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Foreword

This volume summarizes the 2009 Research Meeting of the Atomic, Molecular and
Optical Sciences (AMOS) Program sponsored by the U. S. Department of Energy (DOE),
Office of Basic Energy Sciences (BES), and comprises descriptions of the current
research sponsored by the AMOS program. The research meeting is held annually for the
DOE laboratory and university principal investigators within the BES AMOS Program to
facilitate scientific interchange among the PIs and to promote a sense of program identity.

The BES/AMOS program is vigorous and innovative, and enjoys strong support within
the Department of Energy. This is due entirely to our scientists, the outstanding research
they perform, and its relevance to DOE missions. FY2009 has been an exciting year for
BES and the research community. Forty-six new Energy Frontier Research Centers have
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Program.

We appreciate the privilege of serving in the management of this research program. In
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research of the many sponsored scientists and students whose work is summarized in the
abstracts published on the following pages. We also appreciate Mark Pederson’s
coordination of computational resources and interactions with related DOE program
offices.
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AMO Physics at Argonne National L aboratory

R. W. Dunford, E. P. Kanter, B. Kréssig, R. Santra, S. H. Southworth, L. Y oung
Argonne National Laboratory, Argonne, IL 60439

dunford@anl.gov, kanter@anl.gov, kraessig@anl.gov, rsantra@anl.gov,
southworth@anl.gov, young@anl.gov

Overview:

Our research focuses on understanding the basic principles underlying combined x-ray
and optical interactions over an unprecedented range of intensities. Exploration of the
extreme intensity regime for x-ray interactionsis a new frontier enabled by the successful
turn-on, in April 2009, of the world’sfirst hard x-ray free electron laser, the LCLS (Linac
Coherent Light Source). We have been preparing for the exploration of high intensity x-
ray interactions by theoretical studies [2,3,19,25]; the latter two form the basis for two
experiments scheduled for the first beamtime period between September and December
2009. Understanding the nature of resonant and non-resonant x-ray absorption is an
essential first step for prominent applications, such as single biomolecule imaging, that
rely on unprecedented x-ray intensities of ~10% W/cn?. This understanding is best
achieved with gas phase targets, where observations can be closely linked with theory.

In addition to the exploration of high intensity x-ray interactions, we also pioneer the
control of basic x-ray interactions using high intensity optical lasers[1,9,16,26,28]. X-
ray and optical interactions are linked through resonant x-ray absorption and with an
intense optical field we have demonstrated, in March 2009 at the Advanced Light Source
femtosecond x-ray beamline, that it is feasible to induce x-ray transparency via strong-
field coherent coupling of core-excited Rydberg states, as previously proposed [26]. The
predictive power of theory for the gas phase system, and the ultrafast, reversible nature of
the induced transparency allow one to envision engineering applications such as
imprinting femtosecond optical pulse shapes and sequences onto 100 picosecond x-ray
pulses as available at synchrotron sources.

The use of hard x rays as weakly interacting probes of the dynamics of photoinduced
processes represents the third thrust area of our program. This area utilizes traditiona
laser pump-x-ray probe methodologies to observe ultrafast processes with the aim of
achieving joint picosecond and picometer resolution. With an interactive theoretical and
experimental effort, we have investigated processes of interest to the ultrafast laser
community, e.g. orbital hole dynamics following tunnel ionization [5,24], alignment
dynamics in a laser produced plasma[17,30], and laser-induced alignment of molecules
[6,10,18,21,22]. The latter represents an important application of AMO techniques to the
LCLS goal of single biomolecule imaging, where the unknown orientation of the
biomolecule poses a severe problem in image reconstruction. Our more fundamental
goal is to understand the nature of laser-induced distortion of the molecular framework
using x-ray scattering and spectroscopy techniques. This research is enabled by the
tunable, polarized hard x rays at the Advanced Photon Source and drives two exciting
advances to existing laser pump/x-ray probe methodologies - higher repetition rate laser
excitation methods that can provide up to 6500-fold statistical improvement and 1-
picosecond x-ray production. These developments will benefit a broad community
including chemistry, condensed matter and materials science.



High-intensity x-ray science at LCLS

We are involved in a number of proposals at LCLS. Below we describe two
experimental projects slotted for the September — December 2009 period where Argonne
isthe lead ingtitution. The two theory projects scout new directions for experiments.

Tracking transient atomic states produced by ultraintense x-ray pulses (E.P. Kanter,
B. Kréssig, S.T. Pratt, R. Santra, S.H. Southworth, L. Young, J. Bozek', L. DiMauro?, N.
Berrah®, P. Bucksbaum®, D. R. Reis’, A. Belkacem®)

This experiment focuses on understanding the mechanisms of high intensity x-ray
absorption using the prototypical neon atom for which extensive calculations have been
carried out by members of this team. LCLS provides access to ultraintense x-ray
radiation for the first time — and understanding the atomic response to this radiation is of
fundamental importance with possible ramifications vis-a-vis biomolecule imaging. At
high photon energy, the atomic response is dominated by inner shell photoabsorption.
We expect sequential single photon absorption to dominate the FEL-atom interaction
with, e.g., six-photon absorption leading to fully-stripped neon [25]. Such processes
depend only on the fluence of the radiation. However, with ultraintense x-ray radiation
(focused intensities of ~10"™W/cm?) one can induce sequential K-shell absorption prior to
the intraatomic Auger decay (2.4 fs) to create exotic hollow atom states with high
probability. (At low x-ray intensity hollow atoms are formed only indirectly via electron
correlation with very low yield.) These processes will exhibit a nonlinear FEL intensity
dependence. Control of the hollowed electron shell can be achieved by selection of the
photon energy.

We plan to track the evolution of the neon atom

during its exposure to the focused FEL pulse using P A P
electron spectroscopy. Electron spectroscopy will [ seese jasetal it
provide distinctive signatures for competing ionization . e

pathways. For example, see Fig. 1 which contraststhe ||, ee o
PAP vsthe PPA sequence, where P and A signify photo-

and Auger electrons, respectively. Each photoabsorption P p A
process will provide a unique photoelectron signature | ssses ssssse secoss
and hollow atom formation can be detected both with
photoelectron and hypersatellite Auger signatures. In
comparison to ion charge state spectroscopy, the precise
route to the highly charged ion can be viewed because Fia. 1. Competing x.rav multiohoton
each step provides an individual electron and all SEPS  mahanisms at high x.ray intensity.
are visible in a single shot — as opposed to methods

using simple recoil ion imaging where the final ion

detected has been buffeted by many

photoel ectron/Auger emissions.



Resonant nonlinear x-ray processes at high x-ray intensity (E.P. Kanter, B. Kréssig,
S.T. Pratt, R. Santra, S.H. Southworth, L. Young, J. Bozek®, L. DiMauro?®, N. Berrah®, P.
Bucksbaum®, D. Reis)
In this experiment, we will investigate resonant nonlinear x-ray processesin atomic Ne at
high x-ray intensity. Atomic neon is a simple target with dipole resonant features, at
well-defined energies, within the photon energy range spanned by the LCL S at inception,
~800-2000 eV. Thus, it isanatura choice with which to test theoretical understanding of
resonant non-linear x-ray processes. At high photon energies resonant absorption by
inner-shell electrons will dominate all x-ray photoprocesses, with cross sections ~100x
greater than those for non-resonant valence ionization. On an inner-shell resonance,
absorption/stimulated emission cycles (Rabi flopping) will be the dominant photoinduced
process. With thisin mind, members of this group have calculated modifications to the
resonant Auger effect induced by high intensity x-rays [19]. Calculations using the LCLS
design parameters (10" photons/pulse, 230 fs pulse duration, 1um focal diameter) show
that the x-ray peak intensity (~10™ W/cn) is sufficient to induce Rabi oscillations in the
1s-3p transition at 867.1 eV within the 2.4 fs lifetime of 1s vacancy states. Oscillations
are predicted to appear in single-shot resonant-Auger-electron line profiles, and
averaging over an ensemble of shots produces a distinct broadening of the line profile.
Resonances can be used to enhance x-ray multiphoton processes. At photon
energies less than the binding energy of the 1s electron, resonant two-photon absorption
has a signficantly larger cross section than non-resonant two-photon absorption; though
both generate the same final state of the system - an atom with a 1s hole plus an s- or d-
wave photoelectron. Capitalizing on this resonance phenomenon, we will study two-
photon absorption in neon at 848.6 €V, where, in a simple scenario, the first photon
ionizes the Ne 2p electron and the second photon excites the Ne" 1s-2p resonance. Ne’
1s* K-LL Auger electrons will be the signature of this resonant two-photon creation of a
1s hole. This generation of a 2p hole orbital is advantageous for observing/studying the
Rabi-cycling phenomenon; the Ne" 1s-2p dipole matrix element is 5.6x larger than that
for the 1s-3p transition in Ne. We will follow the response of the neon atom on two
photon resonance at 848.6 eV as a function of x-ray FEL intensity. At low x-ray
intensity, the signature of 1s hole creation will not be present, but as the intensity is
raised, the Auger line will appear and then gradually broaden as Rabi-oscillations become
important. A laser pump/x-ray probe experiment is also planned where the Ne 2p
electron isionized by an intense optical laser pulse to produce a clean target of Ne'[2p]
from which Ne" 1s-2p resonant x-ray absorption processes can be studied. At high x-ray
intensities, Rabi oscillations can be studied and at lower x-ray intensities aignment of the
Ne" 2p hole state can be studied. This laser-pump/x-ray probe experiment is a simple,
valuable spatial and timing overlap diagnostic.

X-ray two-photon photoelectron spectroscopy (R. Santra, N. V. Kryzhevoi®, and L. S.
Cederbaum®)

Photoel ectron spectroscopy is an outstanding technique for quantitatively characterizing
the electronic structure of matter. Since the energy needed for the removal of an inner-
shell electron is characteristic of the atomic species involved, inner-shell ionization using
x rays allows one to determine the elemental composition of a sample. Furthermore,
there is generally a measurable effect of the molecular environment on the binding



energy of an inner-shell electron. This phenomenon is known as chemical shift.
Traditional x-ray photoelectron spectroscopy (XPS) is based on x-ray one-photon
absorption. In Ref. [3], we demonstrated that the advent of x-ray free-electron lasers
such as the LCLS will enable a novel kind of photoelectron spectroscopy: x-ray two-
photon photoelectron spectroscopy (XTPPS). XTPPS is more sensitive to chemical
effects and electronic many-body effects than is traditional photoelectron spectroscopy.
In order to demonstrate the potential of XTPPS, we calculated the inner-shell single and
double ionization spectra of the organic molecule para-aminophenol using many-body
Green's function methods. A kinetic model was employed to determine the probability of
inner-shell double hole formation in para-aminophenol exposed to an intense, one-
femtosecond x-ray pulse. The resulting photoel ectron spectrum at a photon energy of 1
keV was calculated. The theoretical work presented in Ref. [3] suggests that x-ray two-
photon photoel ectron spectroscopy using x-ray free-electron lasers will provide access to
electronic-structure information not currently available.

Above threshold ionization in the x-ray regime (H. R. Varma, M. F. Ciappina’, N.
Rohringer®, and R. Santra)

XTPPS exploits that at high photon energy, each photon absorbed interacts with a
different inner-shell electron. A less probable process in the x-ray regime is above-
threshold ionization (ATI). In order to understand the nature of ATI in the x-ray regime
we studied two-photon ATI using atomic hydrogen as a model system [2]. Within the
minimal-coupling formalism of nonrelativistic quantum electrodynamics, two distinct
interactions---Ae«p in second order and A? in first order---contribute to the two-photon
absorption amplitude. In Ref. [2], we assessed the relative importance of these two
interactions. We found that above a photon energy of 6.8 keV, the contribution from A2
to the total two-photon absorption cross section dominates. In this high-energy regime,
above-threshold ionization is a nonsequential, purely nondipole process. The studies in
Ref. [2] revealed the unexpected failure of the plane-wave model in calculating the two-
photon cross section even at very high energies. The plane-wave model underestimates
the photon energy at which A? becomes dominant by more than two orders of magnitude.
We employed rate equations to calculate the probabilities of ionization by Compton
scattering, one-photon absorption, and two-photon absorption. These calculations
suggest that even at LCLS, at a photon energy of 6.8 keV, the most important mechanism
leading to the ionization of atomic hydrogen remains Compton scattering.

LCLS, SLAC, Stanford, CA

*Ohio State University, Columbus, OH

*Western Michigan University, Kalamazoo, M|

*PUL SE Center, SLAC, Stanford, CA

SLBNL, Berkeley, CA

®University of Heidelberg, Heidelberg, Germany
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Control of x-ray interactionswith strong laser fields

To date, ultrafast x-ray science has focused on using x-rays as weakly-interacting, linear
probes to measure structural changes with atomic spatial resolution on the picosecond to
femtosecond timescale. Ultrafast x-ray absorption spectroscopy, with its sensitivity to
local electronic and atomic structure, has been used to track light-induced molecular
dynamics in solution as well as electronic dynamics in solids. In the gas phase [7,20],
our earlier work demonstrated phenomena such as orbital-hole alignment following
tunnel ionization [24 and references therein], alignment in laser-produced plasmas
[17,31] and controlled x-ray absorption from laser-aligned molecules [21]. All of these
examples use light to modify the target system and x-rays to monitor the response.

Here we use light for a fundamentally different purpose — to control x-ray
interactions with matter. We accomplish this by using optical radiation to modify the
short-lived core-excited states accessed by x-ray absorption. This laser-induced
modification is both ultrafast and reversible — allowing us to realize a femtosecond x-ray
transmission switch. Our work is inspired by quantum optics studies of
electromagnetically induced transparency at longer wavelengths. We have taken a
combined theoretical [9,16,26,28] and experimental [1] approach and the abstract below
discusses our experimental demonstration of ultrafast laser-induced transparency in neon
performed at the Advanced Light Source Femtosecond Spectroscopy Beamline.

Fig. 2. Femtosecond Spectroscopy Beamline at the Advanced Light Source. Femtosecond x-ray and laser pulses are
derived from the same 800 nm laser oscillator to provide x-ray/laser pulse synchronization to better than 100 fs. Inset
shows the apparatus used to study ultrashort laser-induced transparency for x rays. Overlapped focused x-ray and
laser pulses copropagate through a gas cell. Transmitted x rays are detected by an avalanche photodiode (APD). The
X-ray pulses are generated at 1 kHz and the laser pulses at 500 Hz. The x-ray pulses alternately probe the target in
the presence and absence of the laser.



Controlling x-rays with light: ultrafast transparency (T.E. Glover', M.P. Hertlein®,
S.H. Southworth, T.K. Allison', J. van Tilborg", E.P. Kanter, B. Kréssig, H. R. Varma, B.
Rude', R. Santra, A. Belkacem®, and L. Young)

To achieve active optical control of x-ray absorption we explore a new and unigue regime
of coherent strong coupling between short-lived core-excited states. In this regime, the
strong-optical-laser coupling field required to induce Rabi flopping between core-excited
states prior to inner shell decay also induces ionization and multilevel mixing on a
timescale comparable to asingle

optical cycle (2.7 fs). Despite o s
these complications, a parallel $ @ parallel )

femtosecond optical pulse is *r “ 1%
observed to efficiently and
reversibly induce transparency :
in a gaseous medium nominally ., gf 1 g S
opaque to X rays, i.e. neon at the +—t ——t
1s—3p resonance at 867.1 eV. 08
An ultrashort transparency
window is created which
dramatically increases, by a
factor of three, the transmission
of a femtosecond x-ray probe 863 865 867 869 871 863 865 867 869 871
pulse. This transparency is most ey eneroy (0

efficiently induced when the Fig. 3. () Changesin x-ray transmission spectrum of neon due to

linearly polarized optical and x- the presence of alaser-dressing field of ~10™ W/cm? intensity for
. paralel g ||ey (upper) and perpendicular g, Le, (lower)

ray pulses are polarized Paral lel configurations. Red solid line: theoretical simulations with no
to one another (See Fig. 3). adjustable parameters of the propagation of an x-ray pulse through
Theoretical simulations for gas- the laser-dressed neon gas. Experimental conditions were measured

h disolaved in Fig. 3 insitu. (b) Abinitio x-ray absorption cross sections for neon with
phase neon, displayed In F19. S, g gy (red) and with an 800 nm dressing |aser beam at 10"
were shown to have excellent  wien? (blue).

predictive power.

Based upon this predictive power, one may proceed to applications — e.g. to
imprint ultrafast laser pulse sequences onto long x-ray pulses as available at synchrotron
sources [26]. Indeed, one can imagine using multiple optical control pulses in
multicomponent media to achieve spectral and temporal control over a wide x-ray
bandwidth. Since the dominant decay mechanism is intra-atomic, extension of optical
control of x-ray absorption to condensed phase and molecular systems may also be
feasible. Furthermore, the ability to optically control x-ray absorption on the ultrafast
timescale may allow the exciting prospect of tuning the relative importance of absorption
and scattering. Quantum control in the x-ray regime has been demonstrated here for a
weak x-ray probe. The next frontier includes the use of intense free-electron lasers for
nonlinear x-ray spectroscopy and experiments where x-rays are used as both control and
probe pul ses.
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Ultrafast x-ray probes of photoinduced dynamics

Third-generation synchrotron radiation facilities such as Argonne's Advanced Photon
Source (APS) deliver tunable, polarized x rays with high photon flux and a pulse duration
of about 100 ps. This pulse duration imposes a restriction on the kind of dynamical
processes that may be studied or exploited at a third-generation synchrotron radiation
facility. For processes on the appropriate timescale, the APS, with an average flux equal
to that of the LCLS, is an outstanding weakly interacting probe of structure and dynamics
— with excellent stability, user-controlled tunability, and ease of access. Understanding
the structure of adiabatically aligned molecul es represents one area where the x-ray pulse
length does not hamper experiments. Abstracts below describe work toward this scientific
goa and other x-ray probe studies of ultrafast laser-induced dynamics. In addition,
developments to efficiently use the entire APS flux for laser pump/x-ray probe studies
with high repetition rate lasers and to shorten the pulse duration to 1 ps are described.

X-ray scattering from laser-aligned molecules (S.H. Southworth, R.W. Dunford, P. J.
Ho, E. P. Kanter, B. Krassig, J. J. Lin,* A. M. March, R. Santra, D. Starodub,? L. Y oung)
In the presence of a strong nonresonant linearly polarized laser field, molecules align due
to interaction of the laser electric field vector with the molecular anisotropic
polarizability. The alignment processis of intrinsic interest and of interest in applications
to spectroscopy and photophysics, quantum control, high-harmonic generation, chemical
reactivity, liquids and solvation, and x-ray structural determination. Molecular alignment
is normally probed by additional laser pulses that dissociatively ionize the molecule
within an ion spectrometer that projects the fragments onto a position-sensitive detector
and displays asymmetric fragmentation patterns. Our approach is different; we employ
an x-ray microprobe of an ensemble of aligned molecules, as shown in Fig 4.

-

Fig.4. Schematic of x-ray probe of laser-aligned molecules.
Pulsed non-resonant laser fields are required to produce the
° field strength necessary to align small molecules
xray ° | quasiadiabatically. Microfocused x-ray pulses probe aregion
Propagigl :‘" of ahigh degree of alignment. Control over the molecular
X-ray scattering  gxis is provided by the laser polarization.

laser detector
X-ray polarlzamon

polarization

A resonant x-ray absorption probe of quasiadiabatically aligned bromotrifluoromethane
molecules was demonstrated both experimentally and theoretically in Ref. [21]. The next
natural step is to consider elastic x-ray scattering. Theoretical and calculational studies of
x-ray scattering by laser-aligned molecules are presented in Refs. [6,10]. Our
experimental program makes use of monochromatic x rays at Sector 7 of the Advanced
Photon Source (APS) and broad-band x rays at Sector 14 of the APS. Both beamlines
include 800-nm, 1-kHz laser systems synchronized with the x-ray pulses for pump-probe
experiments.



We have devel oped a molecular-beam target chamber and related instrumentation
for spatially and temporally overlapping microfocused laser and x-ray pulses at Sector 7.
Since this beamline provides monochromatic x rays, the instrument has been used
primarily for resonant x-ray absorption spectroscopy of laser-ionized and laser-aligned
atoms and molecules [4,17,21,24,31]. However, the target chamber was also used in the
past year to develop and test instruments and methods needed for x-ray scattering from
laser-aligned molecules. First, experience was gained in using large-area, position-
sensitive detectors to record x rays scattered from a cw molecular beam. Second, a
heated, 1-kHz pulsed valve was used to produce a molecular beam of p-dibromobenzene
seeded in high-pressure helium for rotational cooling. Para-dibromobenzene has a high
anisotropic polarizability, and the technical goal is to produce a rotationally-cooled
molecular beam that iswell suited for laser alignment.

A new target chamber is being developed for x-ray scattering from laser-aligned
molecules using the high-flux (~10% x rays/pulse), pink-beam (AE/E ~2%) x rays at
Sector 14. This beamline and endstation are optimized for time-resolved x-ray scattering
studies of laser-pumped crystalline targets, e.g., for biomolecular or materials research.
We will replace the crystalline targets with laser-aligned molecular beams and record
diffraction patterns to compare with theory [6,10]. Our initial goal is to record x-ray
scattering patterns from a skimmed, cooled, laser-aligned molecular beam of p-
dibromobenzene. Long-term goals include experimental and calculational studies of
strong-field-laser-induced distortion of molecular geometries. We will focus on
relatively small molecules for basic studies of the physical processes, but the results will
be relevant to the much anticipated experiments at x-ray free-electron lasers to investigate
non-crystalline biomolecules and nano-particles. 1n addition, the techniques devel oped at
the APS may provide an alternative approach to free-electron lasers for structural studies
of non-crystalline materials.

X-ray scattering from impulsively aligned molecules (P.J. Ho, M.R. Miller, R. Santra)
In previous theoretical and

experimental work, we focused on

resonant x-ray absorption [18,21,22]

and elastic x-ray scattering [10] by

small, adiabatically aligned molecules.

In the adiabatic alignment regime, it is

possible to ensure that the alignment

duration is comparable to the x-ray

pulse duration. However, in this

alignment regime, the molecules are

aligned only when the strong alignment

field is present. Alternatively, a short,

intense laser pulse may be employed to

create a spatially aligned molecular

sample that persists after the laser pulse

is over. In Ref. [6], we theoretically Fig 5. Simulated ultrafast x-ray diffraction imaging of
investigated whether this impulsive bromine molecules at 1K kicked by a horizontally polarized

. . 50-fs laser pulse, centered at t=0 with a peak intensity of 3 x
molecular alignment technique may be 10 W/en?,



exploited for experiments using x-ray pulses from a third-generation synchrotron
radiation facility. Using a linear rigid rotor model, the alignment dynamics of model
molecular systems with systematically increasing size were calculated utilizing both a
guantum density matrix formalism and a classical ensemble method. For each system,
the alignment dynamics obtained for a 95-ps laser were compared to those obtained for a
10-ps laser pulse. The average degree of alignment after the laser pulse, as calculated
guantum mechanically, increases with the size of the molecule. This effect was
guantitatively reproduced by the classical calculations. The average degree of impulsive
alignment was found to be high enough to induce a pronounced linear dichroism in
resonant x-ray absorption using the intense 100-ps x-ray pulses currently available at the
APS. However, for structural studies based on elastic x-ray scattering, bright x-ray
pulses with a duration of 1 ps or shorter will be required in order to make full use of
impulsive molecular alignment. This can be seen in Fig. 5 where the x-ray scattering
patterns are shown for bromine molecules excited with 50 fs laser pulses. Currently, we
are collaborating with Dilano Saldin and Abbas Ourmazd (University of Wisconsin,
Milwaukee) on extracting molecular-structure information from x-ray scattering patterns
of laser-aligned symmetric-rotor molecules.

High-repetition-rate laser and x-ray experiments (L. Young, L. Chen,?® E. Kanter, B.
Kréssig, S. Southworth, D. Tiede,® B. Adams,* D. Arms,* K. Attenkofer,* E. Dufresne,* Y.
Li," D. walko,* J. Wang,* A. M. March, A. Stickrath,® D. Yost,” T. Schibli,” J. Ye°)

There is typically a large mismatch in repetition rates between the lasers (1-5 kHz) and x
rays (6.5 MHz at the Advanced Photon Source) used for pump/probe experiments at
synchrotron-radiation facilities. The mismatch is due to the need in many experiments to
generate laser pulses of sufficient energy (~1-5 mJ/pulse), and therefore low rep-rate
amplifiers are needed for typical average powers of ~1-5 W. For example, pulse energies
of ~1-5 mJ are needed to produce sufficient densities of laser-aligned molecules or to
produce sufficient energies of 2nd - 4th harmonics for near-UV excitation of solvated
molecules. Consequently, synchrotron x rays are not efficiently utilized, and data rates
are far lower than they could be with higher rep-rate lasers. A potential solution to the
rep-rate limitation is to use passive enhancement cavities as pioneered by the JILA group
[R. J. Jones et al., Phys. Rev. Lett. 94, 193201 (2005)] to enhance intra-cavity pulse
energies by factors as high as ~600. High rep-rate pJ pulses can then be increased to the
required mJ regime. Our collaboration has initiated a research program to develop high
rep-rate laser techniques for efficient utilization of x rays at the APS. The possible 6500x
statistical gain will pave the way toward high precision x ray absorption spectroscopies
for gas phase systems.

The heart of the project is presently a 10-W average power, 1064 nm laser that
operates over the 50 kHz - 6.5 MHz rep rate range with either 10 ps or 130 ps pulses.
The laser was purchased through Argonne LDRD funding, and that funding has also been
used to hire two postdoctoral researchers, Anne Marie March and Andrew Stickrath, to
develop the high rep-rate techniques and perform first experiments at the APS. Our
collaboration includes beamline scientists, laser scientists, and researchers with diverse
interests in time-resolved x-ray science, including atomic, molecular, chemica dynamics,
materials science, and applied science. In the past year, the basic laser system has been
installed and augmented by components needed for locking to the 352 MHz RF system at



APS and for pulse picking and phase-control synchronization of the laser and x-ray
pulses. A dedicated data acquisition system was also developed that will work smoothly
with other EPICS-based network-control systems at the APS, e.g., beamline control and
data acquisition systems.

As afeasibility test, a ssimple passive cavity was locked to the laser pulses. The optics
and controls needed for aworking passive cavity are being developed and tested at JILA,
and that system will soon be combined with the laser at Argonne. In addition,
components and methods are being developed for implementation of the first high-rep-
rate experiments on gas-phase molecules and production of 2nd and 3rd harmonic
radiation for molecular charge-transfer excitation in fast-flow liquid jets.

Picosecond x rays at the Advanced Photon Source (B. Krassig, R.W. Dunford, E.P.
Kanter, S.H. Southworth, L. Young, Solar Energy Conversion Group, APS staff)

Efforts are underway to shorten the duration of the x-ray pulses produced at Argonne’s
Advanced Photon Source by a factor of 100 down to about 1 picosecond. This complex
project has been named the Short Pulse X ray project (SPX). Thiswill enable researchers
from avariety of different fields to study the time evolution of their dynamically evolving
samples on an atomic scale. The bunch shortening will be achieved by rotating the
electron bunch in its phase space using a set of deflecting RF cavities, a scheme
developed by Zholents et al. [Nucl. Instrum. Meth. A 425, 385 (1999)]. In this scheme the
bunch rotation induced by the first cavity is reversed by the second, leaving the beam
characteristics outside the section between the two deflecting cavities unaffected. Thisrf-
deflection scheme works well only on high energy storage rings of large diameter.

This past year the decision was made to pursue only the high repetition rate
version of the SPX, which requires superconducting rf cavities. In view of this, in
collaboration with Jefferson Lab, there has been successful testing of a prototypical
single-cell superconducting rf cavity led by Ali Nassiri of the Accelerator Operations
Group. Thetechnical challengeisto create a compact multicell deflection cavity with the
requisite voltage gradient (>4 MV/m) that occupies a small fraction of a straight section
in the APS storage ring. In addition, SPX implementation and the required R&D has
become an integral part of the APS Renewa Document. The AMO group will be
involved in devel oping science drivers and beamline design for the SPX.

A simple cross-correlation technique between infrared and hard x-ray pulses (B.
Krassig, R.W. Dunford, E. C. Landahl®, S.H. Southworth, L. Y oung)

In Ref. [4] we report a gas phase technique to establish the temporal overlap of ultrafast
infrared laser and hard x-ray pulses. The technique uses tunnel ionization of a closed
shell atom in the strong field focus of an infrared laser beam to open a distinct x-ray
absorption resonance channel with a clear fluorescence signature. This process has an
intrinsic response of a few femtoseconds and is nondestructive to the two photon beams.
It provides a step-functionlike cross-correlation result. The details of the transient provide
adiagnostic of the temporal overlap of the two pulses.

Multichannel coherencein strong-field ionization (N. Rohringer’ and R. Santra)

Atomic and molecular ions generated by a strong optical laser pulse are not in general in
the electronic ground state. The density matrix for such ions is characterized by the
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electronic quantum-state populations and by the coherences among the electronic
guantum states. Nonvanishing coherences signal the presence of coherent electronic
wave-packet dynamics in the laser-generated ions. For noble-gas atoms heavier than
helium, the most important channels populated via strong-field ionization are the outer-
valence single-hole states with a total angular momentum of j=3/2 or j=1/2. Complete
ion quantum state populations, i.e., the diagonal elements of the ion density matrix in the
ion eigenstate basis, were determined experimentally and theoretically in Refs. [27] (Xe)
and [24] (Kr). Animportant question is whether the ion density matrix has, in fact, any
nonzero off-diagonal elements. Are there any coherences? In order to answer this
question, we have developed in Ref. [5] atime-dependent multichannel theory of strong-
field ionization. We derived the ion density matrix and expressed the hole density in
terms of the elements of the ion density matrix. Our wave-packet calculations
demonstrated that neon ions generated in a strong optical field (800 nm) are almost
perfectly coherent. In strong-field-generated xenon ions, however, the coherence is
substantially suppressed. We are currently collaborating with Steve Leone (University of
California, Berkeley) and Ferenc Krausz (Max Planck Institute for Quantum Optics,
Garching) to determine, experimentally and theoretically, the complete ion density
matrix, including coherences, of strong-field-generated Kr ions.
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J.R. MACDONALD LABORATORY - OVERVIEW 2009

The J.R. Macdonald Laboratory focuses on the interaction of intense-laser pulses with
matter. The targets include neutral single atoms and molecules in the gas phase, single ions in
our accelerator beams, trapped atoms in our MOTRIMS systems, and nanostructures. In
addition we pursue several outside collaborations at other facilities and with other groups (e.g.,
ALS, ALLS, Arhus, Auburn University, University of Colorado, Columbia University, FLASH,
LCLS, Max-Planck Institutes for Quantum Optics (MPQ) and Kernphysik (MPI-K), Sao Carlos,
Tokyo, Weizmann Institute of Science, and others). Most of our laser work is associated with
one or more of the following themes':

1) Attosecond physics: The ultimate goal of this work is to follow, in real time, electronic
motion in atoms and molecules. We have characterized the temporal shape of single attosecond
pulses generated by the generalized double optical gating (GDOG) method — 260 as pulses. We
have employed these pulses to control and monitor electron dynamics in He atoms. Using an
attosecond pulse train in an EUV/infrared pump-probe scheme we have explored He and D,
targets. The quantitative re-scattering theory for high energy above-threshold-ionization
electrons and high-harmonic generation has been developed and applied both to determine the
target and electron wave-packet properties as well as to retrieve the laser field parameters.

2) Time-resolved dynamics of heavy-particle motion in neutral molecules: We have
continued our studies on the time evolution of heavy particle motion in simple molecules, such as
N, and CO, following excitation by an ultrashort laser pulse. For example, we have demonstrated
the impact of the time delay on the competition between asymmetric and symmetric charge
breakup of N>,**. On the theory side, this involves including nuclear vibration and rotation in
addition to the electron excitation as part of the quest for a more complete theoretical
description of atoms and molecules in strong fields. For example, we have studied imaging the
ro-vibrational nuclear dynamics of small molecules in strong laser fields.

3) Control: Methods for controlling the motion of heavy particles in small molecules
continue to be developed. Theoretically, the ability to control the dissociation of molecules (e.g.,
H,") into different final channels has been investigated by the application of pulse pairs or
carrier-envelop phase (CEP) control. Experimentally, we have localized the electron on a specific
nucleus of a dissociating D," in a two-color experiment on D5 using the phase as a control knob.
We have completed the development of a 3D VMI imaging setup for studies of molecular
alignment and orientation, and initiated first measurements. The MOTRIMS technique has been
used to study photoassociation with excitation (PAE) of Rb, with the goal of enhancing this
process by shaping the spectral phase.

