of two positrons and
two electrons. This intriguing system has some of the same topological features as the hydrogen
molecule, such as a mix of ionized and neutral fragmentation channels, but with a mass ratio that makes
the usual Born-Oppenheimer picture inappropriate. Our study has shown the feasibility of developing a
coupled-channels hyperspherical representation of dynamical processes such as charge exchange.
Finally, progress has been achieved this year in reformulating the frame transformation theory of
photoionization microscopy for a nonhydrogenic atom in an external electric field.

Using Strong Optical Fields to Manipulate and Probe Coherent Molecular Dynamics

Institution: Virginia, University of
Point of Contact: Robert Jones
Email: bjones@virginia.edu

Principal Investigator: Robert Jones

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $145,000 (2014)

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.

FY 2014 HIGHLIGHTS

During the current funding year we have: (i) continued our investigation of transient, field-free
orientation of polar molecules induced by combinations of intense optical and THz pulses; (ii) extended
our studies of strong-field ionization by intense single-cycle THz pulses, moving from Rydberg atom
targets to nano-structured metals; (iii) examined the role of multi-electron dynamics in enhanced
multiple-ionization of diatomic molecules; and (iv) begun a collaboration with the DiMauro/Agostini
group at the Ohio State University to characterize the influence of the electronic binding potential on
energy transfer between an optical dressing field and near-threshold attosecond photo-electrons.

Molecular Dynamics Probed by Coherent Soft X-rays

Institution: Colorado, University of

Point of Contact: Henry Kapteyn

Email: kapteyn@jila.colorado.edu

Principal Investigator: Henry Kapteyn

Sr. Investigator(s): Margaret Murnane; Colorado, University of

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $300,000 (2014)
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PROGRAM SCOPE

The goal of this project is to develop novel short wavelength probes of molecules and nanosystems, and
to understand the response of atoms and molecules to strong laser fields, in particular mid-infrared
(mid-IR) laser fields. Several recent breakthroughs from the Kaptyen-Murnane group in tabletop soft x-
ray sources have dramatically expanded the photon energy range over which bright femtosecond-to-
attosecond high harmonic (HHG) beams can be generated. Using tabletop mid-infrared (IR) femtosecond
lasers, bright soft x-ray supercontinua can be generated that span from the VUV to the keV regions of
the spectrum (to below 8 A), with sufficient flux for applications. Moreover, high harmonic soft x-ray
pulses are unique because they are perfectly synchronized to the driving laser, with =uW average
powers required for advanced chemical spectroscopies.

FY 2014 HIGHLIGHTS

Photoelectron spectroscopy and charge transfer dynamics of isolated quantum dots [1]:

In 2013 work, we reported the first studies of isolated quantum dots. In FY 2014, we expanded on

this work by studying dye-quantum dot charge transfer, comparing charge transfer rates of free

guantum-dot dye systems with those in solution. Our findings support the hypothesis that
reorganization energy of nonpolar solvents plays a minimal role in charge transfer. This work has
been submitted.

First isolated attosecond soft X-ray pulses [2]:

Until recently, attosecond pulses were confined to the EUV, limiting the range of

molecular/materials systems that could be explored. Here, we experimentally demonstrated a

remarkable convergence of physics: when mid-IR lasers are used to drive HHG, the conditions for

bright phase-matched soft X-ray generation naturally coincide with the generation of isolated
attosecond pulses.

First bright soft x-ray harmonics at kHz repetition rates [3]:
We demonstrated bright soft x ray harmonics at kHz repetition rates driven by 1.3 and 2 um
tabletop lasers. This represents a > x1000 increase in HHG flux beyond other work.

Publications:

1. J. Ellis, K. Schnitzenbaumer, D. Hickstein, M. Beernink, B. Palm, J. Jimenez, G. Dukovic, H.
Kapteyn, M. Murnane, W. Xiong, “Revealing solvent effects on charge transfer between
quantum dots and surface adsorbates”, submitted (2014).

2. M.C. Chen, C. Hernandez-Garcia, C. Manusco, B. Galloway, P.C. Huang, F. Dollar, D.
Popmintchev, L. Plaja, A. Jaron-Becker, A. Becker, T. Popmintchev, M.M. Murnane, H. C.
Kapteyn, 'Generation of Bright Isolated Attosecond Soft X-Ray Pulses Driven by Multi-Cycle Mid-
IR Lasers,' PNAS 111 (23) E2361 (2014).

3. C. Ding, W. Xiong, T. Fan, D. D. Hickstein, T. Popmintchev, X. Zhang, M. Walls, M. M. Murnane,
and H. C. Kapteyn, 'High flux coherent super-continuum soft X-ray source driven by a single-
stage, 10mJ, Ti:sapphire amplifier-pumped OPA,' Optics Express 22(5), 6194-6202 (2014).