4) Studies involving simultaneous use of laser and accelerators: We have continued our
investigations of the ionization and dissociation of molecular-ion beams from our ECR source,
which was recently replaced by a new permanent magnet ECR. We have focused this year on
the simple polyatomic molecule, Hs", and its isotopologues, while continuing our work on H,"
and other diatomic molecules. For example, we have demonstrated that vibrational trapping —
predicted by aligned-molecule calculations — vanishes if nuclear rotation is included in the

'Details of the projects are provided in the individual contributions of the Pls: /. Ben-ltzhak, Z. Chang,
C.L. Cocke, B.D. DePaola, B.D. Esry, V. Kumarappan, C.D. Lin, I.V. Litvinyuk and U. Thumm.
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calculations. Instead, the reduced dissociation probability is due to the fact that the vibrational
dipole matrix elements are smaller — this explanation was also verified experimentally.

5) Photons from the KLS interacting with solids and clusters: The study of electron
dynamics in photo-ionization and excitation of nanotubes has been conducted in collaboration
with Professor T. Heinz from Columbia University. Theoretical investigation of attosecond time-
resolved photoelectron spectroscopy of metal surfaces has been carried out.

In addition to the laser related research, we are conducting some collision studies using our
high and low energy accelerators. Some of this work is conducted in collaboration with visiting
scientists (for example, S. Lundeen, J. Shinpaugh & L. Toburen, E. Wells).

Finally, it is hard to summarize this year without mentioning the Attosecond Physics
meeting that we will be hosting in late July 2009 and the recent hire of Matthias Kling as an
assistant professor in our department. We are confident that this hire will strengthen our
attosecond physics efforts.
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Structure and Dynamics of Atoms, lons, Molecules, and Surfaces:
Molecular Dynamics with Ion and Laser Beams
Itzik Ben-Itzhak, J. R. Macdonald Laboratory, Kansas State University
Manhattan, Ks 66506, ibi@phys.ksu.edu

The goal of this part of the JRML program is to study the different mechanisms for molecular
fragmentation initiated by ultrashort intense laser pulses or following fast or slow collisions. To
that end we typically use molecular ion beams as the subject of our studies and have a close
collaboration between theory and experiment'. Examples of our recent work are given below.

Benchmark measurements of H;" nonlinear dynamics in intense ultrashort laser pulses, J.
McKenna, A.M. Sayler, B. Gaire, Nora G. Johnson, K.D. Carnes, B.D. Esry, and I. Ben-Itzhak

The H;" molecule is the simplest polyatomic molecule. It has a unique triangular geometry
and is expected to play a major role on the road to a better understanding of complex molecules
in intense ultrashort laser pulses. It is just at the edge of what one can expect theory to handle,
and our goal is to present first benchmark measurements of this fundamental system.

Extensive laser studies of the hydrogen molecule and molecular ion [1,Pub. #13] provide the
basis for our understanding of diatomic molecules in intense ultrafast laser pulses. One expects
that H;" studies will lead to better understanding of polyatomic molecules in intense fields
because it may become possible to treat this non-perturbative system theoretically in the near
future. However, H;" has eluded experimentalists until recently, and even using intensities on the
order of 10'° W/cm” — normally sufficient to at least dissociate a molecule — did not generate any
detectable breakup signal.

Using the high detection efficiency of our coincidence 3D momentum imaging technique
[2,Pub. #3,10,13,14] we have managed to study the dissociation and ionization of D;" — we favor
D;" over H;" to avoid the HD" contaminant present in the latter beam. Our initial measurements
of D;" fragmentation in intense ultrafast laser pulses provide detailed information about the
different breakup channels and their intensity dependence as shown in Fig.1(Left). Moreover,
kinetic energy release (KER) and angular distributions of two-body and three-body breakup (the
latter are shown in the right panel of Fig. 1) were also obtained.

First, the intensity dependence, shown in Fig. 1(Left), indicates that two-body breakup
dominates the dissociation of D3 in the laser pulses used in our studies. This differs significantly
from dissociation of neutral H; following dissociative recombination, i.e. Hiy"+e >H-+H+H,
[3,4]. Second, single ionization is dominated by two-body breakup at low intensities while three-
body breakup takes over for intensities above about 3x10'> W/cm®. Qualitatively, this can be
understood by looking at the potential energy surfaces (PES) of the transient Ds*" (calculated by
Esry who solved the Born-Oppenheimer equation in three-dimensions using B-splines, and
shown in the inset of Fig. 1(Left)). Dissociation on the ground state mainly leads to D" + D5",
while in contrast the excited electronic state leads solely to D™+ D"+ D. As the laser intensity
increases the excited state population increases thus leading to three-body breakup domination.

Arguably the most insightful information on D;" breakup is provided by the alignment, 6,
and orientation, y, dependence of the molecular plane relative to the laser polarization (see
definitions in Fig. I(right)). These are determined from the momenta vectors of the three
fragments measured in our 3D imaging scheme. Both single and double ionization are more
likely when the laser polarization is within the molecular plane, i.e. §=90°. This is consistent

'Some of our studies are done in collaboration with Z. Chang’s group, C.W. Fehrenbach, and others.
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with the MO-ADK theory [5], which predicts a higher tunneling-ionization rate in the direction
that that wave function extends further — that is within the molecular plane for the H;" molecule.
What is not clear yet is why single and double ionization follow a similar angular dependence,
specifically sin’. The orientation dependence for double ionization exhibits peaks every 60°, i.e.
every time a deuteron is dissociating along the electric field (recall that the field flips direction
periodically within the laser pulse). This also can be explained by the fact that the electronic
wave function extends further along these directions than in between the nuclei in the Hj'
triangular configuration. However, in contrast to the similarity in alignment, single ionization
shows a completely different orientation than double ionization. The dominant feature is aligned
with the polarization, i.e. D fragments prefer to dissociate along the field. In addition, a weaker
breakup feature appears at y=90°, which becomes larger for the longer 40 fs pulses. This
indicates that more complex dynamics are responsible for the orientation effect. This project was
presented as invited talks at ICOMP 2008 and at DAMOP 2009 — the latter by my post doc.,
Jarlath McKenna, and a first manuscript has been submitted [Pub. #20].

Figure 1. Lefi: Normalized rates for D;" fragmentation channels as a function of laser intensity using 7 fs,
790 nm laser pulses. The rates have been normalized to the ion beam current of ~5 nA. The inset shows
cuts of the lowest two potential energy surfaces calculated for D;*", where R and r are defined by the
diagram.. Right: (a,b) The alignment, 6, of the normal vector to the molecular plane relative to the laser
polarization — see inset for definitions (¢ > 180° is mirrored to complete the polar plot): (a) Double
ionization and (b) single ionization, for 7 fs, 10'® W/cm® laser pulses. The fits to the data are sin’6 angular
distributions. (c,d) The orientation, 7, of the velocity vector of the D" and D fragments of double and
single ionization, respectively, relative to the projection of the laser polarization within the molecular
plane (for large fields within the molecular plane, i.e., 60°< §<120°): (c) Double ionization for 7 fs pulses,
and (d) single ionization for 7 fs and 40 fs pulses. The error bars show the statistical error of the data.

Intense short pulse laser-induced ionization and dissociation of molecular-ion beams — J.
McKenna, AM. Sayler, P.Q. Wang, B. Gaire, Nora G. Johnson, M. Zohrabi, E. Parke, M.
Leonard, K.D. Carnes, F. Anis, J.J. Hua, B.D. Esry, I. Ben-Itzhak

The goal for these projects was to extend our knowledge of Hy" and apply it to more complex
molecules in intense ultrafast laser pulses.

Studies of the benchmark H," and H, molecules provide the foundation for our understanding
of the behavior of diatomic and somewhat more complex molecules in intense ultrashort laser
pulses. To extend this knowledge base, we explored enhanced ionization in both these targets in
collaboration with Lew Cocke’s group (Pub. #12). We also studied dissociation and ionization of
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HD" in 395 & 790 nm pulses (Pub. #19), and in particular the role of the HD" permanent dipole
(Pub. #17). Taking advantage of our improved energy resolution we have studied the KER shift
as a function of the sign of the pulse chirp, revisited the vibrational suppression in H,"
dissociation, and found clear evidence for the elusive zero-photon dissociation mechanism [6]. In
addition, we studied the formation of metastable D* fragments from a neutral D, target exposed
to intense laser fields. All these projects benefited from the strong collaboration with the theory
group of Esry.

Armed with better understanding of the benchmark systems above, we explored more
complex molecules. For example, we identified dissociation paths leading to very high KER in
N," beam targets (pub #11). We conducted a study of multiple ionization of N,', O, CO" and
NO", showing that these molecules tend to stretch between consecutive ionization steps, i.e. they
follow a stairstep mechanism (Pub. #18). We also investigated an electronic and vibrationally
cold CO*" target — a two-level system undergoing perpendicular transitions. For this unique
target we observe bond softening and 2-photon above threshold dissociation peaks, nicely
separated by the photon energy.

In addition to our laser studies, we have conducted a few ion-molecule collision experiments
[see, for example, Pub. #15,16]. We have also finished upgrading our molecular dissociation
imaging setup — a project that was the topic of the M.Sc. Thesis of my student, Nora G. Johnson
— and initiated studies of collisions of a few keV molecular ion beams with atomic targets. For
example, at present we are investigating HeD " + He collisions.

Future plans: We will continue interrogating H,” beams with laser pulses, in particular
exploring the effect of a two-color field, and then begin pump-probe experiments, which are a
challenge due to the low target density of ion beams. We will also continue our studies of more
complex molecules such as H;" isotopologues, CO*" etc. We are in the process of improving the
collision setup to enable high resolution Q-value measurements and will continue kinematically
complete studies of dissociative capture and collision induced dissociation at keV energies.

1. J.H. Posthumus, Rep. Prog. Phys. 67, 623 (2004); and references therein.

2. L. Ben-Itzhak et al. Phys. Rev. Lett. (2005)

3. S. Datz et al., Phys. Rev. Lett. 74, 896 (1995).

4.V. Kokoouline, C.H. Greene, and B.D. Esry, Nature 412, 891 (2001), and references therein.
5. X\M. Tong, Z.X. Zhao, and C.D. Lin, Phys. Rev. A 66, 033402 (2002).

6. J.H. Posthumus et al., Phys. Rev. Lett. 101, 233004 (2008); and references therein.
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Characterization and applications of isolated attosecond pulses
generated with double optical gating

Zenghu Chang
J. R. Macdonald Laboratory, Department of Physics,
Kansas State University, Manhattan, KS 66506, chang@phys.ksu.edu

The goals of this aspect of the JRML program are (1) to measure the pulse width and phase of the
single isolated attosecond pulses generated with a double optical gating, (2) to use the isolated attosecond
pulses for studying electron dynamics during the autoionization of helium and for directly measuring field
distributions in Bessel beams.

1. Temporal characterization of the isolated attosecond pulses generated with a generalized double
optical gating, Ximao Feng, Steve Gilbertson, Hiroki, Mashiko, Sabih Khan, Mike Chini, He Wang, Yi
Wu and Zenghu Chang.

Isolated attosecond pulses are powerful tools for ex ploring electron dynamics in matter [1]. We
developed a double optical gating (DOG) technique fo r generating single isolated attosecond pulses with
multi-cycle pump lasers [2-6]. The pul se duration and phase of such pulses were measured using the
Complete Reconstruction of Attosecond Burst (CRAB) method [ 7-8]. The double optical gating is a
combination of the two-color gating an d the polarization gating. The DOG allows a wider gate than the
polarization gating, which significantly reduces the depletion of the ground state population. The longest
pulses one can use for generating single attosecond pul  ses with DOG ar e 10 to 15 fs. To loosen the
requirement for the laser pulse duration m ore, we ne ed to reduce the ground st ate population depletion
from the leading edge of the laser pulse. The idea is to create a polarization gating field with two counter-
rotating elliptically polarized pulses, which is a gen eralization of double optic al gating (GDOG). In the
GDOG case, because the field strength be fore the gate is lower, 20 fs input laser pulses for argon and 30
fs lasers for neon can still generate isolated attosecond pulses.

In our experiment, the la ser field for G DOG was created using birefringent optics a s shown in
Fig. 1 (a). A linearly polarized pulse from a carrier-envelope phase stabilized laser [9-15] was incident on
the first qua rtz plate, which had its ~ optical axis oriented at 45 degrees with respect to the i nput
polarization. This created two orthogonally polarized pulses with a delay between them. The combination
of the second quartz plate and a barium borate (BBO) cr ystal, with their optical axes set in the plane of
the input pol arization, act as a quarter waveplate. Finally, a fused silica Brewster window was added.
Together they created the required polari  zation gating field with two counter-rotating elliptically
polarized pulses. The isolated XUV pulses w ere measured using the CRAB (C omplete Reconstruction of
Attosecond Bursts) method based on att osecond streaking. A Mach-Zehnder interferometer configuration
shown in Fig. 1 (b) was used to control the tem poral and the spatial overlap of the attosecond XUV field
and the near infrared (NI R) stre aking field. Figures 2(a) and (b) show the experimental and retrieved
CRAB traces. Figure 2(c) shows the temporal shape and phase of the 260 as XUV pulse. The frequenc y
marginal com parison shows good agr eement as indicated in Fi g. 2(d). The m inor modulation in the
spectrogram comes from the attosecond pre- and post-pulses. However, their intensities were three orders
of magnitude lower than t he main pulse, as shown in the inset of Fig. 2(c). Here, from the reconstructed

streaking field the NIR intensity was estimated to be 2.8 x10'" W/cm? at the second gas t arget. We have
also generated single isolated attosecond pulses with 30 fs amplifier laser pulses.

The generation of isolated attosecond pulses with 20 to 30 fs lasers offers two advantages. First,
they are much easier to wo rk with than the fragile <5 fs lasers used in previous attosecond generation
experiments. Second, their energy can be much higher than the few-cycle lasers, which allows the scaling
of isolated attosecond pulses to the energy level needed for studying nonlinear phenomena.
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Fig.1 (a) GDOG optics consist of a  quartz Fig.2 Attosecond XUV  pulse generated fro m
plate (QP1), a Brewster window (BW), a argon gas using 20 f s laser pulses. (a)

Experimental and (b) Retrieved tr aces. (c)
Retrieved XUV pulse. (d) Measured XUV and
the retrieved XUV spectra.

second quartz plate (QP2) and a BBO
crystal. (b) Setup for m easuring the single
attosecond pulses.

2. Controlling and monitoring electron dynamics in helium atoms. Steve Gilbertson, Ximao Feng,
Michael Chini, Sabih Khan, He Wang, and Zenghu Chang.

The isolated attosecond pulses generat ed with a doubl e optical gating allowed us to investigate
the much faster electron dynam ics in atoms and molecules. Being an ato m that has only two electrons,
heliumisa perfect targ et for study ing correlated electron dy namics. Autoionization is one of the
processes dominated by electron-electron interactions. In 1963, it was observed by exciting helium atoms
with XUV light from synchrotrons.

When a helium atom in its ground state absorbs an XUV photon with energy of 60.1 eV, a single
electron can be emitted leaving the other electron in the ground state of He'. Alternatively, both electrons
can be excited to the 2s2p state. This state can then “autoionize” with one electron returning to the ground
state and the other ele ctron being liberated fro m the atom. The so called “Fano profiles” pr esent in an
XUV absorption spectrum  fro m hel iumisthe resu Its of the interfe  rence betwe en the dire ct
photoionization channel a nd the aut oionization channel, as depicted in Fig .3. The lifetime of the 2s2 p
state, estimated from the width of the Fano spectral profile is ~17 fs. Observing the autoionization process
in tim e domain is al most i mpossible using s ynchrotron light because its pulse durationisonth e
picoseconds level.

Recently, we conducted t he first experi ment on autoionization using isolated attosecond pulses.
The scheme is also inclu ded in Fig. 3 . An is olated XUV pulse with 136 as duration who se spectrum
covers the range fro m ~3 0 to 70 eV ionized and doubly excited the heliu m atom. A 9 fs laser pulse
centered at 780 nm also acted on the atom. The intensity of the near infrared (NIR) laser is on the order of
1x10"* W/cm?, which is intense enough to ionize the electrons in the 2s2p state before they completely
decayed through autoionization. As a result, the cont ribution from the autoioni zation to the Fano profile
can be controlled by either the laser intensity or the delay between the attosecond excitation pulse and the
NIR ionizati on laser pulse. This allowed us to cont rol the coupl ing strength of the two channels that
interfere or the so called q parameter, which was almost impossible to do without using attosecond pulses
to start the autoionization process. T hus attosecond pulses make it possible to control electron d ynamics
in atoms. The whole proc ess can be time resolved by streaking the photoelectrons with t he NIR laser
field.
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To observe the controllable autoionization process, we used an i nterferometric attosecond streak
camera that is si milar to the one for c haractering the attosecond pulses except that dete ction gas was
helium. The attosecond pulses wer e generated fro m neon gas with DOG using 1.5 kHz, 9 f's laser pulse
centered at 7 80 nm . The single attosecond pulses were then used to popula te the 2s2p resonance in
helium. Figure 4(a) shows the spectrog ram of the photoelectron from heliu m as a function of the delay
between the attosecond p ulse and the IR pulse. Th e 2s2p autoionization resonance occurs at 35.5 eV in
photoelectron energy. When the IR pulse co mes first, the resonance is stronger than when it lags behind
the XUV pulse. We attrib ute this to depletion of the autoionization resonance by the IR pulse due to
multiphoton ionization. Since the heliu m atom is in the 2s2p doubl y excited state, only 5.2 eV more is
required to ionize the atom.

Fig.3 Princi ple of contr olling aut oionization of
helium. An single isolate d XUV puls e starts the
process by simultaneously excited the two electrons
to the 2s2p state and ionization one of t he electrons
from the ground state. An intense near infrared 9 fs
laser sy nchronized with the attosecond pulse

ionizes the electrons in the 2s2p state before they Fig.4 (a) Experimental streaked
decay through autoionization. Thus the interference spectrogram in helium. (b) Calculated
between the two ionization channels is altered. ionization probability.

The PPT ionization rate was used to estimate of  the depletion of the doubl y excited state. The
intensity of the IR field was estimated to be ~7 x 10 "' W/cm?. This yielded a final ionization probabilit y
of 0. 6 as sho wn in fig ure 4(b). Also shownist he total counts i ntegrated over the width of the 2s2 p
resonance as a function of delay. These results confirms that the coupling strength of t he two ionization
channels, direct and auto, can be controlled by varying the IR intensity and delay.The experimental results
was explained by calculations based on the strong fi eld approximation (SFA). In this m odel, the XUV
attosecond field sim ultaneously can either excite the two ground state electrons to the 2s2p discrete
resonance state, or free one of them to t he continuum states. The r esonant state then autoionizes into the

. . . . E(& — f)e BT . .
continuum with decay am plitude given by 2 ** , where F- is the resonance energy and T is
the resonance width. The p arameter ( indicates the relative probability of excitation to the resonant state
and direct p hotoionization to t he con tinuum. Finally, b oth t he direct phot oionized and autoionized
electrons propagate in the NIR field. The results agreed well with the experiments.

T

The isolated attosecond pulses were also used in mapping out the electric field in a fem tosecond
Bessel beam[16]. We have participated in stud ying dynamics in molecules (lead by Ben-Itzhak) [17,18],
and x-ray lasers (lead by Rocca at Colorado State University) [19]. We also worked on micro-machining
using the ultrafast lasers lead by Lei at KSU [20].

23



PUBLICATIONS (2007-2009) (All publications in 2006 and most of 2007 papers are not included):

—

. P. B. Corkum and Z. Chang, “The attosecond revolution,” Optics and Photonics News 19, 24 (2008).

. H. Mashiko, S. Gilbertson, C. Li, S. D. Khan, M. M. Shakya, E. Moon, and Z. Chang, “Double optical
gating of high-order harmonic generation with carrier-envelope phase stabilized lasers,” Phys Rev.
Lett. 100, 103906 (2008).

. Z. Chang, “ Controlling attosecond pulse generation with a double optical gating,” Phys. Rev. A 76,
051403(R) (2007).

4. S. Gilberts on, H. Mashi ko, C. Li, S. D. Khan, M. M. Shak ya, E. Moon, and Z. Chang, “A low-loss,
robust setup for double optical gating of high harmonic generation,” Appl. Phys. Lett. 92, 071109
(2008).

5. H. Mashik o, S. Gilbertson, C. Li , E. Moon, and Z. Chan g, “ Optimizing the photon flux of double
optical gated high-order harmonic spectra,” Phys. Rev. A 77, 063423 (2008).

6. S. Gilbertson, H. Mash iko, C. Li, E. Moon, and Z. Chang, “Effects of laser pulse duration on extreme
ultraviolet spectra from double optical gating,” Appl. Phys. Lett. 93, 111105 (2008).

7. H. Wang, M. Chini, S. D. Khan, S. Chen, S. Gilbertson, X. Feng, H. Mashiko and Z. Chang, “Practical
issues of retrieving isolated attosecond pulses,” J. Phys. B: At. Mol. Opt. Phys. 42, 134007 (2009).

8. M. Chini , H. Wang, S . D. Khan, S. Chen, and Z. Chang, “Retrieval of Satellite Pulses of Single
Isolated Attosecond Pulses,” Appl. Phys. Lett. 94, 161112 (2009).

9.C.Li,H. Mashiko, H. Wang, E.  Moon, S. Gi Ibertson, and Z. Chang, *“Carrier-envelope phase
stabilization by controlling compressor grating separation,” Appl. Phys. Lett. 92, 191114 (2008).

10. Eric Moon, He Wang, Steve Gilbertson, Hiroki Mashiko and Zenghu Chang, “Carrier-envelope phase
stabilization of grating-based chirped-pulse lasers,” Laser and Ph otonics Rev iews, DOI
10.1002/1por.200810060 (2009).

12. H. Wang, M. Chini, Y. Wu, E. Moon, H. Mashiko and Z. Chang,  “Carrier-envelope phase
stabilization of 5 fs, 0.5 mJ, pulses from adaptive phase modulators,” Applied Phy sics B, DOI
10.1007/s00340-009-3639-0 (2009).

13. H. Wang , E. Moon, M. Chini, H. Mashiko, C. Li, and Z. Chang, “  Coupling between energy and
carrier-envelope phase in hollow-core fiber based f-to-2f interferometers,” Optics Express 17, 12089
(2009).

14. H. Mashiko, C. M. Nakam ura, C. Li, E. Moon, H. Wang, J. Tackett, and Zenghu Chan g, “Carrier-
envelope phase stabilized 5.6 fs, 1.2 mJ pulses,” Appl. Phys. Lett. 90, 161114 (2007).

15. H. Wang, Y. Wu, C. Li, H. Mashiko, S. Gilbertson, and Z. Chang, * Generation of 0.5 mJ, few-cycle
laser pulses by an adaptive phase modulator,” Optics Express 16, 14448 (2008).

16. Steve Gilbertson, Ximao Feng, Sabih Khan, Mich ael Chini, He Wang, Hiroki Mashiko, and Zenghu
Chang, “ Direct measurement of an electric field in femtosecond Bessel-Gaussian beams,” Optics
Letters34, 2390 (2009) .

17.J. McKenna, A. M. Sayler, F. Anis, B. Gaire, Nora G. Johnson, E. Parke, J. J. Hua, H. Mashiko, C. M.
Nakamura, E. Moon, Z. C hang, K. D. Carnes, B. D. Esry, and I. Ben-Itzhak, “Enhancing high-order
above-threshold dissociation of H," beams with few-cycle laser pulses,” Phys. Rev. Lett. 100, 133001
(2008).

18. I. Ben-Itzhak, P. Q. Wang, A. M. Say ler, K. D. Carnes, M. Leonard, B. D. Esry , A. S. Alnaser, B.
Ulrich, X. M.Tong, I. V. Litvin yuk, C. M. Maharjan, P. Ranitovic, T. Osipov, S. Ghim ire, Z. Chang,
and C. L. Co cke, “Elusive enhanced ionization structure for H," in intense ultrashort laser pulses,”
Phys. Rev. A 78, 063419 (2008).

19. Y. Wang, M. Berrill, F. Pedaci, M.M. Shaky a, S. Gilbertson, Z. Chang, E. Granados, B. M. Luther,
M. A. Larotonda, J.J. Rocca, “Measurement of 1 picosecond soft x-ray laser pulses from an injection-
seeded plasma amplifier,” Phys. Rev. A 79, 023810, (2009).

20. S. Lei, S. Devarajan, and Z. Chang, “A comparative study on the machining performance of textured

cutting tools with lubrication,” Int. J. Mechatronics and Manufacturing Systems 2, 401 (2009).

N

W

24



Structure and Dynamics of Atoms, Ions, Molecules and Surfaces:
Two-color probing of atomic and molecular systems and EUV/IR pump-probe experiments

C.L.Cocke, Physics Department, J.R. Macdonald Laboratory, Kansas State University,
Manhattan, KS 66506, cocke@phys.ksu.edu

During the past year we have concentrated at KSU on two projects. We have used two-color
(800nm/400nm) beams to investigate left-right asymmetry in the emission of electrons from Xe
and the dissociation of H; and D;. We have used a EUV/IR pump-probe setup to continue our
investigation of the ionization of He in the presence of an IR field and to investigate the IR
induced gerade/ugerade mixing in D," after the production of this molecule by a EUV pulse. We
have continued to pursue collaborations at the ALS and JILA/Univ. of Colorado.

Recent progress:

1.Two-color experiments: D. Ray, W. Cao, Z.Chen, S.De, H. Machiko, K.P.Singh, P.Ranitovic,
1. Znakovskaya, G.G.Paulus, M.F.Kling, C.D.Lin, I.V.Litvinyuk and C.L.Cocke. We have
developed a compact, robust, in-line optical system which converts an 800nm laser beam into a
superposition of 800nm and 400nm with adjustable phase between the two colors. Such a field
has a controlled left/right asymmetry and allows us to study effects similar to those seen with
CEP (carrier-envelope-phase) stabilized beams [1]. We have performed two types of experiment:
(1) In collaboration with the group of C.D.Lin we have used theoretical quantitative rescattering
modeling of the plateau component of the Xe electron spectrum to deduce, from an experimental
spectrum, the intensities of both components of the two-color field and the relative phase.
Especially the phase is very reliably extracted from this analysis. A manuscript is in preparation.
(2) We have measured the asymmetric emission of D'(H") ions from the fragmentation of D,(H,)
by such a two-color field [2,3]. A strong dependence of the asymmetry on the ion energy is
found. Different dependences of the asymmetry on the phase of the two colors is found in three
regions of ion energy release, namely one photon, two photon and rescattering dissociation
regions. A sample spectrum is shown in fig. 1. A model calculation carried out by F.He [4,5]
and U.Thumm reproduces many of the observed effects. The physical process in play for the
rescattering component is similar to that reported with CEP stabilized pulses by Kling et al. [1];
the behavior of the asymmetry in the low ion energy region has not been previously reported.
This work has been submitted for publication.

Fig 1. Left/right asymmetry plotted
as a density plot for D" jons
emitted from the application of a
two-color field to D, molecules, as
a function of the phase angle
between the two colors and the
energy of the emitted ion. Different
patterns are seen in one photon
(<.03 eV), two photon (0.4-2 eV)
and rescattering (4-6 eV) regions.
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2. EUV/IR Pump/probe experiments: He. P.Ranitovic, B. Gramkow, D.Ray, I.Bocharova,

H Mashiko, M.Trachy, S.De, K. Singh, W.Cao, I Litvinyuk, A.Sandhu, E.Gagnon, M.Murnane,

H Kapteyn, X-M.Tong, C.L.Cocke. The manipulation in real time of electronic and vibrational
wave packets using an EUV pulse from harmonic generation to provoke an electronic excitation
or ionization and an IR field to influence the subsequent evolution of the wave function is a
common theme in attosecond science. We have set up an apparatus for doing such experiments.
This section describes the first of two such experiments performed to date with the apparatus.
Pump probe experiments have been carried out using an attosecond pulse train (APT) in the
EUV as a pump and a short infrared pulse (~1x10 '* w/em?, 50 fs) as a probe. The reaction
products are detected in a COLTRIMS geometry, which allows ion-electron coincidences to be
measured. The apparatus was described in last year’s abstract. The EUV harmonics (1 1m through
17" ) generated from Xe ionize the He in the presence of an IR field. The yield of He" ions is
measured as a function of the time delay between the IR and the EUV . Sample results are shown
in fig. 2.

Fig.2. (a,c) The experimental yield of He" ions as a function of the time delay between an APT
and IR is shown for two different IR wavelengths. If the IR comes first, only the 17™ harmonic
(relatively weak) can ionize the He. If the IR comes last, for the shorter wavelength IR the 150
harmonic is resonant with the 1s4p state of neutral He and excites it strongly; the 4p electron is
then later removed by the IR. In the overlap region, the yield of He" depends on the instant of

time at which the APT strobes the atom: when the IR field is strong, strong absorption occurs

through the broadened 1s4p and 1s2p resonances. This occurs twice per IR cycle[6], giving rise
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to an oscillatory yield (see inset) with a periodicity of half the optical period. (b,d)Theoretical
calculations corresponding to the experimental data of (a,c).

The experimental results are compared with a solution to the time-dependent Schroedinger
equation carried out by X.-M.Tong. Good agreement between theory and experiment is found.
The theoretical results show clearly that the He resonances and exact harmonic energies play a
crucial role in determining the outcome of the EUV/IR ionization. This work has been submitted
for publication.

3. EUV/IR Pump/probe experiments: D,. K. P. Singh, W. Cao, P. Ranitovic, S. De, F. He, D.
Ray, S. Chen, U. Thumm,A. Becker, M. M. Murnane, H. C. Kapteyn, I. Litvinyuk, C. L. Cocke.
This project is a continuation of the IR’APT work discussed above and was carried out with the
same apparatus. In this case, a two-color IR field was used to produce the 1 1" through 17"
harmonics, including both even and odd order to produce one attosecond “strobe” per IR cycle.
The yield of D" ions from the dissociation of the molecule was measured as a function of the
direction of emission of the ions and the relative phase of the IR and APT. The purpose of the
experiment was to see if the IR can be used to steer the electronic wave cloud in such a way as to
control the left-right location of the electron at the time it becomes localized on one of the two
nuclei during the dissociation of the molecule. A similar effect was seen by Kling et al. [5] using
CEP locked pulses, with no APT involved. The results are shown in fig. 3, where a clear
oscillation of the asymmetry is seen. A model calculation by F.He and U.Thumm shows good
agreement with the results. This work has been submitted for publication.

Fig. 3. The asymmetry parameter
A versus the APT-IR time

delay Circles: experimental data,
solid line: theory. The data have
been smoothed using three-point
run-ning average of raw data. The
error bars denote the statistical
error in total D" counts for the
averaged data. The positive
delays correspond to the APT
following the IR pulse.

4. Collaborations: Continuing collaborative work with a large collaboration at the ALS, LBL
and with the group of Murnane and Kapteyn at JILA/CU has continued. Publications 2,5 and 6
are collaborative works.
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Some publications not previously cited from 2008-2009:

1) ”Control of electron localization in molecules using XUV and IR pulses”,K. P. Singh, W.
Cao, P. Ranitovic, S. De, F. He, D. Ray, S.,Chen, U.Thumm, A. Becker, M. M. Murnane, H.
C.Kapteyn, I. Litvinyuk, C. L. Cocke, submitted (2009).

2) “IR-Assisted Ionization of Helium by Attosecond XUV Radiation”, P. Ranitovic, Xiao-Min
Tong, B. Gramkow, S. De, B. DePaola, K. P. Singh, W. Cao, M. Magrakvelidze, D. Ray, I.
Bocharova, H. Mashiko A. Sandhu E. Gagnon, M. M. Murnane, H. C. Kapteyn, 1. Litvinyuk
and C. L. Cocke, submitted (2009).

3) “lon-energy dependence of asymmetric dissociation of D, by a two-color laser field”, D. Ray,
F. He, W.Cao, S. De, H. Mashiko , P.Ranitovic ,K.P.Singh, 1. Znakovskaya, U. Thumm,
G.G.Paulus, M.F.Kling, I. Litvinyuk, and C.L. Cocke, submitted (2009).

4) “Photo-double-ionization of H, : Two-center interference and its dependence on the
internuclear distance”, M. S. Schoftler et al., Phys. Rev. A 78,013414 (2008).

5) “Observing the Creation of Electronic Feshbach Resonances in Soft X-ray—Induced O,
Dissociation”, Arvinder S. Sandhu, Etienne Gagnon, Robin Santra, Vandana Sharma, Wen Li,
Phay Ho, Predrag Ranitovic, C. Lewis Cocke, Margaret M. Murnane, and Henry C. Kapteyn,
Science 14, 1081 (2008).

6) “Angular Correlation between Photoelectrons and Auger Electrons from K-Shell Ionization of
Neon”, A.L. Landers, F. Robicheaux, T. Jahnke, M. Schoffler, T. Osipov, J. Titze, S. Y. Lee, H.
Adaniya, M. Hertlein, P. Ranitovic, I. Bocharova, D. Akoury, A. Bhandary, Th. Weber, M. H.
Prior, C. L. Cocke, R. Dorner, and A. Belkacem , Phys. Rev. Lett. 102, 223001 (2009)
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Coherent Control of Ladder Excitation and Photoassociation with
Excitation Using Shaped Ultrafast Optical Pulses

B. D. DePaola
J. R. Macdonald Laboratory Department of Physics
Kansas State University
Manhattan, KS 66056
depaola@phys.ksu.edu

Program Scope

This work focusses on using shaped ultrafast optical pulses to (1) resonantly excite an atomic ladder
system, and (2) optimally cause photoassociation with excitation. In both of these projects, the
focus is on cold 8 Rb in a magneto-optical trap (MOT). We do not believe there is any intrinsic
value in cold excited Rb in either atomic or molecular form, however it makes an excellent model
system for trying to understand the underlying physics in both of these processes.

Ladder Excitation

The process under study here can be represented by
Rb (581/2) — Rb (5]93/2) — Rb (5d3/2,5/2) — Rb+, (1)

where all three transitions come from the same ultrafast laser pulse. The idea is to measure the
relative probability of exciting to the Rb (5d3 /2,5 /2) states as the spectral phase of the laser pulse
is varied. This relative efficiency is determined by measuring the Rb*, which is produced in the
same laser pulse through the photoionization of Rb (5d3 /2,5 /2). Rb is an ideal candidate for this
sort of measurement because all three transition wavelengths are well within the bandwidth of a
“standard” Ti:Sapphire laser: The 551/ — 5p3/y transition is at 780 nm; the 5p3/5 — 5d transition
is at 776 nm; and the photoionization threshold is roughly 1254 nm. The central wavelength of the
Kansas Light Source (KLS) system is 790 nm with a bandwidth in excess of 30 nm. Excitation of
the Rb system has, of course, been studied before, most notably by the group of Silberberg. [1]
In that work, 420 nm radiation from the last step of the Rb (5d5/373/2) — Rb (5p3/2) — Rb (531/2)
cascade was detected. One advantage of using the ion signal is a much greater detection efficiency.

In one KSU experiment, the relative excitation efficiency was measured as a function of A\; and
Ao for a spectral phase “pulse”, approximately described by

0 A<\
dp(N) = 7/2 AL <A< A (2)
0 A > >\2)

The spectral phase was shaped by a commercial acousto-optic modulator (AOM) based device.
Because the temporal length of an optical pulse is limited by the physical length of the AOM crystal,
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the infinitely sharp edges described in Eq. 2 was approximated by an error function having a rise
of roughly +7/2 over 2 nm. The prediction of second order perturbation theory is that excitation
should be enhanced when A\; and/or A2 coincides with the two resonant wavelengths, 780 nm and
776 nm.

Excitation was also measured as a function of a sinusoidal spectral phase, given by

P(N) = Asin [2rcT (A = M) + o] (3)

where A, T, and ¢y are parameters, and A\g is an arbitrary constant, chosen to be at the peak of
the spectral intensity of the laser. In these experiments, A was set to 7, thus allowing the phase to
change over the range of +.

Photoassociation with Excitation

Photoassociation [2] is the process by which colliding pairs of ultracold atoms are induced to form a
molecule by means of a catalysis photon. In the specific case of Rb, the process can be represented
by:

Rb(55) + Rb(5s) + hw — Rby(5s,5p) — Rby(5s,5s) + hw' (4)

Here, w is the optical frequency of the catalysis photon, and Aw’ is the energy of the photon that
is emitted when the excited molecule relaxes to its electronic ground state. In our work we are
particularly interested in a special form of photoassociation in which an additional photon brings
the molecule to a doubly excited molecular state. [Pub. #1,2] Because this process consists of
photoassociation followed by excitation, it is referred to as PAE. In the work described here, the
same ultrafast laser pulse that provides the catalysis photon, also excites the molecule to the
Rba(5p, 5p) manifold, the final step in the PAE process. The Rby(5p, 5p) manifold is then probed
with a narrow linewidth cw laser which excites to an autoionizing state in the Rby(5p, 4d) manifold.
[Pub. #2] The goal of this project is to measure the extent to which shaping the spectral phase of the
pulse can enhance the PAE process. The phases used for coherent ladder excitation were also used
here for PAE. In these experiments, it was also found to be advantageous to additionally measure
the time between the initiation of the PAE process and the detection of RbéF : The individual states
in the Rba(5p, 4d) manifold take different amounts of time to autoionize due to the variations in the
curvatures of their molecular potentials. Thus, this “incubation time” helps to further distinguish
PAE to different states.

Recent Progress

In the case of atomic ladder excitation, the experimental results were in agreement with the second
order perturbation calculations. In the case of the 7/2 spectral phase pulse, this means that
horizontal and vertical structures were seen centered around A; and Ag equalling the resonant
transition wavelengths. In the case of the sinusoidal phase of Eq. 3, a contour plot of Rb;L versus T’
and ¢q yielded a diagonal structures, indicating that, for constant Rbs(5p, 5p) production rates, T
and ¢q are linearly related. That is, the argument of the sine in Eq. 3 is constant. This means that
the measured slopes of the diagonal structures are directly related to the transition wavelengths

via:
-1

) ()

a result that might actually be interesting were the resonant frequencies of the system unknown.
One aspect of this result that actually is interesting is that the contrast in the sinusoidal data is
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Figure 1: Experimental (a) and theoretical (b) results for the 7/2 spectral phase pulse of Eq. 2.
The RbéF counts are plotted versus the wavelengths at which the m/2 phase changes occur.

Figure 2: Experimental results for the sinusoidal spectral phase of Eq. 3. The Rb;r counts are
plotted wversus the two parameters ¢g and 1. Here, A = .

more than an order of magnitude greater than that for the w/2 pulse data (> 100 compared with
~6).

In Figure 1 we show the corresponding measurement (a), and calculation (b) for PAE. In this
figure we plot Rbj counts versus A\; and\y for the 7/2 phase pulse of Eq. 2.

While the qualitative agreement between theory and experiment is striking, some quantitative
differences remain. It is very likely that these are due to the simplicity of the model, in which the
bands of molecular energy levels are approximated by a few discrete levels. Furthermore, these
levels are modeled as being independent of internuclear separation. More sophisticated modeling
will have to be done before we can say with any confidence that we completely understand the
process.

The PAE result for the sinusoidal phase of Eq. 3 is shown in Fig. 2. Here, we plot only the
counts from the RbéF ions that took the longest to arrive at the detector, thus limiting the molecular
states that are measured. The same information about PAE is contained in Fig. 2 as in Fig. 1.
However, the contrast in the sinusoidal phase data is much greater than in the 7/2 pulse data.
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Future Plans

In the future, we will continue our measurements of PAE, and effects of various spectral phases on it.
We will also try to improve our modeling of the process by using more realistic potential curves. The
measurement of the incubation time of the molecular ions is very important in isolating a single
state in a molecular manifold. However, we have no idea what that state is. We will therefore
continue our cw PAE measurements [Pub. #1]; by scanning the probe laser, we hope to learn more
about the structure of the manifold of autoionizing states.
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Program Scope

The primary goal of my program is to quantitatively understand the behavior of simple benchmark systems
in ultrashort, intense laser pulses. As we gain this understanding, we will work to transfer it to other
more complicated systems. In this effort, my group works closely with the experimental groups in the J.R.
Macdonald Laboratory, including, in particular, the group of I. Ben-Itzhak.

A second component of my program is to develop novel analytical and numerical tools to (i) more
efficiently and more generally treat these systems and (ii) provide rigorous, self-consistent pictures within
which their non-perturbative dynamics can be understood. The ultimate goal is to uncover the simplest
picture that can explain the most.

1. Carrier-envelope phase effects and coherent control 2 1
Recent Progress Beginning with Ref. [1], we have been investigating 15 038
the impact of the carrier-envelope phase (CEP) of few-cycle pulses on ¢ ] 0.6
atoms and molecules. The CEP, ¢, is defined from the laser’s electric < 0.4
field as £(t)=Ep(t) cos(wt+¢) for some pulse envelope £y(t) and carrier 0 02
frequency w. We have mainly focused on its consequences for the 0 0
dissociation of HJ and its isotopes [1,2,P3,P12], although we have 2

recently submitted a study of CEP effects on atomic excitation [3]. s
In parallel, we have been developing a general theory of CEP ef-

fects that allows much to be done analytically [P4,P12,4]. As a con-

sequence, this theory provides a convenient, simple picture within 0.5

which CEP effects can be understood and simple predictions made _

without any time-dependent calculation. The essential point is that 0 05 1

our picture recasts CEP effects as interference between multiphoton

pathways whose relative phases depend on the CEP. In other words,

CEP effects are a manifestation of the canonical Brumer-Shapiro con- ity P(E) for (a) Hi and (b) DX in a 5.9 fs

trol scheme. 104 W/cm? laser pulse. Each panel is nor-

Figure 1 shows a typical result for the total dissociation proba- malized to unity at its overall peak value to
bility of Hj and DJ in a few-cycle pulse, calculated in the standard facilitate qualitative comparison. (Adapted
two-channel (1so, and 2po,) approximation that neglected nuclear from [P12]).
rotation and constrained the nuclei to motion along the polarization direction [P12]. What is surprising
about these is that CEP effects are usually studied as asymmetries. Right-left asymmetries of atomic ioniza-
tion along the laser polarization is the usual example (see [5], for instance). Figure 1 shows quite strong CEP
effects, though, in the total dissociation probability, and D2+ shows stronger effects than H2+ . Unfortunately,
my student, Fatima Anis, recently performed similar calculations — but including nuclear rotation (see [P6]
and [P13] for related details) — and found no CEP effect in the total dissociation probability. This would not
be the first example of artifacts generated in this common model for H;‘ that vanished in a more complete
calculation [P6,P13,6].

Fortunately, Fatima’s calculations show that the dissociation asymmetry we predicted in [P12] survives
the addition of nuclear rotation with little modification. For H;r dissociation, “asymmetry” refers to the
direction of the proton in the reaction products p+H relative to the laser polarization. In a long pulse, the
proton has equal probability to go left and right. But, this symmetry is broken in a short pulse, and the
breaking is controlled by the CEP. Figure 2 shows the normalized asymmetry, defined as P .es;—Pright/2Pave;
calculated without nuclear rotation [P12]. The normalization factor, Py, is the CEP-averaged dissociation
probability.

2 25 3

1.5
KER (eV)

Figure 1: The total dissociation probabil-
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0.3

Based on our general theory of CEP effects [P4,P12], the nuclear
wave function for the Hf model above, FT(R, t)=(F,(R,t), F,(R,t)), 02
can be written as 0l
- 0
F(Rt)= Y " F,(R,1) (1) -
n=Tee -0:3
using only the fact that the wave function must be periodic in the
CEP . Our analysis in [P4,P12] shows that the ¢-independent com-
ponents F, (R, t) can be thought of as n-photon amplitudes. Pro-
jecting F(R,t) onto the appropriate outgoing-wave scattering states
and taking dipole selection rules into account [P12], the asymmetry
A=P,ett — Pright can be obtained,
_ " 0 05 1 15 2 25 3
A=2) Re (el("*" Wel(&réu)<gE|Fn><uE|Fn,>*) , (2) KER (V)
n even
n’ odd Figure 2: The normalized dissociation

in terms of the scattering phase shifts J,, and scattering states asymmet?; for (3)2 Hy and (b) Dy in a
. . . . . 5.9 fs, 10* W/cm* laser pulse. (Adapted
|(g,u)E). There are several things to note in this expression. First, P12)).
the only CEP-dependent factors are the exponentials exp[i(n—n')y];
all other factors are CEP-independent. Thus, the only CEP dependence is analytical. Second, the CEP
dependence must have periodicity 27 /(2m-1), m=1,2,3,.... Third, to have any CEP dependence, the am-
plitudes ((g, u)E|F,,) for different photon processes n must contribute at the same energy. It is primarily this
requirement that leads to the need for broad bandwidth, intense laser pulses. For A(FE), only the interference
between different photon processes of different molecular channels is important. One can similarly show that
it is the interference between different photon processes in the same molecular channel that generates CEP
effects in the total dissociation probability in Fig. 1.

We have recently extended this analysis to He in an infrared (IR) pulse overlapped with an attosecond
pulse train (APT) [4], showing that the delay T between the two acts as a control parameter in much the
same way as @ above. Analytic expressions for physical observables analogous to Eq. (2) can be derived
and provide similar insight. A key conclusion of this analysis is that such IR+APT experiments are very
conveniently thought of as multi-color control experiments in the same vein as two-color experiments — and
as CEP experiments per the discussion above.

Future Plans We will continue to develop and apply our general theory for CEP effects to both atomic
and molecular systems. In particular, since our method can simultaneously treat fields with CEP, two-color
delay, and IR+APT delay, we can unify these seemingly distinct kinds of experiments into a single picture.
This will be a timely contribution, especially since experiments themselves are already starting to combine
such fields (see C.L. Cocke’s abstract, for instance). Additionally, we will apply our analysis for He — which
is backed up by full-dimensional, two-electron solutions of the time-dependent Schrédinger equation — to
the relevant experiments in our Lab (see C.L. Cocke’s and Z. Chang’s abstracts). We will especially continue
to focus on fully understanding the control of H via any of the means listed above, an effort which has seen
recent progress by I. Ben-Itzhak’s group.

2. Vibrational trapping in H;‘ — or the lack thereof

Recent progress My group collaborates closely with I. Ben-Itzhak’s experimental group as can be seen by
our many joint publications. This has been an especially fruitful collaboration from our viewpoint as his is
one of the few groups that can use an Hj beam as a target for intense laser studies, raising our hopes of a
complete theoretical treatment for this benchmark system.

We have, in fact, uncovered new phenomena in this “understood” system. Publication [P7], for instance,
is a joint work in which theory is used to show that the H;r states correlating to the n=2 manifold of H play
a clear role in the experiment, thus showing a shortcoming of the standard two-channel model. Moreover,
we showed there that the nuclear kinetic energy spectrum showed evidence of above-threshold dissociation
through these excited states.

In a more recent submission [7], we revisited the rather old notion of vibrational trapping in H;r Vi-
brational trapping, sometimes called bond-hardening, is a phenomenon which is usually explained in terms
of the Floquet potentials and consists of a portion of the vibrational wave function getting trapped in
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a light-induced potential well. The primary observable conse-
quence — either theoretically or experimentally — is the reduced
dissociation probability for excited vibrational states which is
attributed to their being preferentially caught in the well. Vi-
brational trapping is typically mentioned as an intense-field phe-
nomenon and can be easily seen in a standard two-channel cal-
culation of HJ dissociation in an intense laser. We had explored
this phenomenon theoretically to some extent in [P6] and con-
cluded, as others had before (see references in [P6]), that in-
cluding nuclear rotation essentially eliminates the more extreme
form of trapping in which the dissociation probability actually
decreases with increasing laser intensity. The higher vibrational
states did, however, still show a lower dissociation probability
even though one photon was more than enough to dissociate
them.

Figure 3 explains why the higher vibrational states do not
dissociate appreciably. As it turns out, the explanation is rather
mundane and does not require invoking anything as complicated
as the Floquet picture — first-order time-dependent perturba-
tion theory is sufficient. The answer is simply that the vibra-
tional dipole matrix elements are smaller. Figure 3(b) shows the