Exploiting Non-equilibrium Charge Dynamics in Polyatomic Molecules to Steer Chemical Reactions

Institution: Wayne State University

Point of Contact: Wen Li

Email: wli@chem.wayne.edu

Principal Investigator: Wen Li

Sr. Investigator(s): Raphael Levine; California-Los Angeles, University of

Henry Kapteyn; Colorado, University of
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H. Bernhard Schlegel; Wayne State University
Students: 4 Postdoctoral Fellow(s), 6 Graduate(s), 0 Undergraduate(s)
Funding: $750,000 (2014)

PROGRAM SCOPE

The main objectives of this proposal are to achieve two major research goals of ultrafast science: 1.
Creating and probing photo-induced 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. For the first
goal, coherent electronic wave packets due to the superposition of a few electronic states in molecular
cations will be created with strong field photoionization by ultrashort optical pulses and the subsequent
charge migration along the molecular backbone will be monitored by various advanced methods
including a photoionization probe implemented with intense attosecond pulse trains (APT) coupled with
ion-electron coincidence measurements and attosecond transient absorption with high energy
attosecond pulses. Because our theoretical models simulate both the pump and the probe steps with
minimum approximations, they will provide realistic experimental parameters and are also well suited
to extract electronic dynamics from experimental observations. In the transient absorption experiments,
the time-resolved spectra reflect the instantaneous electron density with element and site specificity
and thus charge migration dynamics will be captured in real time. For the second goal, we have recently
shown in models that mode-selective chemistry can be achieved using intense mid-IR laser excitation
through charge polarization on the ground electronic state. The study will be carried out in molecular
ions to minimize complications from competing strong field ionization. Mid-IR laser pulses at 3-4 um will
be focused to reach strong field intensity to achieve mode-selectivity in aligned polyatomic molecules.
Systems of interest include iodobenzene dication and formyl chloride cation.

FY 2014 HIGHLIGHTS

This is a newly funded project. The starting date was Sept. 1, 2014. We provide no highlights at this
point.

Time-Resolved Imaging of Molecules by High-Order Harmonics and Ultra Short Rescattering Electrons

Institution: Kansas State University
Point of Contact: Chii-Dong Lin
Email: cdlin@phys.ksu.edu

Principal Investigator: Chii-Dong Lin

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $145,000 (2014)

PROGRAM SCOPE

When a molecule is exposed to an intense ultrashort infrared laser pulse, electrons that were ionized
earlier may be driven back by the oscillating electric field of the laser to recollide with the parent ion. If
the returning electron recombines with the ion, high-order harmonics are generated. If the returning
electron is backscattered elastically by the ion, high energy photoelectrons are emitted. In both cases,
the emitted radiation or the scattered electrons contain information on the target molecule. Since laser
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pulses of duration of a few femtoseconds are readily available, they can be used to probe the dynamics
of molecules with femtosecond timescales. In this project, we established how to extract the spectral
behavior of the target molecules from the emitted harmonics. From the photoelectron spectra, our
method is called laser-induced electron diffraction. The latter allows us to extract the bond lengths and
bond angles of molecules. If the molecule under study is first perturbed by a pump laser, another probe
laser can be used to extract the dynamics of molecules as they are under transformation. In this respect,
short infrared lasers can be used to probe the evolution of molecules with femtoseconds resolution.

FY 2014 HIGHLIGHTS

In this past period, we demonstrated a new method to analyze electron diffraction patterns from which
bond lengths are accurately retrieved. We also studied how to increase the fluence of the returning
electrons to enhance diffraction images by combining two- or three-color lasers. In collaboration with an
experimental group in Spain, we have been able to extract the C-C and C-H bond lengths of acetylene
molecules from the photoelectron spectra generated using 3.1 micron lasers.

Probing electron-molecule scattering with HHG: Theory and Experiment

Institution: Texas A&M University

Point of Contact: Robert Lucchese

Email: Lucchese@Mail.Chem.Tamu.Edu

Principal Investigator: Robert Lucchese

Sr. Investigator(s): Erwin Poliakoff; Louisiana State University

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $465,000 (2014-2016)

PROGRAM SCOPE

This project is a combined experimental and theoretical study of high harmonic generation (HHG) in
molecular systems. Additional we are developing accurate quantum mechanical descriptions of such
interactions that involve one continuum electron. The HHG process can be modeled within the three-
step picture that consists of tunnel ionization of an electron, then electron wave propagation, followed
by the recapture of the electron by photorecombination. This last step, photorecombination, is our
particular interest since it involves the same transition matrix elements as the corresponding
photoionization process that would be obtained by time reversal. The goal is to probe how resonant and
non-resonant processes in electron-ion collisions affect the HHG process. Experimentally, we will
consider studies of HHG on a series of polyatomic molecules for which we will map out the behavior as a
function of power, focal position, and ellipticity. The objective is to explore the structure found in the
HHG spectra as a function of harmonic order. By a comparison with computed cross sections we should
be able to identify the processes in the electron continuum that lead to the observed features in the
HHG spectra. Specific systems that will be studied include, initially, SFs, SiCl,, and CF, with later
investigation being extended to CS,, CCl,, and various substituted benzenes. These systems have known
resonant features that may lead to corresponding features in the HHG spectra. Theoretically, we will
consider how different levels of approximation for computing the photorecombination matrix elements
affect the computed HHG spectra. To enhance our ability to compute the needed matrix elements, we
will investigate alternative grid based methods for computing the wave functions for the scattered
electrons. The goal will be to overcome the limitations of our current numerical methods which are
based on the use of rather slowly convergent single-center expansions.

CSGB | I-20



FY 2014 HIGHLIGHTS

We have completed a study of the high-resolution photoelectron spectrum with partial vibrational
resolution of a series of pyrimidine-type nucleobases: thymine, uracil and cytosine. Improved resolution
allowed us to identify the electronic origins for the outermost valence electronic states. Striking
similarities in the spectral features of all three pyrimidine-type nucleobases lead 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. We have also completed a study of
vibrationally resolved photoionization of acrolein. In our experimental and theoretical study of the non-
Franck-Condon behavior in acrolein we found evidence of two localized low energy sigma anti-bonding
resonances, which interact to form two resonant states. Excitation of these states leads to significant
non-Franck-Condon effects in the excitation of C-C vinyl stretch. We have made considerable progress,
in collaboration with Profs. Trallero and Lin at the McDonald Laboratory in the study of molecular HHG.
Preliminary work on the HHG spectrum SFs found noticeable structure in the experimental spectrum.
We varied the gas jet position to change 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 17" harmonic. 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, which have ionization potentials that are all within 1.5 eV of each
other. We have examined limitations of the current calculations and found that the asymmetric nuclear
vibrations and interchannel coupling may be important to understand the observed spectra.

Properties of Actinide lons from Measurements of Rydberg lon Fine Structure

Institution: Colorado State University
Point of Contact: Stephen Lundeen
Email: lundeen@lamar.colostate.edu

Principal Investigator: Stephen Lundeen

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $130,000 (2014)

PROGRAM SCOPE

This project determines certain properties of chemically significant Uranium and Thorium ions through
measurements of fine structure patterns in high-L Rydberg ions consisting of a single weakly bound
electron attached to the actinide ion of interest. The measured properties, such as polarizabilities and
permanent moments, control the long-range interactions of the ion with the Rydberg electron or other
ligands. The ions selected for initial study in this project, U**,U**, Th**, and Th**, all play significant roles
in actinide chemistry, and are all sufficiently complex that a-priori calculations of their properties are
suspect until tested. The measurements planned under this project serve the dual purpose of 1)
providing data that may be directly useful to actinide chemists and 2) providing benchmark tests of
relativistic atomic structure calculations. In addition to the work with U and Th ions, which takes place at
the J.R. Macdonald Laboratory at Kansas State University, a parallel program of studies with stable
singly-charged ions takes place at Colorado State University. These studies are aimed at clarifying
theoretical questions connecting the Rydberg fine structure patterns to the properties of the free ion
cores, thus directly supporting the actinide ion studies. In addition, they provide training for students
who can later participate directly in the actinide work.
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FY 2014 HIGHLIGHTS

We have successfully completed the studies of Rn-like and Fr-like Th ions, but have so far been unable to
learn anything about the properties of the isoelectronic U ions. The difficulties are two-fold: very small
resolved signals, and large background rates. During the past year, we have shown that both difficulties
are traced to the presence of metastable ions in the U beams extracted from the ECR ion source. As a bi-
product of these studies, we managed to measure the metastable fraction of the U beams, and achieve
a substantial reduction in the background rate. However, despite these advances, we have still been
unable to extract any useful information about the U ions.

Theory of Atom Collisions and Dynamics

Institution: Tennessee, University of
Point of Contact: Joseph Macek
Email: jmacek@utk.edu

Principal Investigator: Joseph Macek

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $126,000 (2014)

PROGRAM SCOPE

The transfer of angular momentum in atomic collisions is the subject that we have investigated in the
last year of the project. Our investigations find that angular momentum is transferred to both excited
and ionized states of targets and projectiles in the collisions of ions and target atoms. The transfer to
excited states produces aligned and oriented atomic states. The oriented atomic states are the most
important since they have non-zero mean values of the vector angular momentum and are typically
understood in semi-classical terms. We find that in quantum terms the most significant transfer of
vector angular momentum occurs near the united atom limit where target and projectile interact
strongly to deflect the incident projectile. The transferred angular momentum is observed as orientation
of excited states. Some of the angular momentum is transferred to ionized states of the target and
projectile as the two species separate. We have shown that this angular momentum produces vortices
in the velocity fields of the ejected electrons. A search for such vortices has been successfully completed
by our experimental collaborators using an improved COLTRIMS apparatus. This confirms that vortices
appear in the velocity field of ionized electrons.