212 2230
m

IDE) (2-.)

~~~~~~~ 7fs (x50)
——100fs

I d
3]
T

KER (eV)

00 L L L
10° 10% 10" 0 2 4 6 8 1012 14 16 18
Probability density (eV"') Y

Figure 3: (a) HJ potentials and wave functions.
(b) The Hé" vibrational dipole matrix elements
(IDy(E)|?). The dashed lines indicate the results
for 790 nm and 395 nm photons. (c) Spectrum for
H; dissociation at 790 nm from perturbation the-
ory at 4x10'0 W/cm? for 7 fs and 100 fs pulses,
after Franck-Condon averaging the initial vibra-
tional distribution. (Adapted from Ref. [7].)

squared dipole matrix elements as a function of initial vibrational states v and final kinetic energy release
(KER). As Fig. 3(a) shows schematically, initial and final states with comparable classical turning points will
have the largest overlap, and when the energy separating these turning points matches the photon energy
something like a resonant condition is achieved. Further, the dipole matrix element oscillates as a function
of KER, so that the states whose dissociation is “suppressed” depends on laser wavelength.

To solidify this explanation and demonstrate its relevance to
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Figure 4: (a) Experimental H; KER spec-

trum using a 40 fs, 3x10'3 W/cm? pulse. (b)
Nonperturbative theoretical spectrum for a 45 fs,
4x10'® W/cm? pulse. Ticks for one-photon dis-
sociation from a state v are shown along the top
of the panels. The corresponding relative dissoci-
ation probabilities Pp from the area of the Gaus-
sian fits in (a) are shown in (c). The equivalent
theoretical Pp from (b) are shown in (d), along
with perturbative results (dashed line) normal-
ized at v=9. (Adapted from Ref. [7].)

experiment, I. Ben-Itzhak’s group simply measured the dissoci-
ation of Hy . Since they have sufficient resolution to resolve the
vibrational states, we could carry out a farily detailed compar-
ison which is shown in Fig. 4. Similar results and comparisons
were made in [7] for 395 nm as well. While not perfect, we
believe the agreement in Fig. 4 confirms that the lower dissocia-
tion probability of the higher vibrational states of H; in intense
lasers is simply a result of a small dipole matrix element, which
can, in turn, be easily understood from the wave functions as in
Fig. 3(a). Thus, it does not appear necessary to invoke a multi-
photon, intense laser explanation for “vibrational trapping”.

Future plans Understanding this benchmark system will con-
tinue to be a component of my program. We will proceed along
several fronts: revisiting “understood” issues like the example
above, trying to identify new phenomena, and working towards
a full-dimensional solution of the time-dependent Schrodinger
equation. One of my goals is to be able to make a quantitative
comparison of theory and experiment for the momentum distri-
bution of p+H.
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Controlling molecular rotations of asymmetric top molecules:
methods and applications

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

1 Program Scope

The goal of this part of the JRML research program is to develop better methods of aligning
and orienting polyatomic molecules, particularly for ultrafast AMO experiments. At this point,
we are still in the process of setting up the experiments, and in the following we’ll describe
progress made so far.

2 Recent Progress

2.1 kHz VMI setup: Xiaoming Ren and Vinod Kumarappan

The importance of keeping the rotational temperature of the molecular as low as possible is
now widely appreciated [1], and our goal is to get it as low as possible. We also want to be able
to run the experiment as rapidly as is technically feasible, particularly in view of the fact that
the shared laser system in JRML is available only 3-4 days a month. These two requirements
set the parameters for the design of our new velocity map imaging spectrometer which we will
use for alignment and orientation experiments.

Since lab space became available in Nov 2008, we have built a high resolution, 1 kHz velocity
map imaging spectrometer [2] for aligning molecular targets at ~1 K rotational temperature.
The heart of this setup is a kHz Even-Lavie valve [3]. This miniaturized solenoid valve operates
at repetition rates of up to 1 kHz with a gas pulse duration of ~10 us, which allows operation
with up to 100 bar of stagnation pressure for the adiabatic expansion. We use helium as the
buffer gas, and seed less than ~0.1% of the target molecule in this high density flow. The result
of the high pressure adiabatic expansion out of the 100 um nozzle is a target with rotational
temperatures in the ~1 K range.

If the heart of the setup is the cold molecule source, the brain is the data acquisition
system. We analyze the light distribution produced by each individual ion/electron hit on the
micro-channel plate/phosphor screen detector to determine its centroid. This gives us sub-
pixel resolution for each ion hit, and also provides an excellent measure of saturation since
we can quantify the number of overlapping hits on the detector. In order to achieve this, we
acquire images of the phosphor screen that every laser shot using a fast CMOS camera (Basler
A504k, 1000 fps at 500x500 pixels). The P47 phosphor itself has a decay lifetime of 120 ns,
and camera exposure is gated to 50 ps. The images are analyzed in real-time on a dual quad-
core workstation using a parallel image processing algorithm, which finds the centroid of the
light produced by each ion hit. By analyzing the shape and size of the light distribution, the
algorithm also separates most partially overlapped hits and tags those that can be identified as
overlapping hits but cannot be separated. We can detect 50-100 hits per laser shot without any
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Figure 1: The experimental setup. The abbreviation used are P for polarizer, BS for beam-
splitter, A/2 for half-wave plate, and L for 35 cm focal length lens.

significant image saturation effects. The end product is a high resolution, high data rate, high
dynamic range (limited only by the total acquisition time available) spectrometer well suited
for our experiments.

We measured the non-adiabatic alignment of iodobenzene as a test of the setup, shown in
Figure 1. Figure 2 shows the measured time-evolution of (603292 D), where 05p is the angle the
location of an ion hit makes with respect to the alignment axis on the 2D detector. Note that
this angle is not the same as the Euler angle 6 that describes the orientation of the molecule with
the laser polarization, but it does provide a convenient measurement of the degree of alignment.
The pump was polarized in the plane of the detector, and the probe perpendicular to it. This
geometry minimizes the the influence of probe-selectivity on the measured distribution. The
degree of alignment is comparable with published data [4], providing indirect evidence that the
molecular target is as cold as expected.

2.2 3D Velocity Map Imaging: Xiaoming Ren, Varun Makhija and Vinod
Kumarappan

VMI is widely used in AMO experiments because of its ease of implementation and rapid
rate of data acquisition when compared to other imaging techniques like COLTRIMS. It does
suffer from one significant limitation - the measurements are 2D projections of 3D velocity
distributions. A standard VMI setup limits us to either 2D measurements, as was used the
iodobenzene measurements, or to distributions that are cylindrically symmetric with the axis
of symmetry in the plane of the detector. In the latter case, Abel inversion is used to reconstruct
the full 3D velocity distribution. But the requirement of cylindrical symmetry for Abel inversion
is quite restrictive, disallowing the use of elliptical polarization or any combination of linear
polarizations not along the same direction in a multi-pulse experiment.

We have developed a tomographic method to overcome this limitation [5]. As is well-known
in medical imaging [8], an arbitrary 3D function can be reconstructed from a sufficient number
of 2D projections along different directions on any 2D plane using the inverse Radon transform.
In the case of a laser-VMI experiment, which projects the 3D velocity distribution of charged
particles onto a 2D detector, the axis of projection can be changed by simultaneously rotating
all the polarization vectors involved in a experiment using a half-wave plate. A filtered back-
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Figure 2: A typical velocity map image of It ions from iodobenzene is shown. The two rings
correspond to singly and doubly-charged Coulomb explosion partner to the I'™ ions. In this case,
the molecules are not aligned, and the Coulomb explosion beam is horizontally polarized. The
image shows the directional selectivity of the probe process. (cos*@ap) shown in the graph is
measured with the probe polarized perpendicular to the detector, so that the probe does not favor
any direction in the plane of the detector.

projection algorithm (or any of a variety of other algorithms available) can then be used to
reconstruct the 3D distribution. This method is completely general and does not place any
restrictions on the symmetry of the distribution.

Figure 3 shows representative slices of 3D velocity distributions of I* fragments from aligned
iodobenzene. After aligning the molecules as described in the previous section, we produce I
ions using the probe pulse which is polarized perpendicular to the pump pulse. Clearly, the
recontrcuted velocity distribution does not possess cylindrical symmetry — it reflects both the
angular distribution of the molecules and the angular selectivity of the probe beam.

x-Z plane x-y plane y-z plane Laser .
propagation
direction

Probe
polarization

Figure 3: Three representative slices (at y=0, z=40, and x=40, respectively. The total 3D
volume is 360x 360x 360 voxels.) of the 3D velocity distribution of I fragments from aligned
iodobenzene molecules ({(cos*Gap) = 0.68). The geometry is given by the coordinate axes on the
right. The distribution is not cylindrically symmetric since the pump and probe polarizations
are perpendicular to each other.

3 Future Plans

We have installed a magnetic shield around the VMI spectrometer to enable us to measure
photoelectron angular distributions from aligned molecules. A polarization pulse shaper will be
added soon, with the goal of measuring and optimizing field-free 3D alignment of asymmetric
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top molecules. We are working on an optical method for measuring 3D alignment so that
a genetic algorithm can converge in a reasonable amount of time. Two groups have shown
this year [9, 10] that a state-selected target is essential for orienting molecules, and we will
add a state-selector in the next few months. This will allow us to orient asymmetric tops in
laser-field-free conditions.

4 Publications and conference contributions from DOE spon-
sored research:

1. “Tomographic measurement of 3D ion velocity distributions from rotationally cold molecules
using a kHz VMI spectrometer”, Xiaoming Ren, Varun Makhija, and Vinod Kumarappan,
contributed poster, Second International Conference on Attosecond Physics, Manhattan, KS
(2009).
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Interactions of intense lasers with atoms and molecules and dynamic chemical
Imaging

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

Program Scope:

We investigate the interaction of intense laser pulses with atoms and molecules. In the last year
we have carefully established the validity of the recently developed quantitative rescattering
theory (QRS) for high-order harmonic generation (HHG) and high-energy ATI (HATI) electron
momentum spectra. Using the QRS, we (i) obtained HHG spectra from aligned molecules, (ii)
extracted elastic differential scattering cross sections of electron-ion collisions from HATI
spectra, and (iii) extracted laser parameters for few-cycle pulses from HATI spectra. We thus
have established the theoretical foundation for using few-cycle infrared lasers for dynamic
chemical imaging of a transient molecule.

Introduction

When an atom or molecule is exposed to an intense infrared laser pulse, an electron which was
released earlier may be driven back by the laser field to recollide with the parent ion. The
collisions of electrons with the ion may result in high-order harmonic generation (HHG) or the
emission of high-energy above-threshold-ionization (HATI) electrons. These HHG and HATI
spectra contain information on the structure of the target. If such structural information can be
extracted, then infrared lasers can be used for dynamic chemical imaging with temporal
resolution down to a few femtoseconds.

In the last year, we have fully established the quantitative rescattering theory (QRS) which
shows that photo-recombination cross sections can be extracted from the HHG spectra, and
elastic differential cross sections (DCS) between electrons and ions can be extracted from the
HATI spectra, respectively. In the meanwhile, we also showed that experimental HATI spectra,
combined with the QRS, allows an accurate and fast fully non-optical method of retrieving laser
parameters. In this report, we summarized the main conclusions achieved since last report and
outline the projects to be undertaken in the coming year.

Quantitative rescattering theory (QRS) for HATI electrons induced by lasers
Recent progress

We have fully documented the QRS theory for HATI electrons in paper #A3. The idea and
approximations behind the QRS, test of the theory against results from solving the time-
dependent Schrodinger Equation (TDSE), against experimental results, the dependence of HATI
spectra on the target, the wavelength and intensity of the laser used, have all been carefully
examined. In the meanwhile, in paper #A4, it was shown that high-energy photoelectron spectra
for different targets can all be attributed to their difference in the elastic differential scattering
cross sections, between the returning electrons and the parent ion, thus clarifying the role of
target structure in the photoelectron spectra generated by the lasers.

Using the QRS, we also can extract elastic differential cross sections. This has been
demonstrated using photoelectron spectra generated by long laser pulses (about 100fs) for Ne, Ar,
Kr and Xe atoms, see paper #AS5. The extracted elastic scattering cross sections are in good
agreement with those calculated from theory. To test the imaging idea, we further used the
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theoretically calculated DCS as input, and confirmed that we can retrieve the target atom
structure where the atom is described by a model potential. The result of this work is reported in
paper #A10. It shows that even with a limited range of energies typically covered by the returning
electrons generated by the laser, the retrieval of the structure of simple atoms is quite accurate.
This work is a first direct demonstration that accurate structure of the target can be probed using
infrared lasers. The QRS theory plays a very important role here since it shows that the DCS can
be extracted without the need of knowing accurate parameters of the laser used and the DCS
extracted should be independent of laser’s wavelength, peak intensity and the carrier-envelope-
phase of the few-cycle pulses.

Ongoing projects and future plan

We are extending the QRS to study HATI spectra from aligned molecules. Due to the increasing
degrees of freedom for molecular targets the calculations will be more time consuming.
Furthermore we need to make sure that differential scattering cross sections by free electrons with
aligned molecular ions are accurately calculated. This will require the careful interaction with our
collaborator, Dr. Robert Lucchese, in the coming year.

QRS Theory and retrieval of laser parameters from HATI spectra

Recent progress
Since calculations of HATI spectra using the QRS are thousands times faster than solving TDSE
numerically but of comparable accuracy as TDSE, the QRS theory can be easily applied to obtain
electron spectra that can be directly compared to experiments, where one has to consider
electrons generated from the whole focal volume of the laser pulse. Since the DCS is independent
of laser’s peak intensity, laser focus volume effect is included in the volume-integrated returning
electron wave packet. By analyzing the experimental electron energy spectra for detectors on the
“right” and the “left” of the laser’s polarization, and comparing with spectra simulated using the
QRS, we were able to retrieve accurate carrier-envelope-phase (CEP), the peak intensity and
pulse duration of phase-stabilized few-cycle pulses. These results were reported in papers #A6
and #A7.

Very recently we have improved this method such that it can be applied to single-shot
measurements. It relies on measuring HATI electron momentum spectra for each single shot and
the method has been applied to single-shot data taken at MPI, Garching, where 4500 single-shot
data were recorded [Nature Phys. 5, 357 (2009)] . Our new method allows us to retrieve the peak
laser intensity, pulse duration and the CEP of each shot, quickly. Using this method to tag the
CEP of each single shot, it is possible to study the CEP effect for laser pulses where the CEP’s
are not stabilized. This is important since even for phase-stabilized pulses the variation of CEP
from shot to shot is still about 20° or more, while our method shows that in single-shot
measurement the CEP is accurate to better than about 3°. Moreover, CEP stabilization cannot be
done for longer wavelength lasers yet and for experiments at very high peak intensities. Using
CEP-tagging, the study of the waveform dependence of laser-matter interaction can be extended
to beams where phase stabilization is not yet possible.

Ongoing projects and future plan

The new CEP retrieval method for determining laser parameters is very powerful. We hope to
collaborate with experimentalists such that they will adopt the method and determine the CEP for
each shot themselves. Currently we are also testing this method in two-color experiments. In
these experiments, for example, using 800 nm laser to generate the 2" harmonic, then recombine
800nm and 400nm pulses with varying time delay, the combined beam, if the relative phase of
the two colors are varied continuously, deals with physics issues that are similar to the study of
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CEP dependence in few-cycle pulses. The present retrieval method will allow accurate
determination of the relative phase between the two colors.

QRS Theory and HHG spectra from aligned molecules

Recent progress

In the last year, we have extended the QRS so that both the amplitude and phase of high-order
harmonics can be calculated. We first applied the method to atomic systems where accurate results can
be obtained from solving the TDSE. The validity of the QRS for atoms was reported in Paper #A11.
Since our major interest is HHG in molecular systems, we need to use photo-recombination cross
sections, or equivalently, photoionization amplitude and phase, of molecules. This is a highly
specialized area. Thus we sought help from Dr. Robert Lucchese, and has since successfully generated
transition dipole amplitude and phase using his computer codes. From these data, using the QRS, we
were able to calculate accurate HHG spectra from aligned molecules. Initial results obtained for CO,
molecules for emitted HHG polarized along the direction of the laser polarization direction have been
reported, see Paper #A2. In the meanwhile, a long write-up, detailing the QRS theory for HHG has
been published, see Paper #A1. In these two papers, we have shown that the QRS indeed can explain
HHG spectra from partially aligned molecules, when compared to experimental results reported from a
number of different laboratories. We thus established that HHG spectra provide an alternative method
for studying molecular frame photoionization cross sections which are difficult to perform using
standard synchrotron radiations.

We have also made an initial study of the macroscopic propagation effect of HHG in a dilute medium
using the single-atom dipole moment calculated from the QRS. In Paper #A9 we showed that the QRS
is valid for such dilute medium and thus photoionization cross sections and phases can be extracted
from the experimental HHG spectra.

Ongoing projects and future plan

The QRS provides a quantitative theory for calculating HHG spectra without introducing additional
arbitrary approximations. Thus calculations can be directly compared to experiments. Since in many
experiments some of the experimental parameters, such as the peak laser intensity and temperature of
the gas jet, are not accurately determined, using QRS, calculations can be carried out by adjusting
these parameters until the theory achieves better agreement with experiments. This is possible since
QRS calculations are very fast after the photoionization dipole amplitudes and phases are available.
Currently the QRS theory is being applied to study the relative contributions of HHG from outermost
vs. from inner orbitals, for N, and CO,. The former has been studied experimentally at Stanford and
latter at NRC, Canada. We are also studying the polarization of HHG measured for these two
molecules, which will be compared to data from JILA. Study of HHG from a truly dynamic system
will begin in the later part of the coming year.

Attosecond Physics

In the last two years we have not devoted much effort on attosecond physics experiments so we
were able to focus on the development of the QRS theory. Experiments using attosecond pump
and infrared probe beams are beginning to emerge recently. Electron spectra using He targets
from such experiments have appeared recently. The interpretation of these experiments so far has
relied on solving the TDSE which often does not provide a clear interpretation of the origin of the
observed features. We will begin to look into problems associated with this type of experiments
and hope to be able to find alternative approaches where interpretation can be more transparent.
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Structure and Dynamics of Atoms, lons, Molecules and Surfaces:
Atomic Physics with lon Beams, Lasers and Synchrotron Radiation

I.V. Litvinyuk, Physics Department, J.R. Macdonald Laboratory, Kansas State University,
Manbhattan, KS 66506, ivl@phys.ksu.edu

1. Time-resolved dynamics of heavy-particle motion in neutral molecules and molecular
ions

Our goal is to study and understand the physics of ultrafast processes involving the motion of
nuclei associated with the rotation, vibration, rearrangement and dissociation of molecules and
molecular ions. We apply pump-probe techniques in combination with COLTRIMS detection to
study the dynamics of nuclear motion as it takes place in real time with the ultimate goal of
recovering the time-dependent molecular structure and orientation — making a “‘molecular
movie”.

Recent progress:

1.1 Pump-probe studies of nuclear dynamics in N, O, and CO using few-cycle pulses and
Coulomb explosion as a probe, I. Bocharova, M. Magrakvelidze, S. De, D. Ray, C.L. Cocke and
I.V. Litvinyuk. We use a pair of intense few-cycle (8 fs ) pulses with variable delay to im age all
nuclear dynamics in m ulti-electron diatomic molecules following interaction with an ultrashor t
pump pulse. Such interaction results in produc tion of various charge/e xcited states, both bound
and dissociative. COLTRIMS technique allows us to select a specific final charg e state and to
plot kinetic energy release (KER ) and angular distributions of the fragments as a function of
pump-probe delay. From KER time dependence we can identify specific intermediate states of
molecular ions and follow their tim e evolu tion. W e also m odel nuclear m otion in those
molecular ions num erically, using their known el ectronic potentials within a one-dim ensional
quantum wavepacket model. The model reprodu ces well our experim ental time-dependent KER
spectra for all studied molecules. The behavior o fthose molecules differs due to their different
electronic structure. Though only i0 nic fragments are detected in these experiments, the results
can also reveal interesting electron dynamics, as described below.

1.1.a Real-time dynamics of electron localization observed in dissociating N,**. In this
particular experiment, we measured dependence of yields and kinetic energies for symmetric N**
+N?"(2,2) and asymme tric N°" + N7 (3,1) dissociation channels of N ,*" on time delay between
few-cycle 800 nm pump and probe pulses. The pump pulse produces a dissociating molecular tri-
cation from which the tim e-delayed probe pulse removes the fourth electron. That results in
either (2,2) or (3,1) final dissociation channel. We observe that the asymmetric (3,1) channel is
produced only for delays of up to 20 fs and completely suppressed for longer delays. The
symmetric (2,2) channel is efficiently produced for all studied delays. W e interpret that
observation as an indication that th e unpaired electron in dissociating N 5> is com pletely
localized on one of th e ions after 20 fs. After this localization is completes, the probe pulse can
only further ionize N * as the other ion (N **) has a m uch higher ionization potential. Ours is the
first d irect tim e-resolved m easurement of this electron loc alization, which p lays an im portant
part in the mechanism of charge-resonant enhanced ionization (CREI).
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1.2 Dynamic field-free orientation of heteronuclear molecules (CO and NO) induced by
two-color femtosecond laser pulses, S. De, |. Znakovskaya, D. Ray, |. Bocharova, M.
Magrakvelidze, F. Anis, B.D. Esry, C.L. Cocke, M. Kling and 1.V. Litvinyuk. In collaboration
with MPQ Garching, we conducted at JRML an ex tensive series of experim ents on rotational
dynamics induced in heteronuclear diatom ic mo lecules by field-asymmetric fem tosecond laser
pulses. The pum p pulses were produced by combining fundam ental 800 nm frequency with its
second harmonic (400 nm ). For certain relative phases such ( ®+2m) pulses break inversion
symmetry of electric field and generate coherent rotational wavepackets containing both odd and
even J-states. In heteronuclear molecules such wavepackets result in periodically reviving field-
free macroscopic orientation. We detected orientation by Coulomb exploding the molecules with
one-color (800 nm ) pulses and m easuring fragment angular distributions with VMI. W e were
able to p roduced orien ted ensem bles in both CO and NO in f ield-free cond itions. Model
calculations for CO reproduce well our experim ents and suggest that orientation in CO is due t o
its asymm etric hyperpolarizability, rather than its perm anent di pole m oment. Ours is the first
successful experiment having produced field-free molecular orientation.

Future plans: We started to use our new velocity m  ap im aging (VMI) detector instead of
COLTRIMS in our pum p-probe dynamics studies. While we do lose coincidence inform ation,
with VMI much im proved count rates allow us to explore m uch longer delay ranges (tens of
picoseconds) within our lim ited experimental time. W e have already observed vibrational and
rotational revivals in nitrogen. We will continu e to study longer tim e dynamics in diatom ics.
With heteronuclear diatomics we will continue working on two-color laser orientation.

2. Strong-field ionization of molecules studied by COLTRIMS

This aspect is directed towards understanding dynamics and mechanisms of single, double and
multiple ionization of molecules by intense femtosecond laser pulses. To achieve that, we
measure coincidence momentum spectra of resulting ion fragments (and sometimes also
electrons) for different pulse ellipticities, durations and peak intensities. The experiments were
conducted at JRML, as well as (in collaboration with INRS-Quebec and University of Waterloo)
at the Advanced Laser Light Source (ALLS) in Montreal.

Recent progress:

2.1 Alignment dependence of tunneling ionization of D, measured in randomly oriented
molecules with circularly polarized pulses, M. Magrakvelidze, S. De, I. Bocharova, H. Feng,
U. Thumm and I.V. Litvinyuk. In this experiment at JRML we employed electron-ion coincidence
momentum spectro scopy to m easure th e re lative angle be tween an e mitted elec tron and a
deuteron resulting from field dissociation of the molecular ion produced by a circularly polarized
pulse. W e deduced the angular dependence of  the m olecular ionizati on probability without
having to align the molecules first. We determined that with 50 fs pulses of 1850 nm wavelength
and 2x10'* W/cm? intensity neutral D, molecules are 1.15 tim es more likely to be ionized when
the laser electric field is parall el to the m olecular axis than fo r the perpendicular orientation, in
excellent agreement with our ab initio theore tical model. Our results also agree with predictions
of the m olecular Ammosov-Delone-Krainov (mo- ADK) theory, as w ell as those of a sim ilar
experiment perform ed with 800 nm  pulses of com parable intensity and duration on H 2
molecules.
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2.2 Electron recollission processes in H, and D, studied with few-cycle laser pulses, |I.
Bocharova, F. Legare, J. Sanderson and 1.V. Litvinyuk. In this ALLS collaboration w e studied
electron re collision pro cesses induced in D ; by nonlinear interaction w ith 800 nm few-cycle
laser pulses using coincidence ion mom entum imaging. We took advantage of 5 kHz repetition
rate and ultra-short duration (6 fs) of the ~ALLS beamline to study ionization of hydrogen at
very low in tensities (down to 1x10 '* W/cm?). We show that seque ntial double ionization is
suppressed at intensities below 2x10  '* W/ cm? and the inelas  tic rescatterin g processes
(recollision induced electronic ex citation and double ionization) become dominant and can be
carefully in vestigated a s a f unction of laser intensity an d ellip ticity. W e experim entally
confirm that non-seq uential double ionization (NSDI) arises fro m recollis ion-induced
electronic excitation of D," 22g+ state followed within sub-cycle time scale by field ionization.

2.3 Dynamics of Coulomb explosion in CO; studied by triple-coincidence ion momentum
imaging, |. Bocharova, J. Sanderson, F. Legare and I.V. Litvinyuk. In this ALLS collaboration
we studied dynam ics of laser-i nduced Coulom b explosion of CO ; by f ull triple-coincidence
momentum resolved detection of resulting ion  fragments. From the coinciden ce mom entum
data we can reconstruct m olecular geom etry immediately befo re explosion. W e observe the
dynamics of Coulom b explosion by com paring reconstructed CO , geom etries for different
Ti:Sapphire laser pulse durations (at the same intensity) ranging from few cycles (7 fs) to 200
fs. We conclude that for longer pulse durations ( €100 fs) Coulomb explosion proceeds through
the enhanced ionization mechanism taking place at the critical O-O distance of 8 a.u., similarly
to well known charge-resonance enhanced ionization (CREI) in H,.

Future plans: We are planning to take advantage of our newly acquired expertise in m olecular
orientation to m easure angular dependence of ionization rates  for heteronuclear diatom ics.
Further, we will use VMI to m easure angular resolved electron ATI spectra for aligned and
oriented molecules to uncover single ionization mechanisms. W e are also plann ing to extend
hydrogen rescattering experim ents to few-cycle pul ses at longer wavelengths, taking advantage
of the newly developed source at ALLS. We have already com pleted a series of experim ents
with 1300 nm few-cycle pulses, an d are planning siilar studie s at 1500 nm and 1800 nm . With
CO; we are planning to conduct a real pum p-probe dynamics experiment with consequent full
time-dependent molecular structure reconstruction.

Publications in 2008-2009:

7. "Angular dependence of the strong-field ionization measured in randomly oriented hydrogen
molecules”, Maia Magrakvelidze, Feng He, Sankar De, Irina Bocharova, Dipanwita Ray, Uwe
Thumm, I. V. Litvinyuk, Phys. Rev. A 79, 033408 (2009)

6. "Quantum-beat imaging of the nuclear dynamics in D2+: Dependence of bond softening and
bond hardening on laser intensity, wavelength, and pulse duration™, Maia Magrakvelidze, Feng He,
Thomas Niederhausen, Igor V. Litvinyuk, Uwe Thumm, Phys. Rev. A 79, 033410 (2009)

5. "Elusive enhanced ionization structure for H2+ in intense ultrashort laser pulses"l. Ben-Itzhak,
P. Q. Wang, A. M. Sayler, K. D. Carnes, M. Leonard, B. D. Esry, A. S. Alnaser, B. Ulrich, X. M.
Tong, I. V. Litvinyuk, C. M. Maharjan, P. Ranitovic, T. Osipov, S. Ghimire, Z. Chang, C. L. Cocke
Phys. Rev. A 78, 063419 (2008)

a7


http://pra.aps.org/
http://dx.doi.org/10.1103/PhysRevA.79.033408
http://pra.aps.org/
http://dx.doi.org/10.1103/PhysRevA.79.033410
http://pra.aps.org/
http://dx.doi.org/10.1103/PhysRevA.78.063419

4. "Wavelength-dependent study of strong-field Coulomb explosion of hydrogen”, I V Litvinyuk, A
S Alnaser, D Comtois, D Ray, A T Hasan, J-C Kieffer, D M Villeneuve, New J. Phys. 10, 83011
(2008)

3. "Direct Coulomb-explosion imaging of coherent nuclear dynamics induced by few-cycle laser
pulses in light and heavy hydrogen”, I. A. Bocharova, H. Mashiko, M. Magrakvelidze, D. Ray, P.
Ranitovic, C. L. Cocke, I. V. Litvinyuk, Phys. Rev. A 77, 53407 (2008)

2. "Large-Angle Electron Diffraction Structure in Laser-Induced Rescattering from Rare Gases"

D. Ray, B. Ulrich, 1. Bocharova, C. Maharjan, P. Ranitovic, B. Gramkow, M. Magrakvelidze, S. De,
I. V. Litvinyuk, A. T. Le, T. Morishita, C. D. Lin, G. G. Paulus, C. L. Cocke, Phys. Rev. Lett. 100,
143002 (2008)

1. "Strong-field non-sequential double ionization: wavelength dependence of ion momentum
distributions for neon and argon”, A S Alnaser, D Comtois, A T Hasan, D M Villeneuve, J-C
Kieffer. I V Litvinyuk, J. Phys. B 41, 31001 (2008)

48


http://www.iop.org/EJ/njp/
http://dx.doi.org/10.1088/1367-2630/10/8/083011
http://pra.aps.org/
http://dx.doi.org/10.1103/PhysRevA.77.053407
http://prl.aps.org/
http://dx.doi.org/10.1103/PhysRevLett.100.143002
http://stacks.iop.org/JPhysB/
http://dx.doi.org/10.1088/0953-4075/41/3/031001

Structure and Dynamics of Atoms, Ions, Molecules and Surfaces:
Atomic Physics with Ion Beams, Lasers and Synchrotron Radiation

Uwe Thumm, J.R. Macdonald Laboratory, Kansas State University
Manhattan, KS 66506 thumm@phys.ksu.edu

1. Laser-molecule interactions

Project scope: We seek to develop numerical and analytical tools to i) efficiently predict the effects of strong
laser fields on the bound and free electronic and nuclear dynamics in small molecules and ii) to fully image the
laser-controlled nuclear dynamics.

Recent progress: We continued our investigations of the dissociation and ionization of H," and D, in short
intense laser pulses. We investigated the possibility of controlling the electronic motion in dissociating D," and
studied the controlled manipulation of bound vibrational wave packets with a sequence of short control laser
pulses. We introduced a quantum-beat imaging technique that allows vibrational and rotational beat frequencies,
ro-vibrational couplings, molecular potential curves, and the nodal structure of nuclear wave functions to be
derived from either measured kinetic-energy-release (KER) spectra or numerical probability densities.

Example 1: Controlling and stopping the nuclear motion in D, with laser pulses (with Thomas Niederhausen
and Fernando Martin). We investigated the bound vibrational and dissociation dynamics of D," [1,2] in short
intense laser pulses by applying wave-packet propagation methods.

Fig. 1. Ionization of D, (v=0) by a pump
pulse, followed by the modification of
the vibrational wave packet on the D,"
Iso," potential curve by a control pulse,
and the final destructive analysis via
Coulomb explosion imaging by a probe
pulse.

Based on new full 3D calculations, we examined the possibility of manipulating the vibrational-state
decomposition of bound vibrational wave packets with a sequence of up to eight of control laser pulses at
minimal dissociative loss (Fig. 1).

Fig. 2. Stationary vibrational state composition of an
initial Franck-Condon nuclear wave packet in D,
after exposure to a 6fs 0.1 PW/cm® Gaussian control
pulse as a function of the control-pulse delay.

We found that such a sequence of short control pulses can effectively steer the nuclear motion in D, molecular
ions and, depending on the control-pulse delays, even stop a moving nuclear wave packet to produce an excited
stationary vibrational state (Fig.2).
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Future plans: Control schemes for quenching moving ro-vibrational wave packets into stationary states using a
sequence of standardized control pulses will be further examined. Note that the quality of this Raman—control
mechanism can be tested experimentally by Coulomb-explosion imaging, i.e., by identifying the nodal structure
of the surviving vibrational state in the kinetic energy release (KER) spectrum of the molecular fragments.

Example 2: Strong-field modulated diffraction effects in the correlated electronic-nuclear motion in dissociating
molecular ions (with Feng He and Andreas Becker). We have studied the electronic motion inside dissociating
H," molecules that are exposed to a fs IR laser pulse. The sensitive dependence of the correlated electronic-
nuclear motion can be explained in terms of the diffractive electronic momentum distribution of the dissociating
molecule. This distribution is dynamically modulated by the nuclear motion and periodically shifted in the
oscillating IR electric field. Depending on the IR laser intensity, the direction of the electronic motion can follow
or oppose the IR laser electric force. Our interpretation of this effect in terms of a Wigner phase-space
distribution [3] is based on the passage of electronic flux through diffractive “momentum gates” of the two-
center system that may or may not allow the electron to transfer to the other nucleus. It reveals that the
oscillating vector potential of IR laser field periodically shifts these gates, directiong the electron through
different gates at different laser intensities.

Future plans: We intend to further investigate the control - at a sub-fs time scale - of the internuclear electronic
dynamics in small molecules using XUV and IR pulses and pulse trains [4] of variable shapes [5], delays, center
frequencies, and intensities.

Example 3: Imaging the ro-vibrational nuclear dynamics of small molecules in strong laser fields (with Maia
Magrakvelidze, Thomas Niederhausen, Bernold Feuerstein, Martin Winter, and Riidiger Schmidt). We
investigated the extent to which measured time-dependent fragment KER spectra and calculated nuclear
probability densities can reveal 1) transition frequencies between stationary vibrational states, 2) stationary
rotational states and ro-vibrational (RV) couplings, 3) the nodal structure of stationary rotational and vibrational
states, 4) field-free and laser-field-dressed adiabatic electronic potential curves of the molecular ion, and 5) the
progression of decoherence induced by random interactions with the environment [2,6-8].

Fig. 3. Snapshots of the calculated time evolution of a RV wave
packet in D>

At t=0 a pump laser pulse ionizes D, and excites the initial RV
wave packet from the 1sc,, v=0 state in D, (bottom graph) to the
Iso, state of D," where it evolves, continuously changing its
distribution in R and 6.

Middle graph: probability density of the wave packet in D," at
t=120 fs. lonization by a probe laser pulse after a delay of, e.g.,
=540 fs projects the wave packet onto the repulsive potential
surface of the 2D"-system (top graph), leading to fragmentation
by CE.

Measurement of the KER of the D” fragments as a function of ©
enables the characterization of the wave packet dynamics in
terms of R- and 8-dependent spectra.

Our imaging method is based on the Fourier transformation, w(R, 0, f), over finite samplig times T, of the time-,
internuclear distance (R)-, and molecular orientation (0)- dependent probability density w(R, 0, t) of the D,
nuclear wave packet [7,8]. Applied to numerically propagated D,” RV wavepackets, it allows us to simulate
novel experiments that record a time series of pump-probe-delay (t)-dependent KER spectra by Coulomb-
explosion mapping for 0 <t < T. Our numerical results for vibrational wave packets [2,6,7] demonstrate that the
obtained two-dimensional R-dependent power spectra enable the comprehensive characterization of the wave-
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packet dynamics and directly visualize the laser-modified molecular potential curves in intense, including ‘bond
softening' and “bond hardening' processes [2]. The harmonic time-series analysis leads to a general scheme for
the full reconstruction, up to an overall phase, of the initial wave packet based on measured KER spectra [7].

Including rotation of the molecular ion (Fig. 3) [8], beat frequencies that correspond to a vibrational transition
v—vV’ are split into multiple lines due to rotational-vibrational coupling. These lines represent individual angular-
momentum contributions to the ro-vibrational wave packet (Fig. 4).

Fig. 4. Angle-integrated power spectra for D,", | f de
w(R,0,0)%, as a function of the beat frequency f andde
internuclear distance R. Due to ro-vibrational
couplings, lines for the same vibrational transition and
different angular momenta L, do not coincide.
Vibrational transitions at larger L, appear at lower
frequencies.

Future plans: We intend to simulate the extent to which the quantum-beat analysis of measured time-dependent
fragment KER spectra can quantify the laser-modulated ro-vibrational structure of H," and other diatomic
molecules. Extending this technique to more complicated polyatomic molecular systems and reaction complexes
may enable the investigation of molecular dynamics across the (field-modified) potential barrier along a
particular reaction coordinate, and, thus, provide a basis for novel multidimensional optical-control schemes for
chemical reactions. We further envision to apply this method to quantify the progression of decoherence in the
nuclear motion based on a time series of KER spectra [7].

2. Attosecond time-resolved photoelectron spectroscopy of metal surfaces (with Chang-hua Zhang)

Project scope: We attempt to model the time-resolved photo-electron emission and Auger decay in pump-probe
and streaking experiments with complex targets, such as clusters, carbon nanotubes, and surfaces.

Recent progress: In a recent experiment [9], an attosecond extreme XUV light pulse is used to release electrons
from either bound core levels or delocalized conduction-band states. The released electrons get exposed to the
same IR probe pulse, that was also used to generate the XUV pulse via harmonic generation. The two laser
pulses are thus synchronized with a precisely adjustable time delay t, and the measured asymptotic photoelectron
kinetic energy E depends on 1. By varying 1, a tomographic image of the time-resolved photo-electron kinetic
energy distribution P (E,t) can be recorded. For tungsten surfaces a relative delay of 110 £ 70 as was measured
[9] between the detection of electrons that are photoemitted by absorption of a single XUV photon from 4f-core
and conduction-band levels. We calculated the energy-resolved spectra P, (E, 1) and P4¢ (E, t) for the two
groups of photoelectrons as a function of 1. The comparison of experiment [9] and theory [10] shows
that our IR pulse modulation of the photoelectron kinetic energy agrees with the experiment. In order to
find the temporal shift between our calculated spectra for streaked photoemission from 4f-core and
conduction-band levels, we examined their center-of-energies Ecwm (t) and find agreement with the
measured relative delay (Fig. 5).

Future plans: (1) We intend to include diffraction effects during the propagation of photoelectrons
inside the solid. (2) For XUV pulses that are of the order of or longer than the IR period, illumination of
an adsorbate-covered metal surface with an XUV and a delayed IR laser pulse results in sidebands in
the photoelectron spectra.We have started a detailed analysis of such measured [11] sideband spectra,
and are able [12] to reproduce the measured relative side band heights (SBH). The SBHs parameterize
the delay between the photoemitted core-level electrons and Auger electrons.
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Fig. 5. Streaked photo-emission from conduction-
band and 4f-core levels of a W (110) surface: Ecy as
a function of the delay between the XUV and IR
pulse. (a): Experimental results [9]. The damped
sinusoidal curves are fits to the raw experimental
data. (b): Calculated results [10] showing a relative
shift of 110 as between the two groups of electrons.
Energies for the 4f photoelectrons are multiplied by
a factor 2.5 in (a) and 1.1 in (b).
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1. Program Scope

Using semiconductor nanocrystals (NCs) one can produce extremely strong spatial confinement of electronic
excitations not accessible with other types of nanostructures. Because of spatial constraints imposed on electron
and hole wavefunctions, electronic energiesin NCs are directly dependent upon their dimensions, which is known
as the quantum-size effect. This effect has been a powerful tool for controlling spectral responses of NCs and
enabling potential applications such as multicolor labeling, optical amplification, and low-cost lighting. In
addition to spectral tunability, strong spatial confinement results in a significant enhancement of carrier-carrier
interactions that lead to a number of novel physical phenomena including large splitting of electronic states
induced by electron-hole (e-h) exchange coupling, ultrafast mutiexciton decay via Auger recombination, high-
efficiency intraband relaxation via e-h energy transfer, and direct generation of multiple excitons by single
absorbed photons via carrier multiplication. Understanding the fundamental physics of electronic and magnetic
interactions under conditions of extreme quantum confinement and the development of methods for controlling
these interactions represent the major thrusts of this project. Research topics studied here include single-exciton
optical gain using engineered exciton-exciton interactions, tunable magnetic exchange with paramagnetic ions in
core/shell heterostructures, and Auger recombination and carrier multiplication in NCs of direct- and indirect-gap
materials. In addition to their fundamental significance, these studies are relevant to a number of emerging
applications of NCsin areas such as low-threshold |asing, solar-energy conversion, and magneto-optical imaging.

2. Recent Progress

During the past year, our work in this project focused on studies of exchange interactions in Mn-doped core-shell
structures, single-NC magnetic-field spectroscopy of band-edge states in CdSe quantum dots, comparative studies
of Auger recombination in direct- and indirect-gap semiconductors, pressure-dependent studies of multiexciton
dynamics in PbSe NCs, and optical gain studies of “giant” NCs comprising small CdSe cores overcoated with
thick CdS shells. During 2007-09, our work resulted in 23 peer-reviewed publications including reports in Nature
and Nature Mater ., feature articles in Annu. Rev. Phys. Chem. and Acc. Chem. Res., 4 Phys. Rev. Letters, 3 J. Am.
Chem. Soc. papers, 4 Nano Letters, 3 Phys. Rev. B articles, etc. The studies conducted in this project were
presented in 38 invited conference talks and numerous university seminars. Below, we provide a description of
two pieces of our work in which we deal with Auger effects in NCs of direct- and indirect-gap semiconductors [1]
and exchange interactions in engineered core-shell Mn-doped NCs [2]. In our Auger studies, we observe a very
unusual trend, namely a universal size-dependent scaling of multiexciton decay rates across a wide range of NC
systems (including direct- and indirect-gap materials). In our studies of magnetically doped NCs, we demonstrate
for the first time that exchange interactions in nanostructures can be tuned not only in size but also in sign.

2.1 Universal size-dependent trends in Auger recombination in NCs of direct- and indirect-gap
semiconductors. In bulk direct-gap materials, Auger decay is a three-particle process wherein the e-h
recombination energy is transferred to the third carrier. Because of combined requirements of energy and
translational momentum conservation, this process exhibits a thermally activated behavior and is characterized by
a rate (ra) that scales as r < exp(—Ea/kgT)], where E, is the activation threshold, which is directly proportional to
the energy gap, E,. In indirect-gap bulk materials, carriers involved in Auger recombination are separated in k-
space. In this case, Auger decay occurs with appreciable efficiencies only with participation of momentum-
conserving phonons. While involvement of phonons removes the activation barrier, it leads to a significant
reduction of the decay rate because such Auger recombination is a higher-order, four-particle process. For
example, direct-gap InAs and indirect-gap Ge, exhibit room-temperature Auger constants that differ by five orders
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of magnitude (1.1x107° cm®s™ [81] vs. 1.1x10™" cm’s™, respectively), despite a relatively small difference in
energy gaps (0.35 eV and 0.66 eV, respectively).

The strong spatial confinement that is characteristic of ultrasmall semiconductor NCs, leads to relaxation
of translational momentum conservation, which should diminish the distinction between direct- and indirect-gap
semiconductors with regard to the Auger processes. To analyze the effect of arrangement of energy bands in k-
space on Auger recombination, we have performed a comparison of multiexciton decay rates in NCs of indirect-
gap (Ge) and direct-gap (InAs, PbSe, and CdSe) semiconductors.

Carrier recombination dynamics were monitored using transient absorption (TA) pump-probe
spectroscopy, in which the absorption changes associated with non-equilibrium carriers injected by a sub-100 fs
pump pulse were probed with a second variably delayed pulse. In the case of direct-gap NCs, the probe
wavelength is tuned to the lowest-energy 1S absorption feature to monitor carrier-induced band-edge bleaching.
Because of the small oscillator strength of inter-band (valence-to-conduction band) transitions, indirect-gap NCs
do not exhibit band-edge bleaching but rather show a structureless photoinduced absorption due to intra-band
transitions. Since the strength of these transitions increases with decreasing energy, photoinduced absorption is
typically probed in the infrared (IR) (we used 1100 nm in our measurements of Ge NCs).

From TA dynamics measured as a function of pump intensity, we determine Auger decay times of
biexciton states (t,), and then, use them to calculate effective Auger constants Cyc=V,’(81,)" (V, is the NC
volume). Remarkably, despite a vast difference in electronic structures of the bulk solids (especially when one
compares direct- and indirect-gap materials), the Auger constants in same-size NCs of different compositions (Ge,
PbSe, InAs, and CdSe) are similar. Further, they show a universal cubic size dependence described approximately
by Cyc = BR® (Ris the NC radius). The numerical pre-factor in this expression (B) varies by less than an order of
magnitude (from 0.4x10° cm’s™ for CdSe NCs to 2.3x10° cm®s® for Ge NCs) depending on composition, which
isin sharp contrast to several orders of magnitude spread in Auger constantsin the corresponding bulk materials.

A close correspondence in Auger constants and multiexciton decay rates observed for similarly sized NCs
of different compositions indicates that the key parameter, which defines Auger rates in these materias, is NC
size rather than the energy gap or electronic structure details. These observations can be rationalized by
confinement-induced relaxation of momentum conservation, which removes the activation barrier in Auger decay
in NCs of direct-gap semiconductors and eliminates the need for a momentum-conserving phonon in indirect-gap
NCs. Thus, this effect may smear out the difference between materials with different energy gaps (E, would
normally determine the height of the activation barrier) or different arrangements of energy bands in k-space.

2.2 Tunable exchange interactions in Mn-doped core/shell NCs. Traditionally, embedding paramagnetic atoms
into low-dimensional semiconductor structures requires molecular-beam epitaxy or chemical vapor deposition
techniques. There now exists a rich variety of “diluted magnetic semiconductor” (DMS) quantum wells,
superlattices, and hetero-interfaces, with recent work demonstrating magnetic doping of epitaxially-grown “zero-
dimensional” quantum dots. In parallel however, advances in colloidal chemistry have recently allowed magnetic
doping of semiconductor NCs providing an alternative and potentially lower-cost route towards magnetically
active quantum dots. With a view towards enhancing carrier-paramagnetic atom spin interactions, colloidal NCs
typically generate stronger spatial confinement of electronic wavefunctions compared to their epitaxial
counterparts, which is thought to enhance sp-d exchange coupling even for a single magnetic dopant atom.

Central to the efforts in DM S nanomaterials is a drive to control the interaction strength between carriers
(electrons and holes) and the embedded magnetic atoms. In this context, colloidal NCs provide great flexibility
through growth-controlled “engineering” of electron and hole wavefunctions in individual NCs. In our recent
work [2], we have demonstrated a widely tunable magnetic sp-d exchange interaction between electron-hole
excitations (excitons) and paramagnetic manganese ions using “inverted” core/shell NCs composed of Mn?-
doped ZnSe cores that are over-coated with undoped (i.e., nhonmagnetic) shells of narrower-gap CdSe.

Four series of ZnSe/CdSe NCs were grown, each having ZnSe cores of radius r =17 A. Within each
series the CdSe shell thickness, h, systematically increases from 0 - 8 A. Two series used nonmagnetic (undoped)
“reference” cores, and two used Mn*'-doped cores. Elemental analysis of pyridine-washed magnetic cores
indicates ~2 Mn?" ions per core, on average. Paramagnetic resonance studies indicate that the Mn®* reside
primarily within the ZnSe core, for all h. Low-temperature optical studies of magnetic circular dichroism in this
nanostructures reveal giant Zeeman spin-splittings between the spin +1 band-edge excitons that, surprisingly, are
tunable both in magnitude and in sign. Effective exciton g-factors are controllably tuned from -200 to +30 solely
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by increasing the CdSe shell thickness, demonstrating that strong quantum confinement and wavefunction
engineering in core/shell NC materials can be used to manipulate carrier—Mn? wavefunction overlap and the sp-d
exchange parameters themselves.

Our observations strongly suggest that the sign of the electron-Mn?" exchange constant, ¢, in NCs is
opposite to that in bulk materials. We believe that this effect results from a confinement induced admixture of p-
type valence band symmetry into the electron’s Bloch wavefunction, causing a negative kinetic-exchange
contribution to « that increases with confinement energy (hole exchange constant, 3, remains largely unaffected,
being already dominated by kinetic exchange). Such a possibility has been indeed expected based on recent
theories of DMS quantum wells, however, prior to our studies this effect has never been observed experimentally.

3. FuturePlans

In our future work, we plan to explore two topics: single-exciton gain through giant exciotn-exciton repulsion in
IR emitting type-1l NCsand “ visualization” of single spinsin individual magnetically doped NCs.

3.1 Single-exciton optical gain in IR using exciton-exciton repulsion in type-Il NCs. So far, optical gain in the
IR spectral range with colloidal nanostructures has been only demonstrated for NCs of lead salts such as PbSe and
PbS. These materials, however, are characterized by a high, eight-fold degeneracy of the lowest-energy emitting
states, which results in high optical gain thresholds that corresponds to excitation of at least 4 excitons per NC on
average. This high exciton multiplicity leads to very short gain lifetimes (~10 ps) because of rapid shortening of
the Auger time constants with the number of excitons. This greatly complicates applications of these materialsin
practical lasing technologies.

As we discussed in refs. 19 - 23, type-ll heterostructures can demonstrate optical gain in the single-
exciton regime, for which the population-inversion lifetime is limited not by Auger decay but by the much slower
intrinsic radiative recombination. In our work, we will focus on the synthesis and spectroscopic characterization
of type-1l NCs with IR emission energies. We will explore material systems such as PbSe/CdS and CdSe/CdTe
that exhibit type-1l alignment of energy states in the bulk form. The ultimate goal of this work will be the
demonstration of optical gain and amplified spontaneous emission in the IR due to single-exciton states.

3.2 Detection of single magnetic spinsin semiconductor NCs. Motivated by our recent progress in doping NCs
with magnetic Mn ions [2] and also by our advances in spectrally- and polarization-resolved microscopy of single
NCs [3], we propose to develop optical techniques to measure the magnetization of single Mn spins that have
been doped into NCs. This approach will exploit the well-known exchange coupling in DMSs such as Zn;.
xMn,Se or Cd;.xMnySe, wherein the spin orientation of embedded Mn atoms dramatically influences the
semiconductor’s band-edge radiative transitions.

To detect the spin state of a single Mn ion, it is necessary that we selectively measure photoluminescence
(PL) from an individual NC. This will be achieved using established techniques for single-NC microscopy
(already in regular use in our laboratories). It further requires that in synthesized structures, the NC emission
energy is lower than the energy of the internal Mn transition (2.13 eV). The latter situation can be realized using,
for example, Mn-doped CdSe NCs of large sizes. Additionally, we will explore the use of inverted core-shell
structures based on ZnSe and CdSe. This approach will take advantage of previous techniques for incorporation of
Mn into ZnSe NCs and the growth of high-quality ZnSe(core)/CdSe(shell) structures [2]. As has been
demonstrated previously, the emission energy for these structures can extend to 1.8 eV, which is below the energy
of the internal Mn transition. Core-shell NCs will also provide an interesting opportunity for controlling strength
of the exchange interaction of NC quantum-confined states with Mn ions by tuning the spatial distributions of
electronic wave functions.

The interaction of the Mn atom with electrons and holes (generated by photoexcitation) is expected to yield a
PL spectrum consisting of 6 discrete peaks, each peak corresponding to the radiative recombination of spin 1
electron-hole pairs (excitons) that have interacted with a specific spin state of the Mn atom. The intensity
distribution and energy splitting of the observed PL peaks will reveal the probability of the Mn spin being in that
specific quantum-mechanical state, and the energy splitting between the peaks reveals the strength of the
exchange coupling.
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Objective and Scope

The AMOS program at LBNL is aimed at understanding the structure and dynamics of
atoms and molecules using photons and electrons as probes. The experimental and
theoretical efforts are strongly linked and are designed to work together to break new
ground and provide basic knowledge that is central to the programmatic goals of the
Department of Energy. The current emphasis of the program is in three major areas with
important connections and overlap: inner-shell photo-ionization and multiple-ionization of
atoms and small molecules; low-energy electron impact and dissociative electron
attachment of molecules; and time-resolved studies of atomic processes using a
combination of femtosecond X-rays and femtosecond laser pulses. This latter part of the
program is folded in the overall research program in the Ultrafast X-ray Science
Laboratory (UXSL).

The experimental component at the Advanced Light Source makes use of the Cold
Target Recoil lon Momentum Spectrometer (COLTRIMS) to advance the description of
the final states and mechanisms of the production of these final states in collisions
among photons, electrons and molecules. Parallel to this experimental effort, the theory
component of the program focuses on the development of new methods for solving
multiple photo-ionization of atoms and molecules. This project seeks to develop
theoretical and computational methods for treating electron processes that are currently
beyond the grasp of first principles methods, either because of the complexity of the
targets or the intrinsic complexity of the processes themselves. This dual and tightly
linked approach of experiment and theory is key to break new ground and solve the
problem of photo double-ionization of small molecules and unravel unambiguously
electron correlation effects.
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Objective and Scope

This program is focused on studying photon and electron impact ionization, excitation
and dissociation of small molecules and atoms. The first part of this project deals with
the interaction of soft x-rays with atoms and simple molecules by seeking new insight
into atomic and molecular dynamics and electron correlation effects. These studies are
designed to test advanced theoretical treatments by achieving a new level of
completeness in the distribution of the momenta and/or internal states of the products
and their correlations. The second part of this project deals with the interaction of low-
energy electrons with small molecules with particular emphasis on Dissociative Electron
Attachment (DEA). Both studies are strongly linked to our AMO theoretical studies led by
C.W. McCurdy and T. Rescigno and are designed to break new ground and provide
basic knowledge that is central to the programmatic goals of BES in electron-driven
chemistry. Both experimental studies (photon and electron impact) make use of the
powerful COLd Target lon Momentum Spectroscopy (COLTRIMS) method to achieve a
high level of completeness in the measurements.

Momentum imaging of the photo double ionization of the ethylene molecule.

Direct photo double ionization is a process that arises essentially because of the
electron correlation. The signature of the electron correlation can be seen in the angular
dstributions of the two ejected electrons in the molecular frame system. Ethylene (C,Hy)
is chosen as the ideal system to probe electron correlation in a relatively small molecule
containing a single = bond. We subjected ethylene molecules to VUV radiation near the
double ionization threshold in order to unravel the electron correlation and subsequent
molecular dynamics. As a result of double photoionization, three distinct dissociation
channels were observed: a symmetric break-up channel (CH," + CH,"), a deprotonation
channel (H" + C,Hs") and an asymmetric break-up (H," + C,H,"). We performed the
experiment at a photon energy of 40 eV, approximately 10 eV above the double photo
ionization threshold. In each of the dissociation channels we observe at least two
separate pathways that led to the products. In the vertical transition, the difference
between the photon energy and the sum energy of the two ejected electrons defines
where on the energy potential of the di-cation the system lands. Comparing to the very
limited theoretical potential energy curves found in the literature we conclude that the
third excited state (singlet S3) is the dominant channel for symmetric break up. In
particular two-conical intersections and one-avoided crossing led to the sophisticated
manifold of dissociation pathways originiting from Sz to eventually dissociate through the
di-cation ground state S;. It is quite surprising that no direct population of the S; ground
state of the di-cation was observed in this experiment (no stable or dissociating S;). All
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channels originate from excited states of the di-cation. This absence of the dicationic
ground state is tentatively attributed to having a negligible Franck-Condon overlap in the
torsional mode when a transition takes place from the planar neutral ground state to the
twisted dicationic ground state. The partial and complete differential cross sections were
obtained for the symmetric break-up channel. The single differential cross section for the
major channel (starting at S3) and minor channel (starting at S,) showed marked
differences. In the minor channel pathway (S,) the single differential cross section
showed surprising structures, which could indicate the presence of resonant processes
involving autoionizing states. The multi-differential cross section and in particular the
angle of emission of the electrons relative to each other in the molecular frame exhibit a
very strong electron correlation. Despite the complexity of the system under study
several similarities to double photoionization of the hydrogen molecule were observed.

Photo and Auger electron angular distributions of fixed-in-space CO..

We performed the first kinematically complete experiment of carbon 1s photoionization
of CO, including Auger decay and the fragmentation. The experiment was performed at
the Advanced Light Source using a COLTRIMS technique. By coincident measurements
of carbon (1s) photoelectrons and ion fragments using synchrotron light at several
energies above the C(1s) threshold, we determine photoelectron angular distributions as
well as Auger electron angular distributions with full solid angle in the molecular fixed
frame. We confirm recent unexpected results showing an asymmetry of the
photoelectron angular distribution along the molecular axis after ionization of the carbon
1s orbital. This observation is surprising because the carbon dioxide molecule is linear
with the carbon atom placed between the oxygen atoms. The carbon 1s orbital is almost
spherical-symmetric and diffraction of the electron wave at the oxygen atoms located at
equal distance to the center of the wave should produce a symmetric electron angular
distribution with respect to the center of mass. In this experiment we do not only confirm
the asymmetry but in addition we give a direct experimental support of a mechanism
proposed by theory colleagues McCurdy and Rescigno. In the vibrational ground state
the nuclear wave function is symmetric. However the measurement of a single
photoionization event at an individual molecule can find the molecule at asymmetric
bond length. In such a case, the symmetry is broken by different C-O bond lengths on
each side of the center, and the subsequent Auger decay makes it more likely for the
longer bond to break. Different internuclear distances at the instant of Auger decay lead
to different nuclear kinetic energy releases (KER). As a consequence the asymmetry
should vary with the KER, which is what we observe. Our high resolution measurements
revealed new details in the molecular-fixed frame photoelectron angular distribution and
showed for the first time CO, Auger electron angular distributions in that frame. We
observe a clear link between Auger and photo electron angular distributions due to post-
collision interaction.

Kinematically complete experimental study of the dissociation pathways of the
singly ionized CO molecule.

We studied the dissociation of the singly ionized carbon monoxide molecule, followed by
subsequent autoionization of O, by detecting for the first time all four final fragments (C*
+ O + 2e) in coincidence. In this experiment the supersonic jet of carbon monoxide was
illuminated by the 43 eV x-ray beam at the Advanced Light Source. Although some
direct double ionization of CO molecule was observed, the energetics dictated that most
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of the registered events must be attributed to single ionization followed by an
autoionization in the atomic state of the oxygen. The energy of the slow electron is
constant and independent of the first electron energy or of the nuclear kinetic energy
release (KER) which is a clear signature of autoionization. The molecular dissociation of
CO" ion followed by autoionization of the oxygen has been observed before. In this
study we performed the most kinematically complete experiment where by
simultaneously measuring the vector momenta of all particles we were able to extract
the KER of the reaction together with the energies and complete angular distributions of
photo-electron and autoionization electron in the body-fixed molecular frame. The study
of these detailed angular distributions as a function of polarization and KER reveal a
surprising dissociation dynamics. Comparison with theoretical calculations by colleagues
Rescigno and Orel shine light on the molecular states involved in the initial process of
photo-ionization. We observe a strong correlation between the angle of emission of the
photo-electron and the angle of emission of the autoionization electron despite the fact
that autoionization takes place in the atomic oxygen when the molecule has already fully
dissociated. Further studies both experimental and theoretical are on-going to
understand the origin of this unique photo and autoionization electron correlation.

Dissociative electron attachment to water molecules: imaging of the dissociation
dynamics of the water anion.

A Coltrims spectrometer has been modified for measuring the angular dependence and
kinetic energy release of negative ion fragments arising from dissociative electron
attachment to water and heavy water molecules. The resonant attachment of a low
energy electron to a water molecule occurs via three metastable electronic states of the
H,O anion, whose vertical transition energies determine the incident electron energy at
which attachment occurs. Following the electron attachment a competition between
autodetachment of the electron and very fast molecular dynamics that keeps the
electron attached to the nuclei takes place. This fast dynamics is key in converting
electronic energy to nuclear motion. The dissociation of the three resonance states of
the anion (°By, °A; and ?B,) involves complicated polyatomic dynamics involving conical
intersection and, perhaps Renner-Teller effects, and occurs in several interesting ways.
The angular dependence of dissociative attachment depends both on the entrance
amplitude and the more complicated nuclear dynamics of the anion transient state. We
find that the attachment of the electron to the molecule is exquisitely sensitive to the
orientation of the molecule with respect to the incoming electron. The measured angular
distributions of the anion fragments (O or H) confirm quite well the concept of entrance
amplitude and the unique angular selectivity of electron attachment for each resonance.

Future Plans

We plan to continue application of the COLTRIMS approach to achieve complete
descriptions of the single photon double ionization of CO and its analogs. Of particular
interest is an in-depth study of the “photo-autoionization” electron correlation and
entanglement. Our earlier observations of the isomerization of acetylene to the
vinylidene configuration forms a basis for possible further studies of this phenomena
perhaps using deuterated acetylene to alter the relative time scales of molecular rotation
and the dissociation dynamics. We plan to continue using our new “electron impact
Coltrims” to study dissociation electron attachment to some biologically relevant
molecules.
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Program Scope: This project seeks to develop theoretical and co mputational methods f or
treating electron processes that are important in elec tron-driven chemistry and phy sics and that
are currently beyond the grasp of first principles methods, either because of the complexity of the
targets or the intrinsic complexity of the processes themselves. A major focus is the development
of new methods for solving multiple photoionization and electron-impact ionization of atoms and
molecules. New methods are also being developed and applied for treating low- energy electron
collisions with pol yatomic molecules and clusters. A state-of-the-art approach is used to treat
multidimensional nuclear dynamics in polyatomic systems during resonant electron collisions and
predict channeling of electronic energy into vibrational excitation and dissociation.

Recent Progress and Future Plans:

Exterior co mplex scaling (ECS) continues to provide the co mputational fram ework for our
studies of strongly correlated processes that involv e several electrons in the continuum. We have
used this methodology with some success in studies of two-photon double ioni zation of helium
(refs. 7,13,16). Experiments underway at FLASH aimed at studying two-photon double ionization
of hom onuclear diato mics have prompted ustoe  xtend o ur 2 hv-DPI studies to  molecular
hydrogen. We have co mpleted a preli minary study (ref. 22) wh ich focused on calculating the
fully differential cross section at 30 eV photon en ergy for equ al-energy sharing of the ejected
electrons. Although the results for H , showed so me of the trend s observed earlier for helium
such as a gen eral preference for back-to-back electron escape, the calculations reveal significant
molecular ef fects. We fi nd significant differen ces in both the shape and magnitude of the
differential cross sections for photon polarization parallel and perpendicular to the molecular axis.
We also find that the propensity for back-to-back ejection, which is greatest when one electron is
aligned with the polarization vector,  decreases as the angle between one  electron and the
polarization vector increases. These i nitial studies were carried out for a single internuclear
distance. However, we e xpect the effects of nuc lear motion to be significant in  both real and
virtual sequential absorpti on where on e photon is absorbed and the nuclei can m ove before the
second photon is absorbed. These effects, as well as results for other energy -sharings, will be the
subject of future studies.

The onset of Young’s two-s lit interference effects in
single photoi onization (or double ph otoionization at
extreme unequal energy sharing) of hom onuclear
diatomics is expected when the De Broglie wavelength Li," photoelectron
of the ejected electron is comparable to the internuclear angular distributions
distance. The interpretation of these  effects can be at 52 eV photon
obscured by the use of  circularly polarized, as we gﬁftr fl}r’l)f Orafgl)ﬂ lt ©
sh0w§d in our studies of H'z double io niza_tion at hi_gh pependicrl)llar and
energies, which was pub  lished in  Physical Review circular polarization.
Letters (ref. 17). We hav e followed this stud y with a
systematic comparison (ref. 19) of two-center effects in
the photoionization of H ,',Hyand Li," using circularly
polarized light. The results show that, in general, t he

calculated angular distributions for circ ularly polarized

62


mailto:tnrescigno@lbl.gov
mailto:cwmccurdy@lbl.gov

light are very sim ilar to th ose obtained by averaging the corresponding ang ular distributions for
parallel and perpendicul ar linearly polarized light, im plying that coherence between th e
corresponding £,"and II, am plitudes is barely responsible for the sha  pe of thea ngular
distributions.

The treatm ent of m olecular ionizatio n dynam ics beyond the Born-Oppenheim  er
approximation, which m ay be a key issue in interpreting ultrafast experim ents on
molecules using X-ray pulses, requires not only fast, accurate and efficient computational
methods, but also the proper choice of coordi nate system s. To this end, we have
continued our development of an E CS-based, finite-element, discrete variable method in
prolate spheroidal coordinates, which are the natural choice of coordinates for diatom ic
targets. The viability of this approach was demonstrated with calculations on the bound
and continuum wave functions and photoionization amplitudes for H,". This problem was
formulated using both time-independent (ref. 20) and time-dependent (ref. 24) techniques
and we de monstrated that essentially exact numerical results could be o btained far more
efficiently than what could be achieved using conventional single-center expansion
methods. The extension to m any-electron diat omic targets, however, requires efficient
treatment of the electr on-electron repulsion. This problem has also been solved by using
an efficient Poisson eq uation treatm ent of the electron-electron repulsion based on a
multipole representation of 1/r 1, in prolate spheroidal coordi nates. We have applied this
methodology to double ionization of H ~ , with rem arkable success. The resu lts are
currently being prepared for pub lication. We believe that the speed and accuracy of this
approach will pave the way for a full treatment of H, DPI beyond the Born-Oppenheimer
approximation.

Recent experi ments on carbon 1s

ionization from CO, showed several
striking features, namely, a weak but
definite asymmet ry in  the body -
frame ph otoelectron angular
distributions with respect to O

CO' frag ment ions an d a rapid
change in th e shape of the angular

distributions over a very narrow Molecular-frame photoelectron angular distributions for C
energy range. The for  mer finding Is ejection from CO,. Small but definite asymmetry seen in
was surprising since the  electron is experiment is reproduced in theoretical calculations.

being ejected from the central carbon

in the linear, symmetric molecule. In our recently published theoretical study of this problem (ref.
23), we showed that the asymmetry could be explained without invoking a breakdown of the two-
step model for core-level photoioniztion or an unlikely post-collision interaction, but rather by a
proper accounting of asymmetric vibrational motion along with reasonable assumptions about the
nuclear dissociation dynamics. Our theoretical angular distributions, computed using the complex
Kohn variational method, are in good agreement with experiment. We were also able to explain
the rapid change in the  angular distributions to an energy -dependent destructive interference
between partial waves.

+

+

Inner-valence photoionization of CO at energies below the vertical threshold for direct double
ionization can produce unstable singly ~ charged CO" ions that dissociat e to C+ plus an
autoionizing O* ato m that then em its a second el ectron at very large internuclear separatio ns.
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Although this “indirect double ionization” process in CO has been extensively studied, m uch of
that work has focused on identification of the atom ic autoionizing states which are, but relatively
less is known about the character of the singl y ionized states i nitially produced. With a view
toward interpreting the results of recent ALS experiments on CO, which for the first time measure
the energies, body -frame angular distributions of both Auger and phot o-electrons an d the
associated kinetic energy releases, we have unde rtaken a theoretical study of this problem. The
results of large-scale el ectronic structur e calculatio ns reveal a dissociative CO ' state that is
produced by removal of a CO 3 c(oxygen 2s) electron. This state rapidly changes character as the
internuclear separation increases, undergoing sever al avoided crossings before correlating with
C+(2P) + O*(2p 3(*P)3s,’P . The identific ation of this state was further confirmed by carry ing out
photoioionization calculations for CO 3o ionization and com puting body -frame photoelectron
angular distributions, which were found to be in good agreement with the measured quantiti es.
We are currently preparing the results of this joint theoretical/experimental study for publication.
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Program Scope: This program seeks to bridge the gap between the development of
ultrafast X-ray sources and their application to understand processes in chemistry and
atomic and molecular physics that occur on both the femtosecond and attosecond time
scales. Current projects include: (1) The construction and application of high harmonic
generation sources in chemical physics, (2) Applications of a new ultrafast X-ray science
facility at the Advanced Light Source at LBNL to solution-phase molecular dynamics, (3)
Time-resolved studies and non-linear interaction of femtosecond x-rays with atoms and
molecules, (4) Theory and computation treating the dynamics of two active electrons
atoms and molecules in intense short pulses, as well as the development of tractable
theoretical methods for treating molecular excited states of large molecules to elucidate
their ultrafast dynamics, and (5) Advanced attosecond pulse techniques in studies of
atomic and molecular dynamics.

Recent Progress and Future Plans:
1. Soft X-ray high harmonic generation and applications in chemical physics

This part of the laboratory is based on a set of high repetition rate femtosecond VUV
pulse sources. It will provide light pulses in the VUV- and soft X-ray regime with pulse
durations on the sub-40 fs timescale and repetition rates up to 3 kHz. The sources will be
complemented by state-of-the-art photoelectron and photoion detection schemes and a
high resolution transient absorption setup. The sources are based on HHG with an IR
fundamental in gaseous media. The driving IR laser provides pulses of 25 fs duration at
3 kHz repetition rate with pulse energies up to 5 mlJ. After separation from the
fundamental, a narrow band of high harmonic photon energies is selected by means of
filters, multilayer mirrors, and gratings. The first beamline providing ultrashort pulses at
23.7 eV photon energy is operational. A second, capillary-based femtosecond VUV pulse
source has produced first light beyond 140 eV photon energy.

The first experiments focus on the ionization dynamics of pure and doped Helium
droplets. An existing experimental setup consisting of a Helium cluster source and a
velocity-map-imaging photoelectron spectrometer, has been modified to record
femtosecond time-resolved photoelectron energy- and angular-distributions. Synchrotron
based studies have revealed the emission of extremely slow (<1 meV) electrons by
Helium droplets that are excited ~1 eV below the atomic Helium ionization threshold.
Furthermore, the photoelectron spectra of doped Helium droplets show a rich structure
that depends on the photon energy and cluster size. A series of femtosecond time-
resolved VUV-pump IR-probe photoelectron imaging experiments has revealed an
unexpected abundance of relaxation processes which indicate an important role of atomic
and molecular Rydberg states in the electronic de-excitation pathways. First evidence for
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an intra-droplet electronic decay has been revealed. Currently a state-of-the-art
momentum-resolving ion spectrometer is being installed to gain a more complete picture
of the potentially rich nuclear dynamics initiated by the electronic excitation.

Ultimately, the high-repetition high harmonics source will be equipped with 3 beam
lines in order to make optimum use of the femtosecond driving laser. Photoelectron-
photoion coincidence imaging experiments and transient X-ray absorption experiments
will be installed at the additional beam lines. We will generate and utilize femtosecond
soft X-ray pulses with photon energies reaching the water window (290eV-540eV).