FY 2014 HIGHLIGHTS
The highlight of our work has been the experimental discovery of isolated zeros in the spectrum of
electrons ejected in the transfer ionization process. Theory confirms that such isolated zeros and

indicative of vortices in the velocity field of ejected electrons.

Photoabsorption by Free and Confined Atoms and lons

Institution: Georgia State University
Point of Contact: Steven Manson
Email: smanson@gsu.edu

Principal Investigator: Steven Manson
Sr. Investigator(s):
Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
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Funding: $80,000 (2014)
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 Cg; studies of time delay on the attosecond scale in photoionization of free and confined
atomic systems. Flexibility is maintained to respond to opportunities.

FY 2014 HIGHLIGHTS

Confinement resonances, oscillations that occur in the photoionization cross section of an endohedral
atom owing to the interference of the photoelectron wave function for direct emission with those
scattered from the surrounding shell have been predicted in a broad range of cases; recently, their
existence has been confirmed experimentally. Further, the photoionization of endohedral atoms within
nested fullerenes, has shown that, as a result of the multi-walled confining structures, the confinement
resonances become much more complicated. And we have shown that confinement resonances induce
resonances in the time-delay of photoelectron emission. Also a Xe atom endohedrally confined in Cg
exhibits a new type of atom-fullerene hybrid which 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
and the Zn series. 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 occurs in
buckyonions, nested fullerenes 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. In addition, we have explained the significant structure
in free atom subshell photoionization cross sections many keV above their thresholds found
experimentally in Ag; the structure is nonresonant and about 50 eV wide. It was found to be induced by
interchannel coupling with inner-shell ionization channels near threshold.

Combining High Level Ab Initio Calculations with Laser Control of Molecular Dynamics

Institution: Temple University
Point of Contact: Spiridoula Matsika
Email: smatsika@temple.edu

Principal Investigator: Spiridoula Matsika

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: S0 (Research was supported with prior fiscal year funding.)
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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.

FY 2014 HIGHLIGHTS

(1) Development of a VUV source: A main experimental development in the past year is a UV pump VUV
probe apparatus for pump probe measurements of excited state dynamics and a comparison of weak
and strong field ionization of excited states. The pump probe apparatus is almost completed and about
to be tested.

(2) Velocity Map Imaging measurements of relaxation in excited molecular cations: We ionize the
molecules using our strong field IR laser pulses. lonization can proceed to a range of ionic states. By
measuring the photoelectrons in coincidence with the fragment ions produced by ionization, we can
determine the ionic state of the molecule immediately after ionization. Then, the velocity map imaging
measurement of the fragment ion measured in coincidence with the photoelectron can be used to
determine the kinetic energy release in dissociation for the case of ionization to a dissociative cationic
state. A signature of relaxation prior to dissociation is the measurement of fragment ions with kinetic
energy release equal to the energy difference between the initial ionic state and ground ionic state at
the FC point minus the dissociation energy on the ground state.

(3) Ultrafast relaxation in molecular cations: In strong field dissociative ionization techniques several
excited ionic states can be created during the ionization step followed by fragmentation, and it is not
clear whether the fragments are produced directly in the excited ionic states or if fast relaxation to the
ground ionic state occurs first and fragmentation follows. In order to better understand the processes
occurring after ionization and interpret the experimental observables, we have theoretically
investigated dynamics of excited radical cations. We have applied trajectory surface hopping molecular
dynamics and the Multi-Configurational Time-Dependent Hartree approach to study the dynamics of the
uracil radical cation as well as cyclohexadiene and hexatriene radical cations.

Electron-Driven Processes in Polyatomic Molecules

Institution: California Institute of Technology
Point of Contact: Vincent McKoy
Email: mckoy@caltech.edu

Principal Investigator: Vincent McKoy

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $375,000 (2014-2016)

PROGRAM SCOPE

The focus of this project is the development, extension, and application of accurate, scalable
computational methods for studying low-energy electron-molecule collisions, with emphasis on larger
polyatomic molecules relevant to electron-driven chemistry in biology and materials processing.
Because the required calculations are 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.
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FY 2014 HIGHLIGHTS