Finally, the investigator team is applying for time at the LCLS to study inner shell
ionization of field-ionized rare gas atoms.

2. Applications of the new femtosecond undulator beamline at the Advanced Light
Source to solution-phase molecular dynamics

The objective of this research program is to advance our understanding of solution-
phase molecular dynamics using ultrafast x-rays as time-resolved probes of the evolving
electronic and atomic structure of solvated molecules. Two new beamlines have been
constructed at the Advanced Light Source, with the capability for generating ~200 fs
x-ray pulses from 200 eV to 10 keV. We have also developed a new capability for
transmission XAS studies of thin liquid samples in the soft x-ray range, based on a novel
Si3Ny cell design with controllable thickness <1 pm.

Present research is focused on charge-transfer processes in solvated transition-metal
complexes, which are of fundamental interest due to the strong interaction between
electronic and molecular structure. In particular, Fe'' complexes exhibit strong coupling
between structural dynamics, charge-transfer, and spin-state interconversions. We
previously reported the first time-resolved EXAFS measurement of the atomic structural
dynamics associated with the Fe'' spin-crossover transition, showing the dilation of the
Fe-N bond distance by ~0.2 A within 70 ps of photoexcitation into the MLCT' state. This
year we have focused on understanding the evolution of the valence electronic structure,
and the influence of the ligand field dynamics on the Fe 3d electrons, using time-resolved
XANES measurements at the Fe L-edge. Our recent picosecond results show a clear 1.7
eV dynamic shift in the Fe-L3 absorption edge with the ultrafast formation of the high-
spin state. This reflects the evolution of the ligand-field splitting, and is the first time-
resolved solution-phase transmission spectra ever recorded in the soft x-ray region.
Preliminary femtosecond x-ray studies show these dynamics evolving on a 200 fs time
scale.

A second area of focus is on the structural dynamics of liquid water following
coherent vibrational excitation of the O-H stretch (in collaboration with A. Lindenberg et
al. at Stanford). Time-resolved results at the O K-edge show distinct changes in the near-
edge spectral region that are indicative of a transient temperature rise of 10K following
laser excitation and rapid thermalization of vibrational energy. The rapid heating at
constant volume creates an increase in internal pressure, ~8MPa, which is manifest by
spectral changes that are distinct from those induced by temperature alone. Femtosecond
studies of hydrogen bond dynamics are presently underway.

An important goal is to apply time-resolved X-ray techniques to understand the
structural dynamics of more complicated reactions in a solvent environment. Future
research will focus on charge-transfer, and ligand dynamics in bi-transition-metal
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complexes and porphyrins, as well as reaction dynamics of solvated halide molecules.

3. Time-resolved studies and non-linear interaction of femtosecond x-rays with
atoms and molecules:

An extension of non-linear processes to the XUV spectral region was until recently
considered unfeasible due to a lack of sufficiently intense short-wavelength radiation
sources. In recent years, higher-order harmonic generation has reached intensities high
enough as to induce two or three photon ionization processes. The design and
construction of our intense XUV source is based on scaling-up in energy of the loose
focusing high harmonic generation scheme. The first application of this intense source
high harmonics is to study the isomerization of ethylene (C,H,") leading to the formation
of the ethylidene configuration (CH;CH"). Application of a VUV pump (20-24 eV) and
NIR probe (800 nm) resulted in ethylene cation isomerization in ethylidene with
subsequent fragmentation to CH;" and CH', which occurred favorably if the IR probe
was applied 80 fs after EUV excitation. The ethylidene configuration is found to be
transient with a lifetime of ~ 60 fs. This configuration is predicted by theory as a transient
state that connects an excited electronic state to the ground state of the cation.
Furthermore we developed a state-of-the-art split-mirror capability that enables x-ray
pump and x-ray probe studies of molecular systems. As a first application we performed
a 5" harmonic pump 5" harmonic probe to study the dynamics and the coupling of
electronic and nuclear degrees of freedom in the V and Z states of neutral ethylene. This
study is being extended to 5™ harmonic pump and 19" harmonic probe of the same
system. In collaboration with the Argonne National Laboratory AMO group we
performed a first gas phase experiment at the ALS femtosecond beamline using an
experimental set up build by the two groups. In this transmission measurement
experiment the collaboration performed the first transient laser induced transparency of
x-rays interacting with the K-shell of neon.

The construction of the new Momentum Imaging Spectroscopy for TimE Resovled
Studies (MISTERS) apparatus began in the second half of 2008. Currently the main
chamber together with the two-stage supersonic gas jet-dump and the second stage of the
target preparation chamber are mounted and sit on a custom made moveable frame,
which also holds the gas jet manifold. The rail system for the spectrometer-sledge and the
sledge itself are in place; the spectrometer electrodes are machined as well. A mechanical
in-vacuum xyz-tip-tilt stage has been developed and built for steering the back-focusing
mirror (or split mirror stage). The first crucial parts for an effective two-stage differential
pumping stage were designed and ordered. Assembling and mounting the first stage of
the target preparation chamber is scheduled for Fall 2009; first vacuum test will start right
afterwards. Once finished, the setup will be optimized for two-photon double ionization
of helium atoms and hydrogen molecules using the high harmonics sources of the UXSL.
We intend to measure one ion and one electron in coincidence in order to get access to
key values like the momentum vector of the di-electron in the case of helium and the
kinetic energy release (KER) in the photo ionization of hydrogen molecules. This will
enable us to distinguish between sequential and non-sequential processes and understand
the mechanisms behind them.
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4. Theory and computation

We are developing and applying computational methods that will allow the accurate
treatment of multiple ionization of atoms and molecules by short pulses in the VUV and
soft X-ray regimes. We have extended our numerical methods based on the finite-element
discrete variable representation to the essentially exact time-dependent treatment of two
electron atoms in a radiation field, including the rigorous extraction of the amplitudes for
ionization from these wave packets and separation of single and double ionization
probabilities [12, 13]. These developments have been applied to short pulse single and
double ionization of helium and have showed new effects that appear only for
subfemtosecond pulses [14]. Most recently we have found an intrinsically two-electron
interference phenomenon in which subfemtosecond UV pulses can be used to probe spin
entanglement directly [15]. Applications to pump/probe investigations of correlation in
the doubly excited states of helium are in progress using a new time propagation scheme
that involves simultaneous explicit and implicit steps. The extension of the these
methods to many-electron atoms and molecules is being accomplished by the
construction of orbitals from our DVR basis functions and the development of new
multiconfiguration time-dependent Hartree Fock methods for double ionization using
prolate spheroidal coordinates for the treatment of general diatomics.

We are also developing tractable theories for molecular excited states, including
bright and dark states and their intersections. A new quasidegenerate perturbation theory
building upon single excitation CI has been formulated, implemented and tested [16]. It is
self-interaction-free, and efficient enough to apply to systems in the 50-100 atom regime.
The analytical gradient of this model has been formulated and implemented which opens
the way for exploring potential energy surfaces [17]. Additionally, we have formulated
new spin-flip model that can properly treat low-lying dark excited states that have large
double excitation contributions [ 18], with computational cost that is proportional to single
excitation CI, as well as a new double spin flip method [19] that can properly treat
systems with 4 strongly correlated electrons. Work in progress includes further spin-flip
methods, and calculations of excited states of helium clusters to complement
experimental efforts.

5. Attosecond atomic and molecular science

Isolated attosecond pulses are produced by the process of high harmonic generation
using few-cycle 800 nm carrier-envelope-phase (CEP) stabilized driver pulses. With
appropriate focusing of the 800 nm pulses into the Ne target gas, a new method of
ionization gating, phase match control of the high harmonic output generates isolated
attosecond pulses that are wavelength tunable. Isolated attosecond pulses are produced in
this case on the leading edge of the driver pulse, and tuning is achieved by selecting
where on the leading edge the attosecond pulse is created by varying the CEP. Streak
field detection of direct ionization processes in Ne or SFs reveals the isolated nature of
the attosecond pulses and provides a direct measure of the contrast ratio of the isolated
pulses. This is accomplished by measuring the electron momentum distribution for two
CEP values that are 180 degrees out of phase. In this case the contrast is measured to be
approximately 3:1 for the main attosecond pulse:neighboring secondary attosecond pulse.
Based on the measurements, the isolated attosecond pulse is presently limited to 400-500
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attoseconds by the limited bandwidth of the reflective optics used for separation of the
isolated attosecond pulse.

New experiments are performed on the fragmentation dynamics of SFs by measuring
the ion fragment pathways both with and without an 800 nm applied field. Mass spectra
reveal a multitude of product ions when SFj is excited with the 100 eV attosecond pulses.
These include S*, SF,™", SF,™", SF4", SFs', among many product ions. Each product
branch is markedly manipulated by the application of the 800 nm field. For example, the
S" and SF" branches can be diminished, while the SF,"" and SF'" branches can be
increased, by the overlap of the few cycle 800 nm pulse over the first few fs of the
fragmentation. Longer time alterations in the product branches are also observed. Work
is in progress to determine the mechanism of the changes in product branching pathways,
whether that may be a mechanism such as field-induced potential surface crossings,
tunnel ionization, or multiphoton excitation by the 800 nm field. The initial experiments
suggest that an electronic manipulation of the pathways following the isolated attosecond
pulse that ejects one or two electrons is likely.
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The OBES at omic physics program at ORNL has as its overarching goal the u nderstanding
of states and interactions of atom ic-scale matter. These atomic-scal e sy stems are co mposed
of multiply charged ions, charged and neutral molecules, ato ms, atomic ions, electrons, solids,
and surfaces. Particular species and interactions are chosen for s tudy based on their releva nce
to gaseous or plas ma env ironments of basic energy science interest such a s those in fus ion

energy, gas phase chemistry  , and plas ma pr ocessing. Towards this end, the program
has developed and operates the Mu Iticharged Ion Research ~ Facility (MIRF) which has
recently undergone a broad, m  ulti-year upgrade. Work is also performed as needed at

other facilities suchas ORNL’s Holifield Radi oactive lon Beam Facility (HRIBF) and the
CRYRING h eavy-ion storage ring in Stockholm . Closely coordinated theoretical —activities
support this work as well as provide leadership in complementary or synergistic research.

Steady-State and Transient Hydrocarbon Production in Graphite by Low-Energy Impact of
Atomic and Molecular Deuterium Projectiles — F. W. Meyer, P. R. Harris, and H. Zhang

lon-surface interactions play an essential role inmany applications ra nging from
semiconductor device technology to magnetic fusion. The plasma- material interface is a criti cal
bottleneck in fusion power conversion. A recent panel report to the Fusion Energy Sciences
Advisory Committee (FE SAC)' found that 4 of th e top 5 criti cal knowledge gaps for fusion
involve the Plasma-Materials Interface (PMI). Just completed fusion community REsearch NEeds
Workshops (RENEW)* have recommended new PMI research pro grams and facilities to advance
the science and technology of plasma-surface interactions.

In line with these reco mmendations, we have continued this pasty ear our studies of the
interactions of slow H or D ions with carbon based surfaces. Ou r measurements focus on the
energy region below the physical sputtering threshold (<50 eV) where che mical sputtering is the
main mechanism for material erosion. T his energy region is also t he anticipated particle energy
regime of the ITER divert or.” Due to the high D* currents obtai nable with o ur ECR ion s ource,
and the highly efficient bea m decel eration opt ics e mployed at the entrance to our floating
scattering chamber, we were able to perfor m measurements at e nergies as low as 5 eV/D , and
were thus able to have good overlap with th e energies accessible to molecular dynamics (MD)
simulations carried out in parallel with our measurements.*’

Using a quad rupole mass spectrometry approach in c onjunction with calibrated h ydrocarbon
leaks, we have obtained productio n yields of methyl, methane and heavier h ydrocarbons for
deuterium atomic and molecular ions incident on ATJ graphite, HOPG, and a-C:D thin films in
the energy range 5-250 e V/D. The y ields were dete rmined at sufficient accu mulated ion be am
fluences that steady-state conditions were reached. By summing the different hydrocarbon yields,
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estimates cou ld be obtained of the total erosion  of graphite by che mical sputtering processe s,
which dominate at low energies, i.c., below the  physical sputtering threshold. These esti mates
also permitted comparison with ellipsometry and total mass loss measurements.

One focus of the measurements was comparison of chemical sputtering yields for atomic and
molecular species of the s ame velocity, as a test of the commonly made assu mption of identical
sputtering yields when normalized to the nu mber of D atoms in t he incident projectiles. In our
QMS m easurements, we found projectile dependent yields bel ow ~60 eV/D, whereth eD "
projectile had the sm allest yields and D ;" projectiles had the largest y ields. The effect incr eased
with decreasing energy and am ounted to about a factor of two at 10 eV/D. At higher energies,
where immediate dissociation of incident m olecular projectiles is highl y probable, the observ ed
yields for equivelocity incident atomic and molecular ions are the same, as was noted in previous
work.

Figure 1. (left) Ellipsometry scan of thin film a-C:D sample irradiated by 30 eV/D D", D,",
and D;" beams to fluences of 1-2 x 10'® D/ecm’. (right) Total C yields/D for equivelocity
atomic and molecular D projectiles incident on a-C:D at 30, 50, 80, and 200 eV/D.

Interestingly, the molecular vs. ato mic size effect is also evident in recently completed total
erosion measurements of a-C:D thin films. For th ese measurements, the thin film w as exposed to
equal velocity D*, D,", and D ;" beams to fluences of 1-2 x 10 8 D/cm?. From 2-D ellipsometry
scans and the known thin film density, the total C removal could be determined. Normalization to
the integrated number of i ncident D pr ojectiles, obtained from simple beam current intergration
multiplied by the num ber of D ato ms per in cident projectile (1,2, 0or3 for D',D,", orD 3,
respectively) gives the total C yield per D. Figure 1 shows typical craters produced by atomic and
molecular beam irradiation, together with a summary of the measured yields. As can be seen from
the figure, w hile there is no observed difference between the different projectiles at the highest
energy of 200 eV/D, as expected, significant differences are observed at all the investigated lower
energies, wh ich range fr om a f actor of 2toal most5. The se differ ences are much more
pronounced than the differences seen in our QMS measurements for ato mic vs. molecular
projectiles. The reason for this m ore pronounced e ffect is present ly not understood, and wil 1 be
the subject of further investigation.

In addition to steady-state chemical sputtering yields, we have studied’ transient hydrocarbon
ejection and hy drogen (de uterium) r e-emission fro m pre-loaded graphite surfaces i mmediately
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after the start of beam irradiation. When the su rfaces were prepar ed by irradiation to saturation
with lower energ y deuterium beams, transi ent hy drocarbon em ission and re-em ission of D ,
significantly larger than stead y-state values were ob served, which exponentia lly decayed as a
function of beam fluence. The initial peak hei ghts are relat ed to the starting hy drocarbon and
deuterium de nsities in the prepared sa  mple, wh ile the exponential decay  constants provide
information on the hydrocarbon kinetic release and deuterium de-trapping cross sections. Figure 2
shows ty pical transients, and Table 1su mmarizes the deuteriu m re mission and kinetic
hydrocarbon ejection cross sections ded uced from the transient measurements. Interestingly, the
kinetic ejection cross sections for 80 eV/D incident energy atomic and molecular projectiles show
a similar ordering as the total C yields shown in Figure 1, while at the higher energy (150 eV/D),
the cross sect ions, particularly for the heavier C,D, hydrocarbons, are closer in agree ment. The
implications of these cros s se ction tre nds on the total sputtering y  ields are presently being
studied, as is the evidence suggested in the last two rows of Table 1 that the prepared surface may
in fact depend on the nature of the incident projectile.

Table 1: Summary of cross sections deduced from the exponential decay constants fitted to the
transient mass signals shown in Figure 2 (uncertainties in parentheses).

lons | Energy | Preparing Cross section /D (10" cm?)
(eV/D) (235’ ii;fls)) D, CD, C.D, C.D.
D 80 D 2.6 (0.8) 23(0.7) 1.9 (0.6)
D, |80D ) 44(1.0) 3.1 (1.0) 2.6 (0.7)
D, |80D \ 12 (3.5) 6.8 (2.0) 4.1(12) 4.8 (1.4)
D 150 D 63 (1.9) 3.7(1.1) 2.9 (0.9) 3.9(1.2)
D, 150 D , 15 (5) 13 (4.0) 5.4(1.6) 7.9 (2.4)
D, 150 D \ 7.4(2.2) 8.4 (2.5) 40 (1.2) 5.8 (1.7)
D 80 D ) 47 (1.4) 3.8(1.2) 72(2.2)
D 150 D ) 21(6) 8.8 (2.7) 5.0(1.5) 7.6 (2.3)

Figure 2: (left) CD, transient response to D," beam incident on virgin graphite samples; (right)
mass transients due to re-emission of D, and kinetic ejection of CD,, C,;D,, and C,D, induced
by 150 eV D" incident on ATJ graphite prepared by high fluence 20 eV/D D", D," or D;" expo-
sure. Note exponential decay fits in red.
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To obtain further insights into these intriguing differences, we are exploring the use of XPS
and UV R aman spectroscopy to exam ine the che mical/structural modifications occurring during
atomic and molecular D beam exposure. From the valence band region of the XPS spectra, bea m
induced m odification of C-C bonding will be  explored, while UV Raman  spectroscopy will
provide information on the extent of sp * hybridization induced by exposure beam to the various
beams.
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Low-Energy Molecular lon Collisions Using Merged-Beams — C. C. Havener

(H ,-H)"is the most fundamen tal ion-molecule two -electron sy stem. The tempo rary
complex w hich is for med duri ng ch arge transfer (CT) of H ,"+ H p roceeds th rough
dynamically coupled electronic, vibrational, and rotational degrees of freedom. De spite
the fundamental nature ofthe (H, - H) " system, most of the collisi onal theoretical data
remains untested'” due to sparse experimental investigations. Interestingly enough, huge
discrepancies have persisted over the last two decades in the measured and calculated total
cross section for H™ + H, collisions® and the measurements related to H,” + H were limited
to higher collision energies.* Knowledge of CT for H," on H is necessary for modeling of
such p lasmas a s found in the co ld d ivertor p lasma reg ions o fa fusion tokamak or

interstellar clouds where the main constituents are H, H', and H-molecules.

Figure 1. Present merged-beam me asurements for D ,"+ H compa redtoothe r
measurements at high energy and to theory for H ,” + H. The low-energy theory includes
CT with nuclear substitution for v =0, 3 and a Franck-Condon dist ribution of initial
vibrational states of H," summed over all final vibrational states.
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The ion-atom merged-beams apparatus at MIRF h as b een upgraded”’ to ac cept high-
velocity beams from the 250-kV High-Voltage Platform and is n ow able to access lo w-
energy collisions with a vari ety of molecular ions on H from keV/u to meV /u. This new
capability al lows theor y to be benchmar ked at keV/u ener gies, w here the vi brational
modes of th e initial molecular ion can be considered frozen, to eV/u energies w here the
vibrational energies are critical but rot ational modes are “fr ozen,” and to meV/u ener gies
where all modes are important. At low energies CT for H," + H can also involve nuclear
substitution where the proton from the atomic target may be interchanged with one of the
protons in the molecular ion. By using the isotopic system D, + H, the CT cross section
without nuclear substit ution has been meas ured this last year from  keV/uto meV/u
collision energies by observing the H" products.®

Our pre sent me rged-beam measurements forD , +H are co mparedto ot her
measurements at hi gh energy and to the ory for H ,* + H in Figure 1. T he collisi on is
ro-vibrationally frozen at high energy where our measurements are seen to be in g ood
agreement with Mc Graph’s me asurements’ and also wit h Errea’s c alculations.’ Clearly,
pure CT and dissociative CT dominate this energy range. CT through nuclear substitution
could not take place as the relative motion is too fast. So should be the case at intermediate
energy (20 — 200eV/u). At intermediate and low energy, calculations are presented for the
initial vibrational state of v =0, v = 3 and a Franck-Condon distribution’ summed over all
possible fin al vi brational stat es. At th e in termediate energy, the theor etical approac h
considers the motion of th e projectile classically but treats th e vibrational and el ectronic
states in a quantum way.' Clearly our meas urements indicate that the predicti ons are too
high by about a factor of two.

At the lower energy (0.2 eV/u— 10 eV/u), the collision times  are long enough to sam ple
vibrational or even rotatio nal m odes and there may be a significant contributi on from nuclear
substitution included in the calculations but exclud ed in the m easurements. Calculations use the
infinite-order sudden approxim ation (IOSA) freezing the target r otation,' and show the gen eral
structure see n in our m easurements. The ener gy shifts between our m  easurements an d the
theoretical calculations are expected as D,", D,,and H,", H, are dynamically different. Presently
we are extending the measurements below 0.1 eV /u where rotational and vibrational states could
lead to significant structur e in the cross section. O ne might expect that the t otal cross section
should continue to increase at lower energies due to expected Langevin behavior as has been seen
in merged-beams measurements of CT for atomic ions with H.®
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Electron-Molecular lon Interactions — M. E. Bannister, C. R. Vane, and S. Deng

The first Grand Challenge identified in a recent report to Basic Energy Sciences involves
the control of materials process es at t he level of electrons. Electron-driven frag mentation of
molecular ions provides a testable platform for investigat ing and full y developi ng our
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understanding of t he m echanisms involved in electronic energy redistributi on in m any-body
quantum mechanical sy stems, and is important from a fundamental point of view. These
dissociative processes are also important practically in that electron-ion collisions are in general
ubiquitous in plasm as an d m olecular ions can represent significant popula tions in low to
moderate temperature plasmas. Neutral and charged radicals formed in dissociation of molecules
in these plasmas repre sent some of the most highly reactive components in initiating and driving
further chemical reaction pathway s in a wide variety of environments, such as the divert or and
edge regions in fusion reactors, plas  ma e nhanced che mical vapor deposition reactors, and
environments where chemistries are driven by secondary electron ca scades, for example in the
upper atmosphere of the earth, and cooler regions of the solar or other stellar atmospheres. It is
absolutely critical to know the rates, branching fractions, and other kinematical parameters of the
various possible relevant collision processes in order to correctly model these environments.

Dissociative Excitation and lonization: Measurements of cross sections for electron-im  pact
dissociative e xcitation (DE) and dissociative ioni zation (DI) of molecular ions have continued
using the MIRF crossed-b eams apparatus.' In coor dination with o ur dissociative reco mbination
(DR) investigations of di-hydride ions, we have continued a sy stematic study of the DE and DI
channels for these ions.  Experi ments, duri ng this period, included measur ements on heavy -
fragment ion channels of BD ,". Above the DI threshold, t he magnitude of the cross sections for
dissociation of BD," ions forming BD" fragments are very close to those measured previously for
the XD " fragment produc ed by dissociation of XD ," (X = C, N, O, and F). In the DE-only
portion of the cross section, a large, bro ad peak is ob served in the 7—15-eV range, similar to but
somewhat larger than that seen for the CH," — CH cross section.” This peak is thought t o be
the result of excitations to bound electronic stat es lying above the dissociation limit, but further
insight from experiments and theory is needed to verify this. For the XH'/XD" fragment channel
in DE/DI of di-hydrides XH, /XD, (X =B, C, N, O, and F), it was found that t he scaling3 given
before as a function of the interaction energy E divided by the dissociation threshold E y, still
holds for ene rgies greater than 4E . T his scaling does not hol d as well for the X  frag ment
channel. However, the BD,” — B results did continue the trend that the cros s section decreases
for the XD ,” — X' channel as the electronegativity of X increas es for X=B, C, N, O, and F.
However, only for the BD ," system does the cross section for the X " fragment channel exc eed
that of the XH'/XD" fragment channel.

Final measur ements have also been com pleted for the dissociation of CD ;" producing the
CD," frag ment ion. 4 Abo ve the DI th reshold, the cross section for this ch annel was found to
follow the scaling noted above. Atlower en ergies, a large peak was measured in the 10-15-eV
range, re miniscent of the peaks observed in the DCO" — CO "andCH ," — CH " data.*’
Measurements for DE/DI of N,D" for the N ,", ND ", and N * fragment channels exhibited sharp
peaks in the DE region for two of the channels (N, and ND").

The dissociation experiments discussed above used molecular ions produced by the ORNL
MIRF Caprice ECR ion source,’ but other cooler sources will also be used in order to understand
the role of e lectronic and ro-vibratio nal excite d states. A secondi on so urce, a hot-filament
Colutron ion source, is presently online and expect ed to pr oduce fewer excited molecular ions.
An even colder pulsed ion source, very similar to the one used form  easurements’ on the
dissociative recombination of rotationally cold H;" ions at CRYRING, is under developm ent for
use at the ORNL MIRF. Additionally, work con tinues on a si milar supersonic source that uses
a piezoele ctric mechanism for more re liable pulsed valve operation. With this range of ion
sources, one can study dis sociation with bot h we ll-characterized cold sources and with hotter
sources that better approxi mate the ex cited stat e populations in plasm a environm ents found
in applications such as fusion, plasma pr ocessing, and aeronom y. Ano ther source being
implemented for the study of electron- molecular ion interactions is an electr ospray ionization
source that will produce ions fro m large, fragile biomolecules such as nucleotides and peptides,
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allowing us t o probe the fundamental mechanisms of fragmentation in very complex molecular
systems.

Dissociative Recombination: Studies of m olecular ion neutralization processe s in our ongoing
collaboration with the group of Mats Larsson and Richard Thomas at Stockholm University are in
the midst of transition because of the impending move of the CRYRING heavy ion storage ring to
Germany and the openin g of the Un iversity of S tockholm Do uble ElectroStatic Ion Ring
ExpEriment (DESIREE), which should co me on line in 2010- 11. DESIREE will afford an
expansion of capabilities to studies of more complex (heavier) molecular ion systems involved in
a variety of c harge transfer dissociation processes, with ions store d and prepared in a cryogenic
environment.
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Molecular lon Interactions (ICCE Trap Developments) — C. R. Vane, M. E. Bannister,
S. Deng, and C. C. Havener

An lon Cooling and Characterization Endstation (the MIRF ICCE Trap) has recently been
developed and co mmissioned at the ORNL MIRF. It was designed to pro  vide a variety of
enhanced experi mental capabilities for studies of  the interactions of electrons with complex
atomic and molecular systems, specifically to enable more nearly state-specific measurements of
a num ber of dissociation processes in volving the e lectron-driven breakup of heavy m olecular
ions. Developm ent of th e ICCE trap apparatu s is in direct support of o ur mission goal of
establishing experimental capabilities necessary for state-selectively producing and manipulating
atomic and molecular io ns to im plement studies of a broad range of plasma relevant ion-
interactions in as controlled a manner  as possi ble. Interpretation of m easurements of multi-
fragment dissociation of com plex molecular and cluster ion s ystems requires increas ed levels of
control over the internal state populatio ns of the reacting partners, as well as highl y detailed and
complete inf ormation from analy sis and detecti on sy stems. To provide these capabilities, we
have designed and co nstructed an electrosta tic reflecting ion beam linear trap of the ~ Zajfman
design'” as an experimental endstation on the MIRF high-energy beamline that will enable stored
cooling and state characterization of molecular ions of essentially any mass.

Pulses of ions are injected fro m the side through a pulsed parallel plate 13 ° deflector into a
1.5-meter-long electrostatic-mirror trap. The side-i njection design, a first for linear electrostatic
traps, was chosen to avoid the nece ssity of fast (< 1 us) switching of the high-voltage mirror
electrodes. This design per mits stora ge of the highest energy ion beams possible, thus taking
advantage of the kinematic emission of dissociation fragments, making their detection as efficient
as possible. This ultrahigh vacuum, all electrostatic device permits effective long-term (seconds)
storage of high-energy ion beams where excited internal states decay by radiative cooling.

Stored ion beams are produced in several ion s ources, including a per manent-magnet ECR
ion source mounted on the MIRF high-voltage platform for ‘hot’ atomic and molecular ions, and
a pulsed, sup ersonic expansion dischar ge source for internall y ‘ cold’ m olecular ions (CMIS),
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being mounted on a stand-alone 10-kV isolated cab inet. As noted above for electron-m olecular
ion studies, the CMIS design * has been used a CRYRING, and is capable of providing ane arly
completely v ibrational gr ound-state p opulation of light m olecular ions. For stored ion
measurements with more fragile, very heavy molecular ions and cluster ions, an electrospray ion
source (ESI) is also being mounted on the 10-kV platform.

The complete ion cooling and characterization endstation (ICCE trap) consists of an ultra-
high vacuu m transport beam line and cham bers with co mputer controlled, fast-reaction
electrostatic deflection and focusing ¢ lements, a f ully electrostatic 38-mm  diameter mirror
trapping s ystem, and a ¢ rossed bea m, low-energy (5 —100 eV), high-curren t electron target *
located midway between the trap mirrors. The apparatus is instrumented with a num ber of beam
diagnostic and product characterization components, including two imaging detectors for velocity
analysis of neutral frag ments arising from fragmentation of the trapped molecular ions, either
by collisions with gas at oms (collisional dissociation (CD) and dissociative electron cap  ture
(DECQ)), or with the electrons (dissociative exc itation or ionization (DE, DI), and less likely
dissociative r ecombination (DR)). The iontrap pre sently operates at roo m t emperature with
vacuum at ~1-2 x 10" Torr and ion inte rnal state cooling proceeding through radiative decay is
thermodynamically limited to 300 ° K. Next y ear, we will install an overall copper liner cooled
to <70° K using commercial stirling cryocoolers, and ¢ onnect one of the mirrors and its shroud to
a 4°K helium cryocooler.

Initial work is concentrating ont rapping and cooling of O ," and then ozone ions, and
on m easurements of DE C fro m resid ual gas (primarily H ,) a nd electron im pact dissoc iation
(DE, DI, an d DR) as fu nctions of electron energy for various trapping/coo ling tim es. These
results will be co mpared with our prior O ;" DR measurements at CRYRING,’ that indicated
almost co mplete 3-body dissociation at zero electron energy , form ing predom inantly
electronically excited O P and 'D) fragment atoms. As a test, beams of 10-keV O ," ions from
the high-voltage platform ECR ion source have been tuned into the ICCE trap, stored and co oled
for seconds, and neutral O and O ; products from 10-eV electron co llisions were imaged in the
detectors. Figure 1 displays a recently measured 10-keV O," ion population lifetime curve, taken
from detect ed rates of n  eutral frag ment em issions as a function of trapp  ing tim e. Fu ture
improvements of appro ximately one order of magnitude to trapping times of tens of second s are
anticipated with improved vacuum from cryogenic cooling, and from reduction of magnetic fields
along the tra p axis with a m odified Helmholtz coil arrangem ent. Measurements of O ;" will be
followed by a similar stu dy involving electron-i nduced dissocia tion of several specifi ¢, much
heavier bio-molecular ions that demonstrate the same preference for three-body breakup.
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Figure 1. Storage lifetime plot for 10-keV O," ions in the ICCE Trap.
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Manipulation and Decoherence of Rydberg Wavepackets — C. O. Reinhold

Atoms in Rydberg states with large values of princi pal quantum number (n>300) provide a
valuable laboratory in which to control quantum states of mesoscopic size (~micrometers). These
giants can be manipulated using tailored sequences of el ectric pulses f rom co mmercial
programmable pulse generators whos e strengths are comparable to the Coulom b ele ctric fields
(~mV/cm) and whose time scales are shorter tha n the clas sical orbital period of the ato m
(~nanoseconds). Our recent work demonstrates the remarkable level of time-resolved control and
imaging of the electronic s tates that can be achieved. ' One practical li mitation for manipulating
Rydberg atoms i s that th ey are extre mely fragile objects and can be easily altered by their
environment. This happens because high-n Ry dberg atoms have exceedingly small level spacings
and spurious electric noise  effectively broa dens t he quantum frequency sp ectrum. Electron
wavepackets in near-circular orbits * provide an excellent starting point to combat decoherence
since the electron stays far from the nucleus where large energy transfers can take place. We have
shown that the quantum co herence of very high-n (n~305) Rydberg wavepackets traveling alo ng
nearly circular orbits can be maintained on microsecond time scales corresponding to hundreds of
classical orbi tal periods. * This large sp atio-temporal coherence is unprecedented for electr onic
degrees of fr eedom involving a large ensem ble ( ~100) of quantum states. Our protocol for
producing circular wavepackets leads to temporal interferences of spatially separated Schrodinger
cat-like wavepackets and we are currently working on protocols for measuring and controlling the
phase of the cat states. Because quantum thr ee-dimensional calculations ne ar n=300 are not
feasible, we employ a hybrid quantum —classical trajectory method to si mulate the experi mental
wave packet d ynamics. The crossover fro m qua ntum to classical dy namics can be studied
experimentally by adding a controlled am ount of noise in the form of random fluctuations of the
electromagnetic pulses an d study ing the rate of de coherence as a function of the “strength” or
“color” of noise. Noise might also be introduc ed experimentally by adding a dilute gas of
particles into the experimental cha mber. In the long term we would like to extend the present
techniques to engineer two-electron wavepackets involving distant electrons in two interacting
Rydberg atoms and planetary atoms. This work is performed in collaboration with the groups of
F.B. Dunnin g (Rice University )and J. Burgdorf er and S. Yoshida (Vienna University of
Technology).

1. F.B.Dunning, J. J. Mestayer, C. O. Reinhold, S. Yoshida, and J. Burgdorfer, Topical Review,
J. Phys. B 42, 022001 (2009).

2. C.O. Reinhold, S. Yoshida, J. Burgdorfer, J. J. Mestayer, B. Wyker, J. C. L ancaster, and
F. B. Dunning, Phys. Rev. A 78, 063413 (2008).

3. C.O.Reinhold, S. Yoshida, J. Burgdorfer, B. Wyker, J. J. Mestayer, and F. B. Dunning, Fast
Track Communication, J. Phys. B 42, 091003 (2009).

Molecular Dynamics Simulations of Chemical Sputtering — C. O. Reinhold and P. S. Krstic

Physical and chem ical pr ocesses resulting fro m th e interaction of hydrogen isotopes wit h
surfaces ar e of significant i mportance within th e fusion co mmunity as they provide a cri tical
bottleneck in power conversion. These interacti ons lead to surface ero sion and particle
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deposition, which degrades fusion perf ormance. Co nsiderable information on sputtering yields
is available in the literatu re at high-i mpact energies of im pinging pa rticles (above ~50 eV)
where the interactions can be modeled using two-body potentials such as those in the TRIM code.
In contrast, little is known for low-impact ener gies where chemical processes do minate. Low-
energy experiments are very difficult to perform, and measured sputtering yields are very scarce.
In an attempt to bridge the ga p of data, we have undertaken a series of simulations for 1-30-eV
H, D, and T atoms and molecules impacting carbon'~ using the available experimental data above
15 eV for validation. Thi s work is done paralle 1 to experim ents at ORNL by Fred Mey er and
co-workers. We perfor m molecular dynam ics (MD) si mulations using many-body Reactive
Empirical Bond Order ( REBO) potentials for atoms and m olecules im pactingon al arge
simulation cell of a few-thousand atom s representing the surface. Some of the calculated y ields
of selected hydrocarbon molecules can be directl y validated with experim ent. In addition, the
simulations provide extensive predictions at lo w energies as well as for the e ntire spectrum of
ejected parti cles.' We ha ve recently shown that the individual y  ields of molecules change
dramatically as the surfaces undergo cumulative bombardment. The latter sequentially breaks and
passivates bonds and leads to the for mation of stable hy drocarbon term inal m oieties that are
collisionally detached. We have shown that the large yields of saturated hydrocarbons ty pically
observed in experiments are not the result of  single i mpacts but rather the consequence of
multiple cumulative impacts. We are currently investigating the isotope dependence of surface
erosion (i.e., H, D, or T im pact). We have f ound that the chemistry at the interface is not too
sensitive to the mass of the im  pinging atom s (i.e., num ber of term inal m oieties produced
by cum ulative bom bardment at the interface). Howevert he sputtering yields increas e
considerably for increasin g projectile mass. We are also studying the sensitivity of the results
with respect to the many-body interaction potentials used in the si mulations.? Due to co mputing
time constraints, m ost of our simulations have been perfor med u sing the si mplest potentials.
However, we are regularly improving them to extend their applicability range. In the longer term,
we plan to e xtend our simulations to address the interest within the fusion ¢ ommunity to stud y