We developed computational procedures necessary to explore angle-resolved dissociative electron
attachment processes while continuing to explore electron scattering processes in biologically relevant
molecules. In collaboration with the Belkacem group (Lawrence Berkeley National Laboratory), who
performed the relevant experimental measurements, we studied angle-resolved dissociative attachment
to uracil, the simplest nucleobase and thus a prototype for studying electron-induced damage to DNA
and RNA. We computed the quantum-mechanical entrance amplitudes that describe how the
probability of attaching an electron during a collision varies depending on the direction from which it
approaches the molecule. We find, consistent with the Belkacem group's measurements, that the
energetic hydrogen anions formed via attachment of electrons with about 6 electron-volts of kinetic
energy most likely result from breaking a specific nitrogen-hydrogen bond. These results were published
in Journal of Physical Chemistry Letters. For some time we have been interested in electron collisions
with alcohols, which are actual or potential biofuels. One fundamental issue that has arisen in our
studies is the connection between the angular scattering pattern and the molecular structure.
Specifically, in the 6 to 10 electron-volt range of collision energies, straight-chain alcohols tend to show
one scattering pattern and branched alcohols a different pattern. To explore this further, we
collaborated with the experimental group of M. Khakoo (California State University, Fullerton) and the
theoretical group of M. Bettega (Federal University of Parana, Brazil) on a study of alcohols and alkyl
amines. We found that the trends identified in the alcohols persist in the straight and branched amines.
Our results were published in Physical Review A.

Electron/Photon Interactions with Atoms/lons

Institution: Clark Atlanta University
Point of Contact: Alfred Msezane
Email: AMsezane@cau.edu

Principal Investigator: Alfred Msezane

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $80,000 (2014)

PROGRAM SCOPE

To understand the physical mechanism underlying low-energy electron attachment and trapping and
creation of new exotic molecules three interwoven and interrelated subprojects have been investigated.
Subproject-1 uses our recent novel Regge-pole methodology to: 1) Explore in the near-threshold energy
region through the calculation of the elastic total cross sections (TCSs) possible electron attachment to
selected atoms resulting in the formation of weakly bound ground and excited anions as resonances;
and 2) Demonstrate that the Os™ anion shows dramatic improvement on the catalysis of H,0 to H,0,
over recent results obtained using Au” and Pd" anions and in the oxidation of CH, to methanol using the
Au” anion without the CO, emission. Also, recent fundamental anionic, cationic, and neutral atomic
metal predictions utilizing density functional theory calculations validate the recent discovery identifying
the interplay between Regge resonances and R-T minima as the fundamental atomic mechanism
underlying nanoscale catalysis.

In Subproject-2 the CAM method is also being extended to investigate the energy region between the
first and the second atomic excitation thresholds where interchannel coupling was found to split
degenerate Regge trajectories.
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Subproject-3 evaluates the absolute differential oscillator strengths for the photoabsorption of the Xe
atoms encapsulated inside the Cg, Cigp and Cys in the energy regions both inside and outside the Cg
giant resonance, using the time-dependent density-functional theory (TDDFT). These proposed research
projects constitute the intellectual contributions to knowledge of the fundamental underpinnings of
AMO science.

FY 2014 HIGHLIGHTS
No FY14 Highlights provided.

Theory and Simulation of Nonlinear X-Ray Spectroscopy of Molecules

Institution: California-Irvine, University of
Point of Contact: Shaul Mukamel
Email: smukamel@uci.edu

Principal Investigator: Shaul Mukamel

Sr. Investigator(s):

Students: 6 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $512,000 (2014-2016)

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 provide a unique window into the motions of electrons and nuclei in molecules and materials.
This program is aimed at the design of novel X-ray pulse sequences for probing valence electronic
excitations, the development of computational approaches for describing core-excited states, and the
application of these techniques to specific molecular systems. Nonlinear spectroscopy techniques widely
used in the visible and infrared regimes (e.g. time-resolved photoelectron spectroscopy, time-resolved
broadband stimulated Raman, coherent control and frequency combs) are extended to the X-ray
regime. Applications are made to energy transfer in metalloporphyrin heterodimers, effects of
electronic coherence in nanostructured photovoltaics, charge and energy transfer between different
metal centers in mixed-valence complexes, and delocalized carbon core excitations in conjugated
hydrocarbons. Signatures of vibrational motions and nonadiabatic dynamics in photo-excited molecules
are identified via two-dimensional X-ray correlation spectroscopy of multiple core states, time-,
frequency-, and wavevector- resolved X-ray diffraction from single molecules as well as photon
coincidence detection of multidimensional attosecond X-ray scattering. Other applications include
probing electronic and vibrational dynamics in molecules by time-resolved photoelectron, auger-
electron, and x-ray photon scattering spectroscopy and three-dimensional attosecond resonant
stimulated x-ray Raman spectroscopy of electronic excitations triggered by core ionization.

FY 2014 HIGHLIGHTS

Multiporphyrin arrays are good candidates for artificial photosynthesis and molecular electronics
applications. Understanding the excitation energy transfer (EET) pathways in these systems is of
considerable interest. Stimulated X-ray Raman spectroscopy (SXRS) signals of various porphyrin
heterodimers with different linkers, bonding structures, and geometries were predicted. The time-
domain one and two color SXRS signals show coherent excitonic motions, which can be directly mapped
into the excited state doorway wavepacket created by the pump pulse, which probes the EET. SXRS
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signals are demonstrated to be very sensitive to the chemical bonding and local geometrical
environment, and offer a novel window for photophysical and photochemical processes that could help
the design of efficient solar energy devices. The SXRS technique was further extended to study multiple
core excitation states of the same element. Carbon K-edge signals was simulated for the furan molecule.
We also investigated the influence of vibronic coupling on SXRS signals by using the linear coupling
exciton-phonon model and the cumulant expansion. Fine-structure features were obtained and
analyzed. The nuclei act as a bath for electronic transitions which accelerates the decay of the time-
domain signal. Our previously-developed description of time- and frequency-resolved detection of
spontaneous emission was extended to the detection of diffracted X-rays. This extension showed the
contribution of inelastic scattering events and provided a way to select them in the diffraction signal.
We have shown that in elastic terms, they do not contribute to the diffraction from crystals, and must
be taken into account for scattering from single-molecule samples. This work was further extended to
multidimensional X-ray diffraction in which several X-ray pulses are scattered from the sample. X-ray
photon coincidence detection then probes multipoint correlation functions of the electron charge
density.

Nonlinear Materials Spectroscopies Probed By Ultrafast X-Rays

Institution: Massachusetts Institute of Technology

Point of Contact: Keith Nelson

Email: kanelson@MIT.EDU

Principal Investigator: Keith Nelson

Sr. Investigator(s): Margaret Murnane; Colorado, University of

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: S0 (Research was supported with prior fiscal year funding.)

PROGRAM SCOPE

In this project, ultrashort electromagnetic pulses in the visible, extreme ultraviolet (EUV), and x-ray
spectral ranges are all used in complementary efforts to gain experimental access to elementary
material excitations and fundamental condensed matter processes on ultrafast time scales and
mesoscopic length scales. Of primary interest are heat transport, whose nondiffusive character at short
length scales plays important roles in thermoelectric materials and nanoscale devices, and structural
evolution in disordered media, which shows dynamics on wide-ranging time scales that have long
eluded first-principles description. Central to these phenomena are acoustic phonons, which mediate
both thermal transport and the compressional and shear components of structural relaxation. In
addition to direct time-resolved observation of thermal transport, longitudinal, transverse, and surface
acoustic wave generation and detection are key elements of our experiments in all spectral ranges. We
develop and use a variety of methods to excite and monitor acoustic waves and thermal transport on a
wide range of length and time scales. For length scales in the roughly 1-100 micron range and acoustic
waves in the MHz to low GHz range, we use crossed optical pulses to form an interference or 'transient
grating' pattern, directly generating thermoelastic responses with the grating period. The responses are
monitored by diffraction of probe laser light. In order to reach higher acoustic frequencies and to
monitor heat transport on submicron length scales, spatially periodic structures are deposited onto
substrate surfaces so that optical irradiation produces thermoelastic responses at their nanometer
periods. The responses are monitored by diffraction of EUV pulses produced by high harmonic
generation. To excite GHz-THz acoustic waves, a thin layer or a superlattice structure is irradiated and
the acoustic wave is detected by time-resolved optical reflectivity or interferometry.
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FY 2014 HIGHLIGHTS

We generated and probed the shortest wavelength surface acoustic waves (SAW) to date, at 45 nm
(frequency ~80 GHz), with corresponding penetration depths of ~10 nm. [1,2] This result is significant for
nanoscale materials physics because it makes it possible to selectively probe the mechanical properties
of very thin films and interfaces, as well as nanostructures deposited on or embedded within a surface.
We characterized the acoustic velocity dispersion of 1D and 2D Ni nanostructures with periods 45 nm —
4 um. We conducted photoacoustic measurements spanning the 1 MHz - 100 GHz frequency range and
combined the results with those of a collaborating group that conducted dynamic mechanical
measurements in the mHz-kHz range to determine the complex elastic modulus over 13 decades of
frequency, by many decades the most comprehensive study of viscomechanical dynamics ever
performed on a single material. The results showed agreement with scaling predictions of mode-
coupling theory of supercooled liquids. Finally, we made significant progress on GHz and even THz
acoustic wave generation and detection on several fronts. We measured acoustic attenuation
mechanisms for acoustic waves in the 0.5-THz frequency range, a step toward mapping the mean free
paths of phonons and thereby determining their contributions to thermal transport. We also we
generated a frequency comb comprising seven acoustic modes spanning a range from 360 GHz to 2.5
THz, the highest coherent acoustic frequency seen to date.