materials different fro m pure carbon such as mixed materials including C, W, Li, and H. This
work is performed in collaboration S. Stuart (Clemson University).

1. P.S.Kistic, C. O. Reinhold, and S. J. Stuart, J. Appl. Phys. 104, 103308 (2008).
2. C.O. Reinhold, P. S. Krstic, and S. J. S tuart, Nucl. Instrum. Methods Phys. Res. B 267, 691
(2009).

Development of Theoretical Methods for Atomic and Molecular Collisions — D. R. Schultz,
S. Yu. Ovchinnikov, J. B. Sternberg, and J. H. Macek

Plasma science applications, such as fusion ener gy, material processing, and the che mistry of
the upper atm osphere, co ntinue to necessit ate and drive the st udy of atomic and molecular
collisions. Further more, co ntrol of atomic-scal e dy namics, ultraf ast phenom ena, and em ergent
behavior from complex sy stems provide strong m otivation to st udy such ato mic and molecular
interactions as fundamental test beds. T hese research areas in turn dem and the development of
theoretical methods to either reach new levels of accuracy for fundam ental sy stems or novel
completeness for complex systems. Over the past year projects have been undertaken along these
lines including the following.

Following our recent developm ent o fthe so-call ed regularized, lattice, time-dependent
Schrodinger equation (RLTDSE) method,' we have uncovered an unexpected presence and role
of vortices in atomic collisions.”> The RLTDSE method is an adaptation of the approach we have
developed and used over the past decade to describe atomic collisions by directly solving the
underlying dynamics using a lattice-based co mputational approach, allowing t he dynamics to be
followed to asymptotically large distances for the first time. Vortices are usually associated with
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systems containing large num bers of particles. However, of particular topical interest are those
formed within atom ic-scale wave functions and obse rved in m acroscopic sy stems such a s super
fluids and qu antum condensates. Our RLTDSE calculations (Figure 1) have uncovered th em in
the electronic wave function describing the protot ypical quantum sy stem consisting of a single
electron in the field of two moving protons. In particular, we have shown how vortices appear in
this system, rotate around the nuclei, an d interact, thereby transferring angu lar momentum from
nuclear to electronic motions, casting new light on how angular momentum is transferred in
atomic-scale interactions. The method has also a llowed us to dem onstrate that certain vortices
persist up to macroscopic distances in the ejected electron spectrum and may thus be observable.

Figure. 1. Density plot ofthe electro nic wave
function at an inter-nuclear separation of 5 a.u.
in scaled coordinates (  Qy,d;) for a single
electron int he field of t wo proto ns. Arrows
represent th e electronic probability current,
showing the formation of vortices along nodal
lines. All of the coordinates are scaled by R,
and the coordinate axis  Q, is parallel to the
approaching proton's initial velocity.

We have also sought to explore how vortices in atomic wave functions could be produced in
a controlled manner and manipulated. To that en d, we have calculated the response of an atomic
wave function to one or a series of ultr afast electric field pulses. The result is that vortices ar ¢
created, interact, and follow predictable trajectories. In work to be published, i t will be shown
that such pulse control of vortices produced in low-lying states of atoms provides a fertile ground
to explore qu antum control, somewhat in analog y to the manipulation of R ydberg wavepack ets
with electric pulses.*
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The PULSE Institute for Ultrafast Energy Science at SLAC

Y. Acremann, M. Bogan, P.H. Bucksbaum (Director), K. Gaffney, M. Guhr, A. Lindenberg, T. Martinez,
D. Reis (Deputy Director), J. Stohr, SLAC National Accelerator Laboratory, phb@slac.stanford.edu

PULSE Vision Statement: A laser science revolution is underway now at the SLAC National Accelerator
Laboratory. The Linac C oherent Light Source, LCLS, has alrea dy exceeded its main design goal with the

steady production of millijoule energy, 100 femtosecond pulses of 1.5 A x rays. This is a bil lion times more
brilliant than any other laboratory source of x rays. This new class of x-ra y sources will revolutionize many
areas of science by making it possible for the first time to see atomic scale structures and simultaneously track
atomic motions of the underlying nanoscale processes of energy conversion and transport.

The PULSE mission is t o advance the frontiers of ultrafast sci ence at SLA C with particular e mphasis on
discovery and Grand Challenge energy -related research enabled by LCLS. The PULSE Institute initiates and
leads multidisciplinary collaborative research programs in studies of atoms, molecules, and nanom eter-scale
systems, where motion and energy transfer occurs on picosecond, fem tosecond, and attosecond tim e scales.
Ultrafast energy research at PULSE co mbines the discip lines of atom ic and m olecular physics, ultrafast
chemistry and biochem istry, ultrafast condensed matte rand materials scien ce, ultrafast x-ray science,

nanoscale x-r ay im aging s cience, and the enabling scien ce for next-generation ultrafast 1i ght and elect ron
sources. Our metrics of success are the level of the u ltrafast science challenges we address, a nd our progress
toward and impact on their solution.

PULSE research utilizes t he capabilities of LCLS, but also goes bey ond this. For exam ple, PULSE has a
vigorous progra m on high harm onics generation and associate d m easurement techniques for atom s and
molecules on the sub-femtosecond ti mescale. We are also devel oping the applications of ultrafast pul sed
sources of r elativistic electrons both in the laborator y and at the SLACF ACET facility , for research in
materials and chemical science. PULSE research extends to the research floor of the SPEAR3 synchrotr on at
SLAC, where ultrafast lasers can create transient conditions that are probed by synchrotron radiation. Finally,
PULSE develops frontier r esearch that makes use of tec hnologies such as ultrafast i maging of biological and
nanoscale materials, and ultrafast x-ray studies of matter in extreme environments. Our aim is to establish the
leadership of SLAC research in these areas to solve fundamental challenges in basic energy science.

PULSE Core Research Strengths: PULSE brings together world-leadi ng research strengths and unique
facilities in several areas, providing the expertise and resources to tackle frontier energy research problems:

e Ultrafast Nanomagnetism. (Stéhr, Acremann, Lindenberg): PULSE has world-leading efforts ont he
study of magnetic dynamics on the nanometer and sub-picosecond scale.

e Atomic and Chemical Dynamics. (Bucksbaum, Gaffney, Gihr, Martinez): The recent addition of the
Martinez theory group, together with our strengt h in har monics sources and the opportunit ies of LCLS,
gives PULSE a central position in the study and the control of excited state molecular dynamics.

o Ultrafast Materials Science. (Lindenberg, Reis, Nilsson): The study of rapid processes i n materials is a
broad area of strength at PULSE, with the materials science engineering group of Lindenberg, condensed
matter physics of Reis, and interfacial catalysis science of Nilsson.

o Ultrafast Source Science. (Reis, Lindenberg, Bucksbaum, Acremann, Stohr, Bogan): Most PULS E
senior investigators have  made i mpressive contributions in this area, an d LCLSis providing ne w
opportunities with the PULSE contributions to the SXR, CXI, XPP, and AMO instruments.

¢ Nanoscale & Biomolecular Imaging. (Bogan, Guhr, Bucksbaum, Stéhr, Acremann): PULSE is
developing n on-periodic i maging techniques for L CLS, and al so extending this concept to aligne  d
molecules, holography for magnetism, and several other areas.

e SLAC facilities (LCLS, SSRL, FACET, PULSE Institute Building): The PULSE Institute building will
provide 18000sf of laborator y and offic e space, to e nable us to develop close collaborations in im portant
ultrafast ar eas such as ti me-resolved photoem ission, time-resol ved x-ray scattering, support for ultra fast
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biological imaging, and multidimensional spectroscopy. PULSE also takes ad vantage of our proxim ity to
ilities in laser sci ence an d accel erator science. Th e

SSRL and to LCLS to build strong SLAC core fac
facilities are described in greater detail in the Facilities sections of each subtask.

e Stanford: The major educational, phy sical research, engineering research, and medical r esearch activities
at Stanford provide strong support for all of our activities in PULSE. Stanford is also helping us build an

international ultrafast x-ray research community for LCLS by supporting our annual Ultrafast

Summer School.

e QOrganization Chart for the PULSE Institute:
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Program Enhancements and Innovations over the Next Three Years:

PULSE is in its initial period of significant growth. The next three years offer compelling rich opportunities
to develop our young Institute.

LCLS begins user operations in September 2009, and there is a critical need for PULSE pa rticipation in
commissioning and in early experim ents, as well as general activities to build an LCLS user comm unity.
The laser is already working beyond its specifications, and that means that new research opportunities must
now be captured to realize its potential for groundbreaking science.

PULSE is moving into a newly renovated institute building starting In June 2009, which will eventually
provide 18,000 sf of laboratory an d office space de signed for work in ultrafast laser materials science,
chemistry, AMO Phy sics, and biochemistry . Optimal utilization of this space
SLAC, and BES. This proposal is sized to fit that new space.
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e PULSE has recruited major new research groups in the area of ultrafast x-ray scattering (D. Reis) and
chemical dynamics theory (T. Martinez). These provide greatly expanded opportunities for frontier work in
ultrafast science.

e The Department of Energy Office of Basic Energy Science is coordinating its basic research to meet
the next decade’s Grand Challenges in energy and climate change. PULSE staff is eager to respond to
this challenge. We have r ealigned our research areas accordingly. We have a pplied for a SISGR to start
energy-related collaborative activities, and we have also secured LDRD funding to seed theory in this area.
This current renewal requests that we be allowed to align our young Institute with this im portant BES
mission.

Subtasks in PULSE: PULSE has refocused its research divisions to focus on BES frontier energy science,
LCLS-based research, and SLAC-based ultrafast science. Seven research subtasks for this purpose have been
defined, whose relationship to the former PULSE tasks is listed below the respective funding summaries. The
Chemical Science programs are described in further detail in separate abstracts.

Tasks supported by the Chemical Sciences FWP: These tasks are aimed at the control and i maging of
chemical dyna mics, fro m electrons in s mall molecules to atoms in clusters. The ¢ mphasis is on grand
challenges for energy science. Th e proposed research utilizes our core  strengths in  molecular theory
(Martinez), ultrafast spectroscopy (Gaffney ), quantum control (Bucksbaum ) and strong field AMO physics
(Giihr and B ucksbaum). The im aging expertise in PULSE includes biological im aging (Bogan) with laser
manipulation of targets fori maging (Bucksbaum) and our special abilities to captu re an d i mage ultrafast
processes as they happen. Tasks in this area utilize the PULSE Institute building as well as SPEAR3 and the
LCLS AMO, CXI, and XPP end stations. Subtasks:

o Attosecond Coherent Electron Dynamics (ATO) (formerly Subtask E.2.a) Task Leader Markus Giihr.
(co-leader P. Bucksbaum ) This task studies the f astest timescales in chemical ph ysics involved with
electron correlation, and nonradiative chemical processes, connecting LCLS r esearch to the new field of
attophysics.

e Strong Fields in Molecules (SFA) (formerly Subtask E.2.b) Task L eader Phil Bucksbaum . This tas k
incorporates and extends strong-field quantum control to LCLS experiments in m olecular dynamics and
molecular imaging. Strong field effect s in ato ms and molecules can be studied using ultraf ast x ray s, or
employed to create targets for x-ray imaging. In addition, LCLS is itself the world’s first source of coherent
volt/Angstrom fields of x-ray radiation. A separate component of this program in ultrafast x-ray scattering
is in the Nonequilibrium Dynamics in Solids task.

¢ Solution-Phase Chemical Dynamics (SPC) (formerly Subtask E.3) Task L eader Kelly Gaffney. This task
explores ultrafast chemical processes in solutions, utilizing LCLS, sy nchrotrons, and the PULSE labs.
Emphasis is on the ultrafast dynamics of energy conversion in chemistry.

¢ Nonperiodic Imaging (NPI) (formerl y Subtask E.4) Task Leader = Michael Bogan. This task studies
nonperiodic nanoscale i maging, one of the great est new opportunities for LCLS. The f rontier scien ce
questions under study range from nanobiology to aerosol chemistry to combustion.

Tasks supported by the Materials Sciences FWP: From magnetism to melting, PULSE has assembled one
of the strongest research teams in the US for ultrafast studies of condensed matter. Many of the roadblocks to
efficient and low cost ut ilization or ¢ onversion of li ght energ y invol ve electron d ynamics in the initi al
picoseconds following photoabsorption, in materials driven from equilibri um. We will use the imaging
capabilities of x-ray scattering, in real space and in k-sp ace, to understand how structural and spin domains
are formed, destroyed, and altered on the nanometer and femtosecond scale. We will utilize many of the
special facilities on the SL AC site, including m ost of the LCLS i nstruments, the SPEAR3 synchrotron, and
the new FACET facility. Subtasks:

¢ High Field Manipulation of Materials (FMM) (formerly Subtask D.2.a, and parts of D. 2.b-d and D.3.b
Task Leader Aaron Lindenberg. The goal here is to expl ore the interaction of intense ultrashort fields with
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matter, develop mechanism s fora ll-optical manipulation of charges, spins, and atoms, and to
simultaneously watch these processes occur with atomic-scale resolution probes.

e Nonequilibrium Dynamics in Solids (NQS) (for merly Subtask D.3.a and part of E.2.b) Task Lead  er
David Reis. Ultrafast x ray s can track nonequil ibrium dynamics in solids with atom ic-scale resolution in
time and space and with atomic specificity. LCLS is a unique tool for these studies.

o Ultrafast Processes in Light Harvesting Materials (LHM) (formerly parts o f D.2.b-d and D.3.b) Tas k
Leader Yves Acremann. Ultrafast x-ray  and optical techniques can probe the dynamics of charge
separation, charge transport, and charge transfer in a variety of light harvesting materials, including organic
semiconductors, colloidal nanomaterials, and complex alloys.

Outreach: The Ultrafast X-ray Summer School is a five day residential program hosted annually by
PULSE. The goal isto disseminate information and train students and post -docs on new opportunities in
ultrafast science, particularly using X-ray Free Electron Lasers. L ectures are presented by expert scientists in
this exciting new field. The attendees are expected t o participate in the discussions and to prepare a mock
beamtime proposal poster with input from the instrument scientists for the Linac Coherent Light Source. The
living expenses and travel for the lecturers in the sc hool and the reception and coffee break refreshments are
paid by the student registration and a supplement fro m the Stanford Dean of Research. The PULSE Central
Management budget only pays for the staff time involved. This year’s Ultrafast X-ray Summer School is co-
directed by PULSE Deputy Director David Reis and PULSE Research Scientist Hamed Merdji.

PULSE maintains a Vvisitors program to enable researchers from around the world to work in our center.
These visitors are extremely valuable to the PULSE primary research program. Visitors are given an office,
access to PULSE laboratories and institute services, and some expense reimbursement, according to SLAC
rules. PULSE extends to them the Stanford designation of Visiting Scientist or Visiting Professor (in line
with their rank at their home institution), which entitles them to access to the Stanford Housing Office and the
use of the Stanford Library. The budget for this program is relatively modest, particularly when one considers
that a senior investigator with major talents and established abilities can be associated as a sabbatical visitor
for a year, for less than the cost of a Postdoc. In 2009-2010 the sabbatical visitors are Steve Durbin (Purdue),
Ken Schaffer and Mette Gaarde (LSU) and Jon Marangos (Imperial). Future visits are also planned by
Roseanne Sension (Michigan). We expect numerous shorter visits associated with our collaborations on
LCLS experiments.

Find out more: http://pulse.slac.stanford.edu
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Non-Periodic Imaging
Principle Investigator: Mike Bogan
Stanford PULSE Institute for Ultrafast Energy Science, SLAC National Accelerator Laboratory,
2575 Sand Hill Rd MS 59, Menlo Park, CA 94025, email: mbogan(@slac.stanford.edu

PROGRAM SCOPE: Biology is nature’s nanotechnology, and is dominated by non-periodic structures
that transform, store and transport energy and inform ation. We have pioneered a revolutio nary approach
to view this nanoscale world. Our single particle coherent lensless imaging with ultrafast soft x-ray free-
electron-lasers (FELs) has revealed nanoscale structur e before x-ray damage occurs (Fig 1). The Non-
Periodic Imaging program, task E.4 at the PULSE Institute for Ultrafast Energy Science, is part ofa n
international collaboration whose goal is to perform coherent imaging of non-periodic structures using x-
ray FELs, such as the Linac Coherent Light S ource (LCLS). LCLS will extend our resolution, already
achieved at the soft-X-ray FEL at D ESY, by m ore than an order of m  agnitude. The experimental
opportunities of non-periodic imaging (NPI) with LCLS are enormous.

Coherent diffraction imaging is elegant in its experimental simplicity: a coherent x-ray beam illuminates
the sam ple and the far-field diffraction pattern of  the object is recorded on an area det  ector. These
measured diffraction intensities are proportional to the modulus squared of the wave amplitude (scattering
amplitude) exiting the object. An inversion of the diffraction pattern to an image in real space requires the
retrieval of the diffraction pattern phases. This can be achieved by iterative transfor m algorithms if th e
object is isolated and the diffraction pattern intens ities are adequately sampled (an approach known as
oversampling). Our shrinkwrap algorithm is particular ly robust and practical. The algorithm reconstructs
images ab initio which overcomes the difficulty of requiring knowledge of the high-resolution shape of
the diffracting object. Coherent diffraction imaging o vercomes the restrictions o f limited-resolution x-ray
lenses, offering a means to produce images of general non-crystalline objects at a resolution onl y limited
in principle b y the x-ray wavelength and b y radiation-induced changes of the sam ple during exposure .
While we ar e primarily motivated to image biological macromolecules, the ge neral imaging techniques,
diagnostics, optics, sample manipulation, and understanding of m aterials behavior in intense x-ray fields,
are of fundamental importance to ultrafast x-ray science and cut across all areas of research of PULSE.

Detector

Fig 1. FLASH Diffractive Imaging of Aerosols in Flight. Aerosols delivered through an aerodynamic lens are
steered into the interaction region. FLASH is operated in multi-bunch mode. Upon coincident arrival of a particle
and x-ray pulse with readout of an x-ray sensitive area detector, a diffraction pattern containing particle structural
information is recorded. Examples: Left: Diffraction patterns of single and aggregated 250 nm diameter spheres,
where N equals the number of particles in the ag gregate. T he sec ond column s hows images of reconstructed
electron density sol ved using ESPR ESSO. R ight: The di ffraction pattern (top), reconstructed el ectron density
(middle), and binary convex hull image (bottom) of an aggregate particle comprised of 88 nm spheres and a single
carbon nanofiber.
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Achieving the goal of coherent diffractive imaging of a single particle require s extensive t echnical and
theoretical ad vances. This will be achieved through a combination of si mulation and experi ments. The
experiments will be carried out at s ynchrotron sour ces and the currentl y operational soft-x-ray FEL at
DESY call ed FLASH. We will also perform  the fi rst NPI experi ments at L CLS during our awarded
beamtime in late 2009. This sy stematic series of diffraction experiment s will grow in co mplexity as we
progress and will include studies of well-charact erized single particle aerosol standards, water droplets,
gas phase molecules and (bio)materials supported by membranes. As we develop the fundamental science
behind NPI with hard x-r ays, we will establish LCLS as one the most powerful tools i n aerosol science
and nanotechnology, provide critical early insig hts into single particle diffraction, an d help unravel the
mystery of the structure of water. W e will also begin exploring a co mplementary non-de structive NPI
technique, ultrafast electron holograp hy, which can image electric and magnetic fields of thin materials
on a sub-nm scale with sub-10-fs resolution.

Our technical experience in coherent imaging ex periments an d FLASH results currently gui  de the
development of the coherent x-ray imaging (CXI) endstation scheduled for operation at LCLS in 2011, as
well as other experiments where high-resolution structural information is acquired. The theoretical
models and simulations of the interaction of particles in intense XFEL beams will be compared and tested
with short-pulse coherent imaging, hol ographic, and scattering ex periments at FLASH and LCLS. This
program will be com plemented with the experimental investigation of aerosol na no-engineering methods
and nanoscale tem plate design to delive r encapsulated biomolecules to the FEL and optim ize diffraction
pattern acquisition. Another component of the project is the development of laser alignment of molecules
and particles using intense near-IR lasers that will be done in conjunction with other effort s at PULSE.
New efforts complementing the existi ng com ponents of the non-periodici maging program willb e
initiated, including studies of the structure of water and the development of ultrafast electron holography.

RECENT PROGRESS: The recent realization of the FLASH soft x-ra y free electron laser (FEL)
provided t he first opport unity t o experim entally verify “diffract and destroy” science. ~Our team has
pioneered the experimental methods in FLASH diffractive imaging (Fig 1). Extending our experiments
to the hard x-ray sof LCLS prom ises to revolutionize structural biology, aerosol science, and
characterization of essentially all nanomaterials by allowing a diffraction pattern to be recorded from non-
periodically structured materials, potentially as small as a single molecule.

We have continued our ambitious effort to define the capabilities of ultrafast x-ray lasers for non-periodic
structural i maging and now the task is prim  arily housed in the Ultrafast Aerosol Science and
Biomacromolecular Dynamics Laboratory in PULSE. FY2009 marked the transition of the task E4
leadership to staff's cientist Mike Bogan, arrivi ng from th e ultrafast bioim aging group lead b y Henry
Chapman at LLNL. Following subtask leader Bogan and collaborator’s demonstrations of ultrafast single-
shot diffraction imaging at FLASH during 20 06/2007, the Non-P eriodic Imaging scientific program was
expanded even further in  2008/2009 into several areas including (i) the first successful substrate-free
diffraction imaging of single particles at FLASH; (ii) ultrafast diffraction imaging of nanoscale dynamics
initiated by an optical pump laser; (iii) the first FLASH diffraction imaging of a cell using a new method
called massively parallel x-ray hol ography, and (iv) experimental veri fication of tampers for arresting
sample explosion.

Predictions suggest the high photon fluences (~10 '* photons/pulse) and ultrashort pulse lengths required
for NPI can be significantly relaxed, if the sample is surrounded by a sacrificial tamper layer. The tamper
dampens the Coulomb explosion by providing a bath of p hoto-induced free electrons to the sample, and
arresting the hy drodynamic expansion of the sam ple through inertial confinement. Our recent FLASH
results show that the sample lifetime can be ex tended to several picoseconds under these conditions. T he
results also indicate that tampering could produce atomic resolution in "diffract and destroy" experiments
at LCLS. Fo r biol ogical i maging, water is likel y to be t he ide al tam per material. In April 2009 we
performed, with our collaborators, the first tests of an in-vacuum water droplet dispenser fo r preparing
and delivering hydrated biological materials at FLASH.
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We have established that iterative transf orm phase retrieval techniques can be used for direct imaging of

individual 0.25-2 pm diameter particles illuminated by 13.5 nm FLASH pulses using the single resultant

diffraction pattern alone. Experiments are perform ed using a re-entrant differentially pump aerodynamic
lens stack that delivers the aerosols gen erated at atmospheric pressure to our x-ray detector sy stem that
surrounds the particle beam/x-ray interaction region (Fig 1). To calibrate our soft x-ray camera for single
particle diffraction, a test aerosol of poly styrene spheres is generated using a n electrospray operated in

Taylor cone-mode. This ‘particle injector’ is the prototype for the LCLS CXI endstation injector.

We recently performed the highest resolution single particle x-ray diffractive imaging experiment yet. We
interpreted aerosol m orphology to 35 nm resoluti on using the electron densities reconstructed fro m
single-shot diffraction patterns collected from aerosols in flight at FLASH. Exam ple diffraction patterns
collected from a single 25 0 nm diameter sphere and aggregates with N = 2, 3, 4 are shown in Fig 1. The
coherent illumination of m ultiple spheres results in in terference fringes in part defined by the number of
spheres in the aggregate, t heir relative orientation to each other and orientation of the aggregate to the x -
ray pulse. The ele ctron density of each aggregate w as reconstructed to 35 nm resolution using iterativ e
phase retri eval with the ESPRESSO algorithm [S. Marchesini, arXiv:0809.2006v1]. As N incr eases,
increasingly complex coherent speckles modulate the scattered signal and encode the locations of th e
spheres in the aggregate. For exam  ple, Figure 1 shows a diffraction pattern collected from  alar ge
aggregate of 88 nm spheres. This aggregate wa s about 1 pm in dia meter and was not spherical. The
aggregate particle was unique, existed for less than two milliseconds in vacuum and, based on previous
time-resolved x-ray diffractive imaging experiments, was completely destroyed just picoseconds after the
x-ray pulse interacted wit h the particle. Though for these reasons its 3D struct ure cannot be obtained by
proposed m ethods for diffraction patterns collected from identical objects, the retrieved 2D structure
provides valuable information on particle morphology, not accessible by other means.

Morphological information can be extracted from this single-shot diffraction pattern of a unique object by
applying m orphological analy sis methods utilized in electron microscopy to the reconstructed electron
density (Fig. 1, bottom row). Potential exists to extract additional degrees of m orphological information
from unique particles in situ using proposed tomographic femtosecond diffractive imaging methods™, but
these are currently unavailable. This paradigm shift in the imaging of single aerosol particles has allowed
us to identify entirely unexplored applications of ultrafast la sers in aerosol scie nce™. Ultrafast snapshots
of aerosol morphology and single particle pu mp-probe experiments will be the two key experiments we
will use to define this new realm of the ultrafast in aerosol science.

In FY2009,

FUTURE PLANS: We aim to apply our FLASH experimental expertise to help pioneer non-periodic
imaging at LCLS. We must address some very basic questions about single particle diffraction at LCLS:
What is the practical limit of detection for single particle diffraction? What resolution can be achieved?
To answer th ese questions, known structures must be probed in a sy stematic manner and the sam ple
damage dynamics must be measured.

Expected Progress in FY2010: Significant effort will be directed toward moving into and e quipping our
new lab space at SLAC. We plan to recruit, train, and retain outstanding young talent necessary to support
the rapidl y growing coher ent diffraction im aging of non- periodic structures program at PULSE. Our
experimental efforts will concentrate on our first experiments at LCLS in Dec 2009 and potentially in
Mar-June 2009, emphasizing imaging of nanomaterials, nanocrystals, cells, viruses and biomolecules.

Expected Progress in FY2011: We will continue our experimental campaign at LCLS, perf orming the
first single particle diffraction experiments with hard x-rays at the XPP endstation. We will utilize our
experience from FLASH and early LCLS experiments to work in conjunction with LCLS staff to field the
LCLS CXI instrument. We will continue to develop t he particle beam generation, trapping, manipulation
and diagnosti cs instru mentation necessary to perform any experi ments utilizi ng laser interactions with
single particles. We plan to undertake ti me-resolved imaging studies of the LCLS- matter interaction and
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perform LCLS imaging of aligned nanoparticles.

COLLABORATIONS: This work is done with colleagues fr om SLAC, Stanford, LL NL, Uppsala,
LBNL, Arizona State University, TU Berlin, Max Planck Biomedical Heidelberg, and CFEL@DESY.
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High harmonic generation in molecules
Markus Gihr and Philip H. Bucksbaum
Stanford PULSE Institute, Stanford Linear Accelerator Center, Menlo Park, CA 94025
and Physics Department, Stanford University, Stanford, CA 94305, mguehr@slac.stanford.edu

Scope

The goal of this task is to understand the relation of high harmonic spectra to electronic structure
in atoms and molecules on the attosecond time scale. We observe atomic and molecule electronic
structure and dynamics in strong fields through measurements of the amplitude and phase of high
harmonics. This year we have studied the fi ~ eld-dependent shift of the Ar Cooper m  inimum
through experim ents and sim ulations of the atom and its field dressed continuum states. T he
experiments require an accurately calib rated harmonic spectrom eter, which we accom plish via
laser induced plasm a em ission. We have also st udied th e influence of m ultiple orbitals 0 n
harmonic generation in molecules, and intend to  use this to observe electron dynam ics during
non-adiabatic processes.

Recent Progress
B. K. McFarland, J. P. Farrell, L. Spector, P. H. Bucksbaum and M. Giihr

a) Strong field Cooper minima

Using the exam ple of atomic Ar, we show that high harm onic generation (HHG) a mplitude and
phase are subject to Cooper m inima seen in phot oionization [1]. The vacuu m ultraviolet (VUV)
photoionization of Ar causes populati on transfer from the 3P electronic ground state of Ar to the
d or s continuum states which is described by the photoionization dipole matrix element. In the
recombination step of HHG an electronic dipole transition between the continuum states and the
electronic ground state results in the emission of VUV radiation. Recombination is described by
the com plex conjugate of the photoionization di pole element. Thus any inform ation obtained
from photoionization or absorption spectroscopy can in principle be applied to the HHG spectrum
[2-4]. The Cooper minimum results from the nodal structure of an electronic ground state, which
results in a sign change in the dipole m atrix element as a function of th e continuum state energy.
Due to the sign change the excitation or recombination amplitude must go to zero at a particular
energy, commonly referred to as  the Cooper m inimum. The m atrix elem ent sign change is
reflected by a change in the phase of the em itted dipole in HHG. Thu s HHG contains detailed
structural information.

We measure the harm onic amplitude and the VUV absorption spectrum of argon with a VUV
spectrometer calibrated using plasm a emission lines of various rare gases. Both spectra show a
minimum i n the expected range consistent with the Cooper m inimum, ho wever the HHG
minimum is shifted to higher energies. W e measure the Ar harm onic phase in an interferom etric
experiment using N, HHG as a reference. The measured © phase shift of the Ar harmonics around
the HHG minim um fully confirms the Cooper m inimum interpretation. In contrast to [2-4], we
explain the shift between absorption and HHG Cooper minimum by the st rong laser field acting
on the Ar continuum during recombination. We calcu late the Stark shift of the continuum states
under the influence of this strong  laser electric field. O nly th e uphill states  contribute to
recombination events in our case, and the corr esponding matrix elem ents show a blue shift in
agreement with experimental findings. In particular, the Cooper minimum shifts to higher photon
energies for increasing field. To sh ow this tren d, we perform ed a trajecto ry dependent study of
the Cooper minimum position.
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Figure 1 A) shows HHG spectra of Ar after the HHG beam had passed through an aperture prior
to the spectrom eter grating. Harmonic radi  ation corresponding tos  hort trajectories is
preferentially phase m atched on axis whereas the long trajectories emit radiation in a ring like
structure off-axis. With an almost closed aper ture, the short trajector ies are pronounced, and the
signal is rather weak compared to the open apertu re case. This indicates that the long trajectory
radiation is dominant for the op en aperture case. The Cooper m inimum is shifted from harmonic
35 for short trajectories to harm onic 33 for long trajectories. Figure 1 B) shows the field under
which the trajectories in the Cooper minimum region collide with the ion. For long trajectorie s
the field is lower than for short trajectories, leading to a weaker field-induced shift of the Cooper
minimum for long compared to short trajectories.

Figure 1: A) High harmonic spectra for Ar
with a closed aperture in the spectrometer
passing mainly harmonics originating from
short trajectories (grey curve) and open
aperture passing mainly harmonics originating
from long trajectories (black curve). Note the
difference in the signal by a factor of 10..The
position of the photoabsorption Cooper
minimum lies at 26nm corresponding to the
31% harmonic in our plot. B) Electric field as
a function of photon energy radiated upon
recombination by short trajectory electrons
(grey) and long trajectory electrons (dashed
black). For a particular photon energy, the
electric field upon recombination is always
higher for short trajectories compared to the
long ones

b) Plasma calibration of HHG spectra

The calibration of VUV spectrom eter for HHG sp ectroscopy is usually perform ed with m etal
filter ab sorption edges which cut away part of the harm onic spectrum or by directly counting
harmonics assum ing that they are integer m  ultiples of the funda mental quantum e nergy. A
fundamental problem in using harmonics for calib ration purposes lies in th e extreme sensitivity
of the har monic wavelength to the funda mental pulse param eters and to phase m atching. The
fundamental laser chirp, duration and the HHG phase m atching influence the harm  onic
wavelength; shifts in wavelength of half an odd harmonic are not unusual.

We 1 mplemented a simple calibrationm  ethod using plasm a e mission lines in an HHG
spectroscopy set-up. We show that lin es emitted by a laser-generated plasma of rare gases and
molecular nitrogen can be conve niently used to calibrate harm onic spectrom eters. The plasm a
generation and HHG us e the sam e laser beam ge ometry. The intensity conditions for plasm a
generation and HHG e mission are different. In an HHG se tup with optim ized phase m atching,
efficient plasma emission is hindered. We implement a short focus geometry for this purpose and
change th e gas ta rget p osition with respect to the laser focus to switc h between a calibra tion
mode, where the plasma lines are intense and  the harmonics are relatively weak, and an HHG
mode, where the plasma lines are weak and th e harmonics are strong. To change between the
modes, no re-alignment of the laser is needed.
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Figure 2: a) VUV emission spectrum
of Xe in a focused 30 fs, 800 nm laser
pulse as a function of gas jet position
with respect to the laser focus. The z-
axis is along the laser propagation
direction. Harmonic emission is visible
for jet positions before and after the
laser focus (z=0), whereas sharp plasma
emission lines appear around the focus.
B) Same for N,. ¢) The wavelength of
the 27" harmonic shifts as a function of
jet position, which makes it unsuitable
for calibration purposes.

Figure 2 A and B show the VUV signal as a function of gas jet position along the laser
propagation direction for Xe and N, respectively. The position z=0 corresponds to the laser focus.
Before and after the f ocus a regular harm onic pattern appear s, corresponding to the laser
harmonics. At the focus, the harm onics are suppressed and plasma line emission dominates. The
documented plasm a li nes are used to calibra  te the spectrom eter wavelength. Figure 2C
demonstrates the shift in wavelength of the 27" harmonic as the jet scans through the focus.

¢) Harmonic generation from multiple orbitals

Up to now, the m odelling and interpretation of HHG has always assumed that only the highest
occupied orbital can be ionized and thus contribute to HHG. However, at least two orbitals need
to be observable in o rder to deduce electron d ynamics because the q uantum representation o f
motion is a coherent superposition of several orbitals. We found multi-orbital effects in HHG for
nitrogen molecules and attributed th e spectral signatures in the high harmonic spectrum to the
highest occupied molecular orbital (HOMO) and the next lower bound orbital, the HOMO-1. We
used the co ntrol over the m olecular alignment with respect to the s trong laser field in or der to
prepare the different orbital contributions.

The methodology of multi-orbital HHG is currently being developed to follow m ore complicated
electronic dynamics in molecule s with HHG spectroscopy. Over th e past few m onths, we have
been setting up a new high harm onic generator and spectrometer that can be used with any kind
of (corrosive) molecules without any damage to the pumping system and optics.

Future Plans

M. Guhr and P. H. Bucksbaum

a) Chemical imaging

We will use our experience in m ulti-orbital HHG to follow molecular electronic dynam ics after
photoexcitation. Dynamics occurring at so-called ¢ onical intersections (CI) is very interesting in
this con text. The conical in tersections are cr ucial for biological proc  esses such as ligh t
harvesting, primary visual processes and UV st abilization of DNA and for chemical processes in
the earth’s atmosphere. It is possible to excite a wave packet by an ultrafast las er pulse such that
it explores the potential landscape of the excited state and reaches the conical intersection, where
it can chan ge its electronic s tate. We want to monitor this m ultiple s tate electron ic dynam ics
using high harmonic generation on photo-excited molecules.
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b) Electron correlation

The electro n-electron correlati on effects, which are neg  lected in the Hartree-Fock (HF)
approximation, are expected to be highlight  ed at the attosecond tim e scale. Around each
individual electron, the density of other electrons is re  duced by both exchange and Coulom b
interactions (correlation hole). The “instant” removal of an electron will lead to charge migration
dynamics aim ed at filling this ho le. In o ther wo rds, the charge ho le created on the neu tral
molecular ground state is not an eigenstate of the ionic system, leading to a coherent
superposition of cationic states. The attosecond time scale of the electron dynamics is determined
by the energy differences am ong the excited cationi c states. W e plan to directly m onitor the
charge migration in the tim e domain, giving us in sight into electron co rrelation. T his involves
spectroscopy with VUV laser sources and LCLS laser pulses.
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Strong Field Control of Coherence in Molecules and Solids
Philip H. Bucksbaum, Ryan Coffee, and David Reis, Stanford PULSE Institute for Ultrafast Energy
Science, SLAC National Accelerator Laboratory, Menlo Park, CA 94025

This is subtask E2b of PULSE, and has been renamed “Strong Field Control of Molecules” (SFA)
in the renewal. Our efforts are directed towards investigations of strong-field induced coherent