Electron and Photon Excitation and Dissociation of Molecules

Institution: California-Davis, University of
Point of Contact: Ann Orel
Email: aeorel@ucdavis.edu

Principal Investigator: Ann Orel

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $95,000 (2014)

PROGRAM SCOPE

This program studies how energy is interchanged in electron and photon collisions with molecules
leading to excitation and dissociation. Modern ab initio techniques, both for the photoionization and
electron scattering and the subsequent nuclear dynamics are used to accurately treat these problems.
This work addresses vibrational excitation and dissociative attachment following electron impact, and
the dynamics following inner shell photoionization. These problems are ones for which a full multi-
dimensional treatment of the nuclear dynamics is essential and where non-adiabatic effects are
expected to be important.

FY 2014 HIGHLIGHTS

Core-level and some inner-valence level photoionization can lead to double ionization that can populate
dissociative dication states. Coincident measurement of photoelectrons and fragment ion momenta
allows one to study photoelectron angular distributions in the molecular-frame (MFPAD). We have
computed MFPADs for the isomerization of acetylene and ethylene and for carbon 1s core ionization of
neutral acetylene. We have substituted hydrogen for fluorine, computing the MFPADs for FCCF and
lithium for the hydrogen, studying the LICCLi MFPAD to see the effect of electronegativity on the
distributions. Our previous studies of dissociative electron attachment (DEA) of HCCH showed a barrier
to reaction in linear geometry. Bending the molecule allowed coupling between the ground and the
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excited state of the anion which lowered the barrier so the reaction could proceed. The calculated cross
sections and isotope effects were in good agreement with experiment. Recent experiments have
produced ion-momentum imaging of the products of DEA in HCCH. The entrance amplitude for this
process was calculated to obtain an attachment probability which was integrated over the angle
azimuthal to the recoil axis to produce an observable angular distribution. This coincides with the
measured angular distribution if the overall rotation of the molecule is slow compared to dissociation
and if the fragments recoil at a given angle in the molecular frame, i.e., if the molecular frame recoil axis
R is constant over the Franck-Condon region of the neutral. As expected, since theory predicted
significant bending during dissociation, this was not found to be the case. However, if the recoil axis was
rotated by a fixed amount before averaging the attachment probability over the azimuthal angle the
effect of bending can be included. The results with a bending angle around 27 degrees was found to be
in good agreement with the observed experimental fragment angular distribution.

Low-Energy Electron Interactions with Liquid Interfaces and Biological Targets

Institution: Georgia Institute of Technology
Point of Contact: Thomas Orlando
Email: thomas.orlando@chemistry.gatech.edu

Principal Investigator: Thomas Orlando

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $145,000 (2014)

PROGRAM 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.

FY 2014 HIGHLIGHTS

Low-energy electron induced damage of DNA-We have used a sensitive chemical vapor deposited
graphene platform for controlled and enhanced sequence dependent DNA damage studies. The use of
p-doped graphene substrates enhances DNA breakage due to phosphate mediated parallel adsorption
geometries and direct ballistic electron transfer to phosphate sigma* levels. Graphene adsorbed on Au-
thin films also provides enhanced electric fields for Surface Enhanced Raman micro-spectroscopy. The
combination of these effects allows direct and fast assessment of < 5 eV electron induced DNA damage
as a function of base sequence without separations and amplification steps. We have examined LEE
induced damage of nucleotides that have a minor change in the sugar structure. Specifically, we
examined the LEE induced damage of deoxyadenosine monophosphate (dAMP) and adenosine
monophosphate (rAMP) using the graphene Raman micro-spectroscopy. There is no observable change
in the Raman spectra after 1 eV electron irradiation. However, significant damage of dAMP occurs after
2 eV electron bombardment. The situation is not the same for the rAMP. There is limited damage even
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at 2 eV. Remarkably, the simple addition of an "OH group to the 2’-C site dramatically changes the
stability of the nucleotide with respect to glycosidic bond cleavage and base damage. This is likely
related to the nature of the sugar shape resonances and decay products and the ability of charge to be
transferred to the phosphate sigma* levels. Our collaboration at Argonne National Laboratory focused
on examining x-ray damage of DNA adsorbed on Au in two different conformations. The first is a
thiolated form which binds via an S bond and the other is direct adsorption via the bases. The damage
cross section was found to be significantly higher for the thiolated DNA, probably resulting from the
LUMO initially being less populated and hence more effective in capturing of low energy secondary
electrons.

Structure from Fleeting Illumination of Faint Spinning Objects in Flight

Institution: Wisconsin-Milwaukee, University of
Point of Contact: Abbas Ourmazd
Email: ourmazd@uwm.edu
Principal Investigator: Abbas Ourmazd
Sr. Investigator(s): Russell Fung; Wisconsin-Milwaukee, University of
Peter Schwander; Wisconsin-Milwaukee, University of
Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $150,000 (2014)

PROGRAM SCOPE

It is now possible to interrogate molecules and their assemblies “in flight” with intense short pulses of
radiation, and record “snapshots” before they are destroyed. We are developing a new generation of
powerful algorithms to recover structure and dynamics from such ultra-low-signal random sightings.
Combining concepts from differential geometry, general relativity, graph theory, and diffraction physics,
these techniques promise to revolutionize our understanding of key processes in biological machines,
such as enzymes, and ultrafast breaking of bonds in molecules.

FY 2014 HIGHLIGHTS

We have developed a new generation of algorithms capable of determining the structure and
conformations of nanomachines from large noisy ensembles of heterogeneous snapshots, and
demonstrated this capability in the context of simulated XFEL diffraction snapshots from discrete
conformations, and experimental cryo-electron microscope (cryo-EM) image snapshots for continuous
conformational changes.

Control of Molecular Dynamics: Algorithms for Design, Analysis, and Implementation

Institution: Princeton University
Point of Contact: Herschel Rabitz
Email: hrabitz@princeton.edu

Principal Investigator: Herschel Rabitz

Sr. Investigator(s):

Students: 3 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $135,000 (2014)
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PROGRAM SCOPE

The control of quantum dynamics is accomplished by seeking a tailored electromagnetic field to meet a
posed objective. A search for an optimal control, both in simulation and in the laboratory, occurs over a
landscape, which is the physical observable as a function of the control. The topology and general
features of these landscapes are important for assessing the ease of identifying optimal controls, the
robustness to field noise, and other properties. Optimizing the pulse shape corresponds to climbing the
landscape in the control function space. The direct nature of these optimal control trajectories can be
quantified by the metric R, defined as the ratio of the length of the control trajectory to the Euclidean
distance between its end points. An important, practical assumption underlying landscape analysis is
free access to all necessary control resources (i.e., unconstrained laser fields). In practice, constraints
will always be present and a basic concern is the control performance achieved upon working with
increasingly limited resources. The landscape principles have a universal character and should apply to
complex situations including molecular fragmentation, molecular isomerization, ion-atom collisional
charge exchange reaction, open quantum systems, and nonlinear many-body dynamical problems
involving, for example, ultra-cold Bose-Einstein condensates, etc. One of the main stumbling blocks,
both in simulations and in complex laboratory scenarios, is the lack of efficient algorithms to identify
optimal control fields. Although the control landscape concepts were developed as a basis to
understand quantum control principles, there are emerging practical consequences of this knowledge. A
broad variety of research topics was pursued in the general area of controlling quantum dynamics
phenomena. The research is theoretical and computational in nature, aiming at developing a deeper
understanding of quantum control to extend the laboratory control capabilities.

FY 2014 HIGHLIGHTS

Exploring the impact of resource constraints: We laid out the mathematical foundation for developing
practical algorithms to assess the impact of control constraints. Control principles in the chemical
sciences: We examined control principles for different families of molecules, all related through various
moieties bonded to a common scaffold, utilizing NMR and IR spectral data as the properties of interest.
Control landscapes for molecular fragmentation: We examined the landscape principles for laser-driven
molecular fragmentation, enabling a series of experimental studies of the landscapes for molecular
dissociative ionization of halo-methane molecules. Invariance of quantum optimal control fields to
experimental parameters: We utilized landscape principles to demonstrate that an optimal field at one
temperature will remain optimal at other temperatures in the laboratory. Control of charge transfer in
ion-atom collisions and isomerization: We showed that charge transfer between H* + D collisions and
ozone isomerization process can be significantly manipulated by shaped pulses. Control landscapes for
nonlinear quantum systems: We extended the analysis of control landscape topology to nonlinear
guantum dynamics, including the Gross-Pitaevskii equation. Minimal time population transfer for two-
level systems by two bounded controls: We analyzed the minimum time population transfer problem for
a two level quantum system driven by two external fields with bounded amplitude. Selectively
addressing optically nonlinear nanocrystals by polarization-shaped ultrafast lasers: We theoretically
studied second-harmonic generation and sum-frequency generation signals produced by nanocrystals
driven with broad-bandwidth laser pulses. Exploring quantum control landscape structure: We
investigated whether there is a relationship between the control mechanism and the complexity of the
trajectory taken through the control space reflected in the value of R.
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Atoms and lons Interacting with Particles and Fields

Institution: Purdue University
Point of Contact: Francis Robicheaux
Email: robichf@purdue.edu

Principal Investigator: Francis Robicheaux

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 4 Undergraduate(s)
Funding: $107,053 (2014)

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 