processes in atoms and molecules that are of value as either LCLS experiments or ultrafast x-ray
diagnostics. This year we added the related project of ultrafast hard x-ray studies of coherently
excited phonons in solids, with the addition of David Reis to PULSE. We also made considerable
progress in several other areas: formation of coherent transient alignment in molecules; studies of
short wavelength electronic coherences; and a proposal approved for our first studies of strong field
processes using LCLS. We have proposed to move a substantial portion of the condensed matter
portion of this program to the DMSE FWP in FY10-12.

Recent Progress:

Multi-pulse Molecular Alignment James Cryan, Ryan N. Coffee, and Phil H. Bucksbaum We
have demonstrated transient alignment in room temperature nitrogen, which exceeds the ionization-
limited single pulse alignment and approaches the maximum theoretical value. We employ eight
equally spaced ultra-fast laser pulses with an optimal separation to take advantage of periodic
revivals of an ensemble of quantum rigid rotors. Each successive pulse increases the transient
alignment <cos*(6(t))> and also moves the rotational population away from thermal equilibrium.
By comparing our data to quantum simulations, we determine experimental values of <cos*(0(t))>,
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Figure 1: Left: The multiple pulse alignment of molecules is based on a nested interferometer design shown above left.
This produces eight equally spaced pulses. The length difference between arms is such that the spacing between pulses
is approximately 8.4 ps. This is the rotational period 1/2B, where B is the rotational constant for molecular nitrogen.
Right: Our multiple pulse technique uses a train of pulses acting at the 'quantum echo' of the initial pulse, i.e. when the
density matrix p(t) returns to the value it has immediately after the initial impulse. This time is slightly in advance of
the maximum alignment, formally when &’<cos*(6(t))>/0t*=0. This technique not only produces a high field-free
transient alignment, but also exhibits a sizable time-averaged population alignment <<cos*(8(t))>>, shown in the figure
above as the rising baseline.
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Longitudinal alignment: Doug Broege. Ryan Coffee, Phil Bucksbaum Strong fields can be
employed at LCLS and in other applications to produce true three-dimensional alignment. An
important step along this path is the demonstration and control of longitudinal alignment, that is
alignment along the direction perpendicular to the laser polarization. This year we demonstrated
the alignment of diatomic molecules along the direction of laser propagation in a field free
environment, carried out with the use of a circularly polarized 800nm ultrafast laser on atmospheric
and dry diatomic nitrogen. The wavepacket created with this field exhibits both transient and time
averaged alignment along the laser propagation vector. Measurement of these features were
performed interferometrically with a pair of co-propagating 400nm pulses. Additional
measurements of birefringence were taken to ensure all wavepacket features were azimuthally
symmetric within the plane of polarization. Along with traditional impulsive alignment, this
technique allows for 3 dimensional control of molecular alignment without the need for a crossed
beam geometry.

Figure 2. The position of the fringes (camera

= pixels) resulting from the interference between
= the two probe beams as a function of pump-
o - - probe delay (ps). Fringe position is directly
-é -02r :glgg;ismﬁem i related to the index of refraction of the sample,
o4k ‘ gm‘l . | which is composed of both atmospheric
' 0 5 10 15 oxygen and nitrogen. Sign convention is
pump-probe delay (ps) chosen so that a positive signal indicates a

decrease in index of refraction, which implies
alignment along the quantization axis. This plot shows that the rotational wavepackets created exhibit both coherent
alignment at revivals and a continuous population related alignment. The dotted line shows an increase in time
averaged alignment.

Energy relaxation in Solids: David Reis A portion of our program involves the study of ultrafast
energy relaxation processes in condensed matter following femtosecond laser excitation. In order
to meet our scientific goals, we are developing new methodologies for probing structure on the
picosecond (ps) and femtoseconds (fs) time-scale at synchrotron (APS) and linac based sources
(SPPS and we are working towards LCLS). Over the past several years, we have concentrated on
diffraction from long-wavelength phonons; however, x-ray scattering has the potential for probing
phonons throughout the Brillouin zone. In the past year we have made progress on two fronts: a.
probing the unfolding of superlattice phonons into high wavevector bulk modes and b. probing
momentum resolved anharomonic decay of phonons. This year we are starting two new labs in the
PULSE institute at SLAC, one for optical pump-probe studies and the other to develop a table-top
high-repetition-rate ps x-ray source. We are also collaborating on several LCLS experiments and
commissioning as well as continuing to make use of the APS and now SSRL.

a. unfolded phonons. An ultrafast laser pulse generates high frequency folded acoustic modes in a
semiconductor superlattice (InGaAs/InAlAs) and a ps x-ray probe detects their propagation across
the SL into the substrate. When these phonons propagate across the boundary, they unfold to
become very high frequency and high wavevector acoustic modes. These modes are of particular
interest because they play an important role in heat transport as well as have nanoscale wavelength,
but there is almost a complete lack of coherent near monochromatic sources and detectors of these
phonons (Trigo 2008).

b. x-ray diffuse scattering to probe phonon decay. Experiments on InP, which has an unusually
long-lived LO phonon, were carried out at the BioCARS beamline of the APS with ~ 1010 photons
per pulse at 15 keV. Figure 3(a) shows the static temperature diffuse scattering at room temperature
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of a (001) oriented InP single crystal at near grazing incidence. The probe covers many Brillouin
zones, represented by the mesh-like pattern superimposed on this image. Photo-excitation with an
intense laser pulse perturbs the equilibrium TDS image and produces a differential signal (Fig. 3 b -
d). The data show a complex redistribution of the intensity that suggests the presence of a transient
non-equilibrium population (Fig. 3 e - g) persisting up to a few hundred ps. Interestingly it appears
that the transverse modes continue to increase in population several hundreds of ps after excitation
while other modes are cooling.

Figure 3: (a) room tem perature
thermal diffuse scattering image
of (001)ori ented]l nPn ear
grazing i ncidence with 1 5 keV
x-ray pho tons. Tim e-resolved
images after laser excitation at
()t =50 ps, (c)t =400 ps and 50
(d)t=1 ns. (e) — (g) difference
of the im ages at differe nt time
delays p lotted in side th e first
Brillouin zon e. For clarity on ly 300
oneo ft heB rillouinz ones
shown in (a) is displayed.

Future work:

Xray Multiple lonization of Impulsively Aligned Molecules: Ryan Coffee, Markus Guehr, Phil
Bucksbaum, John Bozek, Christian Buth, Marcus Hertlein, Ali Belkacem, Nora Berrah, Linda
Young, Lou DiMauro, Hamed Merdji, Janos Hajdu The LCLS free-electron x-ray laser will be the
first coherent radiation source that is capable of saturating K-shell photoionization for elements in
the second row of the periodic table. This creates the opportunity for the first time to study novel
multiple core-hole processes in atoms and molecules. We have been granted time in the first round
of AMO experiments in FY'10, to use the very high fields of the LCLS to create core vacancies in
both atoms in a diatomic molecule, and study the Auger relaxation of this novel correlated system.
This double core-hole state has a strong effect on the angle and energy of Auger emission which we
will study by impulsively aligning the molecules prior to their photoionization. This is particularly
interesting for ultrafast physics since the relaxation involves time scales of a few femtoseconds or
less.

Light-induced coherent structure in molecules: Ryan Coffee, Todd Martinez, Phil Bucksbaum,
others A number of important quantum dynamical properties in chemical physics can be simulated
and controlled using strong fields to coherently excite molecules. We will initiate a combined
theory and experimental program to study these. An important example is the light-induced conical
intersection, which is produced when a strong coupling field is used to add a controlled additional
degree of freedom to a molecule. Another example is the use of controlled laser fields to induce
angstrom-scale structure in motional wave packets in molecules. The ultrashort x-ray pulses of
LCLS could be an extremely useful tool to study these.

1. Broege, D., R.N. Coffee, and P.H. Bucksbaum, 2008a, “Strong-field impulsive alignment in the presence of high
temperatures and large centrifugal distortion,” Phys. Rev. A, 78, 035401.
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Solution Phase Chemical Dynamics
Principal Investigator: Kelly J. Gaffney
PULSE Institute, Photon Science, SLAC,

Stanford University, Menlo Park, CA 94025
Telephone: (650) 926-2382
Fax: (650) 926-4100
Email: kgaffney@slac.stanford.edu

I. Program Scope: The initial stages of efficient phot ochemical reactions invariably occur on the
femtosecond (fs) to picos econd (ps) ti me scale. Identify ing t he mechanisms for directed and
efficient channeling of s olar energy to chem ical energy will be a principle objective of this
research sub-task. The effective conversion of light to chemical energy necessitates directing the
energy flow, which requires the suppression of the t hermodynamic driving for ce to convert the
light energy to heat and re -establish equilibrium. The effectiveness of molecular photo-cataly sts
depends critically on the excited state el ectronic structure and dynamics. Preserving the harvested
energy within the electronic degrees of freedom represents a critical step to efficient light
harvesting and depends i ntimately on the com plex interpla y between el ectronic and nuclear
motion. While the investigation of n on-adiabatic dynamics has been widely pursued with time
resolved optical spectros copy, the complexity of t he phenomena and dual inf luence of nu clear
and electronic arrangement on these optical signa Is has made unam biguous interpretati on of
experimental data unusual. We propose to disentangle this coupled evolution of the electrons and
nuclei b y pr obing the molecular structure with ~ ultrafast x-ray scattering a nd the electronic
structure with ultrafast x-ray spectroscopy.

We will also investigate equilibrium chemical dynamics. The assembly and conformation of soft-
matter depen ds critically on non-covalent interac tions. These interactions, such as ion pairing,
hydrogen bonding, and van der Waal s attractions contribute to the asse mbly of nanostructures in
a broad range of che mical and materials science ap plications as well. While t he formation and
folding of nanometer co mplexes generally in volves the formation of num erous no n-covalent
interactions, the intrinsic interactions are generally well defined local interactions: hydrogen bond
formation, io n pairing, and hi gher-order electro static interacti ons. We propose to study  the
thermal dy namics of H-b onding and i on pairing dynamics with the objectiv e of generating a
molecular-scale, mechanistic understanding conf ormational dynam ics in solution. We will
investigate these conformational dy namics with ti me resolved vibrational spect roscopy, x-ray
photon correlation spectroscopy, and molecular dynamics simulations.

I1. Scientific Progress:

Photochemistry of bimetallic photo-catalysts: We have initiated femtosecond resolution pum p-
probe measurements of the bi-metallic d*-d® coordination complex Ir,[1,8-diisocyano-menthane],.
Our initial measurements have pumped the sy stem at 590 nm and probed the transient response
throughout the visible. These initial r esults appear i n Fig. 1. The signal peaked around 6 00 nm
corresponds to the ground state bleach and the stimulated emission at very small time delays. The
signal peaked at 710 nm corresponds to the stim ulated emission signal. Figure 1(B) shows the
time dependent pump-probe signal at 730 nm and 650 nm, roughly corresponding to the inner and
outer turning points on the excited state potential. The oscillatory pattern are clear p out of phase,
as expected and show strong evidence for two vibrational modes being strongly coupled to the
electronic excitation. Fourier transformation of the signals show vibrational frequencies of 80 and
120 cm™. One of these modes should possess a str ong metal-metal stretching component, since
the equilibrium Ir-Ir bond length i n the excited state should be roughly 0.5 A shorter than the

ground state configuration excited at 590 nm.
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Fig. 1:(A) Femtosecond transient absorption spectrum measured for Ir  ,[1,8-diisocyano-
menthane], using a photoexcitation at 590 nm. The signal centered at 710 nm corresponds to the
stimulated emission from the excited state and the strong oscillations in the spectrum result from
coherent metal-metal vibrational dynamics in t he excited state. (B) Time dependent change in
absorption induced by excitation at 590 nm and pr obed at 650 nm and 7 30 nm. These pr obe
wavelengths roughly co rrespond to th e wavelengths th at sti mulate e mission from th e ex cited
state p otential b ack to th e ground state potential at th e tu rning points o f'th e ex cited state

potential. The anti-correlation of the oscillatory pattern supports this conclusion.

These preliminary results demonstrate that we will be able to learn a significant amount about the
excited state dynamics of the bi-metallic photo- catalysts with optical pump-probe measurements
and also gives us confidence that these materials will be emendable to ti me resolved x-ray
scattering measurements.

Atomic resolution mapping of the excited state electronic structure of Cu,O with time-resolved
soft x-Ray absorption spectroscopy: Soft x-ra y absorption s pectroscopy (XAS) has many
attributes that make ita powerful tool for investigating electronic structure. Of partic ular
significance, the electroni c structure can be inte rrogated with atom ic specifi city, so that the

electronic structure can be decomposed into speci fic atomic contributions. While widely utilized
to characterize the ground state structure of materials, we have used XAS to characterize the

excited electronic state properties of cuprous  oxide (Cu,0), a widely studied transition metal
oxide semiconductor utilized in photovoltaic and photo-electrochemical applications.

We have use d tim e r esolved XAS to characte rize the effect of optically generated ele ctronic
excited states on chemical bonding in Cu,O. A shift of the absorpti on edges to lower energy
represents the dom inant e ffect of valence carri er excitation. While the valence excitation shifts
the Cu L;-edge and the O K-edge spectra, there is no integral change in x-ray absorption at either
edge. This la ck of an inte grated change in the Cu L;-edge and the O K-edge provides strong
evidence that the Cu3 dand O 2 p orbital contributi ons to the conduction band edge strongl y
resemble the orbital contributions to the valence band edge. This demonstrates the ability of time
resolved x-ray spectroscopy to characterize the chemical bonding in excited states.

Attosecond electron dynamics in transition metal complexes investigated with resonant
inelastic hard x-ray scattering: The excitation of matter with light can lead to the em ission of
photons with characteristic energies indicative of th e electronic and v ibrational properties o f the
excited sa mple. When the incident radiation res  onantly excites a transition in the irradia ted
material, the emitted light can result fr om coherent (one-step) inelastic scattering leading to a
resonance Raman signal o r fro m incoh erent, seque ntial absorption and em ission (two-step) of
light leading to a fluorescence signal. We use the si multaneous appearanc e of these different
signals in resonant inelastic light scat  tering to extract infor mation about the excited  state
dynamics from the intrinsic time delay in the fluorescence decay channel.
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Prior soft x-ray resonant inelastic x-ra y scatte ring (RIXS) studies have extracted information
about the attosecond (as) and femtosecond (fs) evol ution of core -excited states using core-hole
clock spectroscopy. The core-hole clock technique utilizes the sensitivity of the Auger electron or
the x-ray emission spectrum to dy namics that occur prior to core-hole decay . Since 3d transi tion
metal K- shell core-holes decay on the f emtosecond to sub-femtosecond time scale, hard x-ray
RIXS will be almost exclusively sensitive to attosecond electronic dynamics. For the coordination
compounds we have investigated, we attribute  these excited state decoherence dy namics to
electron transfer from metal 4p electronic states to predominantly ligand-derived electronic states.

Raman scattering signals can be clearly distinguished from fluorescence signals since they result
in emission signals that disperse linearl y with incidence photon energy , while the fluorescence
spectrum is incident energy independent. The core-hole clock technique allows the rate of excited
state dy namics to be ex tracted fro m the rel ative integrated i ntensity of t he characteri stic
fluorescence, I, and Raman, I, signals and the core-hole lifeti me, 7. We dete rmine the charg e
I R

transfer times, zcr, from 7, Ig, and Iy, 7, =1
f

T.

We have measured the Mn and Fe 1s3p RIXS spectra of RbMnFe(CN)¢ and K;Mn(CN)g. These
two species make for a compelling demonstration of the sensitivity of RIXS to electron dynamics
because they possess very similar atomic structure, but very different chemical environments. For
the Prussian blue analog, RbMnFe(CN) ¢, theni trogen end of the ¢ yanide coordinates the
manganese atom, while in K ;Mn(CN) the carbon end of the ¢ yanide coordinates the manganese
atom. The nitrogen ligatio n in the Prus sian blue analogue generates a weak ligand field an d a
high-spin ground electronic state for th ¢ Mn io ns. The carbon li gation in K;Mn(CN)s generates
the standard strong ligand field associated with cyanide and a low-spin ground electronic state. A
similar strong field exists for the Fe in RbMnFe(CN).

Experimentally, we observe that Raman scat tering dom inates for the weak ligand field
manganese in RbMnFe(CN),, while fluorescence scattering dom inates for the strong ligand field
manganese in K ;Mn(CN). The results for strong  ligand field Fe in RbMnFe(CN) ¢ stro ngly
resemble the results for the strong ligand field Mn in K~ ;Mn(CN)g. Using the core-hole clock
method, we extract electron transfer times of ~0.2 fs from excited-state Mn and Fe 4p orbitals to
ligand dominated orbitals for atoms in strong field chemical environments and ~0.9 fs for Mn in a
weak ligand [RbMnFe(CN)].

Hydrogen bond dynamics in aqueous ionic solutions: Aqueous ionic solutions lubricate the
chemical machinery of n atural and bi ological systems. While the unique and incom pletely
understood properties of water receive significant a nd justified attention, natu ral and biological
processes al so depend critically on the ionic sp ecies present in solution (Ball, 2008). A full
description of ionic sol utions requires not only a detailed understanding of the dy namics and
structure of water in- and out-side the first ionic solvation shell, but also a clear understanding of
the inter-conversion mechanism and dynamics for these two populations of water molecules.

We have used m ultidimensional vibrati onal spectroscopy (2DIR) and Car-Parrinello m olecular
dynamics (CPMD) simulations to investigate the hydrogen bond (H-bond) structural dynamics in
aqueous 6 M sodium perchlorate (NaClO,) solutions (Park, 2009). Aqueous perchlorate solutions
provide an e xcellent sy stem for study ing H-bond exchange dynamics because the do nation of a
H-bond from a given deuterated hydroxyl group (OD) to another water molecule or a perchlorate
ion leads to spectroscopically distinct OD stretch frequency. 2DIR monitors the H-bond exchange
by observing the time dependent growth in the off-diagonal signal in the 2DIR spectra, as shown
in Fig. 3. The rise in off-diagonal signal occurs with  a 6 ps time constant, similar to the tim e
constant for m olecular rotation m easured with polarization-resolved pump-probe measurements.
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experi-mental spectra.
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This indicates that molecular rotation and H-bond e xchange occur via large angle jumps, as seen
Laage and Hynes in computer simulations.

The CPMD sim ulations perform ed on aqueous 6 M NaClO 4 solution clearly dem onstrate that
water molecules organize into two radi ally and angu larly distinct structurall y sub-shells within
the first solvation shell of the perchlorate anion, with one sub-shell possessing the majority of the
water molecules that dona te H-bonds t o perchl orate anions and t he other sub- shell possessing
predominantly water m olecules that donate two H-bonds to other water molecules. The CPMD
simulations also demonstrate that the molecular exchange between these two structurally distinct
sub-shells proceeds more slowly than the H-bond exchange between the two spectrally distinct H-
bond configurations. We interpret this to indicate that orientational motions predominantly dictate
the rate of H-bond exchan ge, while translational di ffusion must occur to com plete the molecular
exchange between the two structurall y distinct sub- shells around the perchlorate anions. The
2DIR measurements observe the H-bond exchang e between the spectrally — distinct H-bond
configurations, but t he lifetime of the h ydroxyl stre tch precludes the observat ion of the sl ower
molecular exchange. Our 2DIR experiments and CPMD sim ulations dem onstrate that
orientational motions predominantly equilibrate water molecules within their local solvation sub-
shells, but the full m olecular equilibration within the first solvation shell around the perchlorate
anion necessitates translational motion.
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First Principles Dynamics of Ultrafast Chemistry

Todd J. Martinez
SLAC National Accelerator Laboratory, Menlo Park, CA 94025

Abstract: The ab initio multiple spawning method has been developed as a means of
describing ultrafast chemistry on multiple excited states from first principles,
solving the electronic and nuclear Schrédinger equations simultaneously.
Applications to date have treated laser-induced excitation as an instantaneous
event. Here, we describe new improvements to the method which allow for the
direct modeling of the excitation event, opening the door to modeling of optimal
control type experiments with non-transform-limited excitation pulses. This
includes an “optimal” spawning algorithm that determines the location of new
nuclear basis functions using direct optimization! and explicit incorporation of the
laser field into the time-dependent Hamiltonian. We also extend the method to allow
for strong laser fields and the concomitant modification of the Born-Oppenheimer
surfaces. Applications of the method to high harmonic generation, time-resolved
photoelectron spectroscopy, and optimal control will be presented.

1S.Yang and T. ]. Martinez, Advances in the Theory of Atomic and Molecular
Systems, Ed. P. Piecuch, Springer, in press.
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Probing Complexity using the ALS and the LCLS

Nora Berrah
Physics Department, Western Michigan University, Kalamazoo, MI 49008
e-mail:nora.berrah@wmich.edu

Program Scope

The objective of our research program istoin vestigate co mplexity t hrough fundamental
interactions between photons and gas-phase systems to advance our understanding of correlated
and m any body phenom ena. Our research investig ations probe multi-electron interactions, the

dynamics of interacting  few body quantum sy stems and energy transfer processes f rom
electromagnetic radiation. Most of our work is carried out in a strong partnership with theorists.

Our current interests include: 1) T he study of non linear and strong field phenomena in the x-ray
regime using the linac coherent light source (LCLS) , the first x-ray ultra-fast free electron laser
(FEL) facilit y at the SLAC National Laboratory . Our investigations will focus on atoms,
molecules an d clusters to understand ultrafast and ultra-intense phenom ena. 2) The study of
correlated processes in select molecules, clusters and their anions using advanced techniques with
vuv-soft x-rays from the Advanced Light So urce (ALS) at Lawrence Berkeley Laboratory. We
present here results completed and in progress this past year and plans for the immediate future.

Recent Progress

1)  X-Ray Non-Linear Physics Studies of Molecules with Intense
Ultrafast LCLS Pulses

The LCLS started lasing in April 2009 and is scheduled to provide beam  time to users in
September, 2 009. M y team will b e contribut ing t o the co mmissioning of the LCLS AMO
instrument this summer. Furthermore, we are scheduled to carry out som e of the first AMO
experiments this fall. The present instrument  consists of five electron time-of-flight (TOF)
spectrometers and an i on imaging detector to measure the electron angular distribution and the
ion charged states re sulting from the io nization of atoms, molecules and cluste rs with the X -ray
FEL. Specifically, we will carry out non-linear studi es in N, and CO molecules as a function of
focused x-ray laser intensity. We will study multiple and multi-photon ionization focusing on the
measurements of Auger electrons subsequent to the ioniza tion with 800 eV intense LCLS
photons.

2) Emergence of Valence Band Structure and Autoionization
Resonances in Rare-Gas Clusters

The formation of electronic band structure by the valence-shell of Ar, Kr, and Xe clusters was
studied for various cluster sizes using angle-resolved phot oelectron spectroscopy . Our s ystem
allows us to probe selectively either the cluste r surface or cluster bulk since the e-TOFs provide

very good electron kinetic energy resolution. Diffe rent widths of the fine-structure co mponents
in the cluster spectra are attributed to a splitting of the outermost ps/, levels due to valence-orbital
overlap between neighbor ing atoms. Photoelectron angular distri butions from the cluster differ

from the atomic cases and vary substantially for different bands. Our measurements have shown

111



unambiguously for the first ti me the ev olution of the electronic structure with i ncreasing cluster
size. Our data demonstrate clearly the changes of the valence band structure in the transition from
a condensed-phase monolayer to the bulk [1,2].

We have also measured the photoionization of argon clusters in the Ar 3s—np Rydberg resonance
region. For the first time, partial photoe lectron yields and photoelectron angular distributions for
the two spin—orbit components in argon clusters are reported as a function of t he photon energy.
The angular distributions of cluster photoelectrons differ substantiall y from the ato mic ones. It
allows, moreover, the identification of bulk and surface resonances [3].

3. Molecular-Frame Anqular Distributions of Resonant CO:C (15s)
Auger Electrons

Measurements of m olecular-frame electron angula r distributions (MFAD) allow access to an
unprecedented level of detailed information, such as phases of photoelectron waves, localization
of charge, core hole doubl e-slit interference and photoelectron diffractions which are hidden in
conventional gas-phase electron spectroscopy due to the random orientation of the m olecules.
Most of these studies to  date have fo cused on photoelectrons. However, our team has u sed a
novel methodology to determine for the first tim e the molecular-frame angular distributions of
resonantly excited CO:C (1s) Auger electrons.

The molecular fra me is the na tural reference frame for the study of m olecules and their
interaction with electromagnetic rad iation or ch arged particles. In order  to experimentall y
determine MFAD the molecules have to be “‘fixed’’ in space, which can be realized by applying
the angle-resolved photoe lectron-photoion coinci dence technique [ a]. Although most of t hese
studies have focused on photoelectrons, Auger el ectrons provide complementary information on
the electronic structure and the anisotropy of atoms, molecules, and solids after the initial
excitation. Because of the ir ele ment and sites sp ecificity, Auger electrons are oftenuseda sa
probe for the atomic environment in large molecules and solids. In the case of resonant excitation,
the focus of our work, they represent the onl y way (apart f rom fluoresc ence) to obtain
information since no other electron is emitted. From a theoretical point of view, understanding the
MFAD:s is probably the most demanding open question in molecular Auger spectroscopy.

There is no report on MFADs of re sonant Auger e lectrons probably because the high kinetic
energy of Auger electrons co mbined with the necessary high kinetic energy resolution does not
allow detecti on in the full 4 = solid angle. The determ  ination of Auger electron MFAD is
substantially m ore challenging and ti me consu ming than t he measurement of ph otoelectron
MFADs [b,c]. Recently, in collaboration with th e Sendai group, we used a newly  developed
analytical framework, allowing full three-dimensional MFADs from measurements of electrons at
only two angles in co mbination with 4 1 momentum-resolved ion detection [ 4]. This novel
approach makes high-resolution m easurements of Auger electron MFADs considerably more
convenient and feasible as demonstrated in our subsequent work [5,6].

Our experiment [ 4] was performed at the ALS Beamline 4.0.1 in the two-bunch m ode. Our
apparatus consists of a coin cidence system that employs a momentum imaging spectrometer with
two electron tim e-of-flight (TOF) an alyzers mounted in the plane perpendicular to the light
propagation direction, at 0° and 54.7° with r espect to the horizontal. The uniqueness of our
coincidence system lies in the fact that we have vey good electron kinetic energy resolution.
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Specifically, our investigation was focused on elucida ting the assignment of two main groups,
“h” and “i1” from the resonant Auger spectrum subsequent to the resonantly excited CO:C (1s)—
n* Auger electrons [4]. For the selected geometry, the MFADs of the ““h’” and ““i”” groups show
distinct differences. In particular, the MFAD of group *“ h’’ displays a strong asy mmetry with a
preferential emission of the electrons along the di rection of the carbon atom, while the MFAD of
group ““ i”’1's more i sotropic and has a large fraction of its total intensity i n the plane
perpendicular to the m olecular axis. The differe nt shapes of the MFADs are well reproduced by
ab initio calculations in the one-center approach. They provide an unam biguous assign ment of
group “‘h’* to two states, 3 *IT and 4 *TI, which have almost identical MFADs. Group “‘i’’ appears
in the energy region where the calculations predict transitions to the 5 *IT and 1 *® states.

In conclusio n, our fin dings points to very different angular distributio ns for two close ly ing
electron spectator groups, both of which could  be identified throug h the co mparison with
theoretical predictions [4 ]. Our calculations b ased on a one-center approach [d ] ar e able to
withstand the most stringent test of reproducing well the experim ental angular distributions, and
furthermore predict that the su m of all Auger tr ansitions is strongl y focused toward the carbon
atom.

4. Multi-User Movable lon Beamline

We have successfully and completely commissioned a movable ion beamline (MIPB) that allows
the phot oionization stud y of positi ve and negativ ¢ ions in the merged beam geo metry. This
instrument complement the existing excellent ion-photon beamline (IPB) facility fixed at the ALS
beamline 10.0.1. The MIPB has been used using photons from beamline 8§ that enable deep core-
shell ionization in m olecules and clust ers. We have carried out experiments in C , and C 4- and
plan to continue the investigation of t he carbon chain. The instru ment is available for any users
to exploit the capabilities of any ALS beam lines, specifically below 9 eV an d above 340 eV
photon energies not available on BL10.0.1.

Future Plans.

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

1) We plan t o carry out LCLS based experiments and analy ze the resulting data. 2) We plan to
continue the data analy sis of the Co ulomb e xplosion investig ations of large molecules and
clusters using the ALS. 3) We plan to continue t he photodetachment experim ents in the carbon
anions cluster chain using the MIPB. 4) We plant o carry out the analy sis of the experi ments
conducted on the valence and K-shell photodetachment of Cgy” conducted this spring with the IPB
in collaboration with the UNR and Giessen groups.
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Strongly Anisotropic Bose and Fermi Gases

Principal Investigator
John Bohn
JILA, UCB 440
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Boulder, CO 80309
Phone (303) 492-5426
Email bohn@murphy.colorado.edu

Program Scope

This program focuses on the fundamental properties of dilute quantum
degenerate gases whose constituent particles possess dipole moments. It is
concerned with the implications of the dipole-dipole interactions on the structure,
dynamics, and control of these gases, as well as their ability to provide prototypes
for novel condensed matter systems and potentially useful materials. The
properties of the gas are tunable to a high degree, by varying such quantities as
the density of the gas, the orientation of the dipoles, the scattering length of the
constituents, and the anisotropy of the trap in which they are held.

Recent Progress

We continue our investigations into the structure and stability of dipolar
Bose-Einstein condensates. These matters get to the heart of the novelty of
dipolar particles, namely, their anisotropic interparticle interactions, which are
either repulsive or attractive depending on the relative orientation of the particles.
An unusual consequence of this anisotropy, known for some time now, is the
existence of excitations analogous to the roton mode in superfluid helium. In
helium, this excitation determines many properties of the gas, including the
velocity below which the fluid flows without resistance, as well as the features of
correlated motion of the atoms in the fluid. We are developing the theory of how
these excitations play out in realistic experimental circumstances for dipoles.

In dipolar BEC, the roton-like excitations offer far more variety than in
helium, inasmuch as their properties can be tuned via both the strength of the
dipole moment and the anisotropy of the trap. Moreover, when the excited roton
mode becomes degenerate with the ground state, an instability occurs that can
cause collapse of the BEC into local density fluctuations.  Carefully
characterizing these fluctuations and the ensuing collapse is important for
understanding how far the gas can be pushed in the quest for new physics or even
device applications.

We have characterized this kind of collapse, both for non-rotating
condensates and those containing vortex states. The roton modes, like harmonic
oscillator modes, are characterized by their radial and angular nodal patterns in
pancake-shaped trapping potentials. The collapse can lay bare this nodal
structure, which is in turn related to the density profile of the BEC before
collapse. Experiments that deliberately trigger a collapse, therefore, can serve as
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probes of the novel dipole-generated structure. We have modeled the time-
dependent collapse of these structures, as would pertain to realistic experimental
circumstances for a BEC of chromium (see Figure). The corresponding
experiments are being carried out in the Pfau group in Stuttgart.

Figure. Density profiles for dipolar BEC’s that have undergone
collapse, as viewed “looking down” on the BEC from the
polarization axis. Red is high density, blue is low. In the left
panel, collapse was triggered via radial roton modes, while in the
right panel the rotons have angular nodes. This kind of imaging
can reveal the unique features arising from anisotropic interactions
in the gas.

This dipolar BEC work is performed by fourth-year graduate student Ryan
Wilson. Additionally, this year saw the publication of the final results from the
thesis of former DOE-supported graduate student Daniele Bortolotti, on the
physics of an ultracold mixture of bosons and fermions. This work laid out the
appropriate mean-field theory of such a mixture, including the capacity of the
atoms to join into molecules near a Fano-Feshbach resonance. Intriguingly, this
work showed that the mean-field theory is not adequate for the description of this
fascinating system, in the sense that it is for boson-boson mixtures. Nevertheless,
the theory presents an essential touchstone that all future theories must build
from.

Future Plans

Thus far the entire field of dipolar BEC has been concerned with particles
polarized perpendicular to the plane in which they are confined, hence preserving
cylindrical symmetry. Recently we have begun to explore the situation where the
polarization is tilted with respect to this plane. In this case the superfluid velocity
itself is anisotropic, with consequences that have yet to be appreciated. Also, we
are looking toward a certain class of polar molecules with extremely low
polarizabilities. Because they are polarized in a very weak field, the field
generated by the dipoles themselves can be comparable to the applied field, thus
coupling the internal and motional states of the particles. Both these unusual

116



attributes — anisotropic superfluidity and quantum dielectric properties -- demand
exploration to investigate novel properties of dipolar materials.
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Program Scope

In this research program, we address the fundamental phy sics of the interaction of atom s and
molecules with intense ultrashort lase r fields. Th e main object ives are to  develop new theoretical
formalisms and accurate com  putational m ethods for ab initio n onperturbative inve stigations of
multiphoton quantum dynamics and very high-order nonlinear optical processes of one-, two-, and m any-
electron quantum sy stems in intense laser fields,  takingi nto account det ailed electro nic 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 m ultiphoton ionization
(MPI) processes, ti me-frequency spectrum, and cohe rent control of HHG processes for the development
of tabletop x-ray laser light sources, and for the exploration of attosecond AMO processes, etc.

Recent Progress

1. Ab initio Theoretical Investigation of the Frequency Comb Structure and Coherence in the VUV-XUV
Regimes via High-Order Harmonic Generation: From Atomic H to Rare Gas Atoms

In the la st few y ears, fem tosecond laser-based optical frequency com bs have led to remarkable
advancements in ultrafast science [1], high-precision optical frequency m easurement and synthesis [ 2],
and enabled optical atomic clocks [ 3]. As a unive rsal optical fre quency comb synthesizer, this method
provides a direct link between optical and m icrowave frequencies. More recently, there i s substantial
experimental interest in t he exploration of the f easibility of generating frequency comb in the extreme
ultraviolet (xuv) and vacuum ultraviolet (vuv) regi mes at a repetition frequenc y of m ore than 100 MHz
via high- order har monic generation (HHG) [4,5]. At such a repetition rate, the m ode spacing of the
frequency com b is large enoug h fo r hig h-resolution spectros copy. Howe ver, there are currently
experimental difficulties in the realizat ion of the frequency comb structure within each high harm onic,
with the exception of the third-order harmonic case [5].

To advance this field, we have recently presented the first fully ab initio quantum investigation of the
frequency co mb structure and coherence within e ach order of the high-or  der harm onic generation
spectrum in the high-frequency vuv-xuv regime [6]. The HHG spectrum of atomic H driven by a train of
equal-spacing short laser pulses is calculated by propagating the time-depende nt Schrodinger equation
(TDSE) accurately and efficiently by means of the time-dependent generalized pseudospectral (TDGPS)
method [ 7]. We explore t he comb stru cture and co herence by varying the laser pulse separation t, the
number of pulses N, and the laser intensity. We found that a nested comb structure appears within each of
the harmonics, ranging from the first harmonic all the way to the cutoff harmonic, and this global pattern
persists regardless of the values of T and N used and even in the presence of appreciable ionization.

More recentl y, we hav e extended t he study to the rare gas a toms by means of self-interaction-free
time-dependent densit y functional theory (TDDFT) [ 8]. We found that it is essential to include the
dynamical el ectron correl ation for the quantitative  exploration of the strong-field MPI, HHG, and
frequency comb structure and coherence. We explore in detail the tem poral coherence and robustness of
the comb structure by varying t, N, the phase difference between pulses, and the laser intensity. We found
that the frequency comb structure and c oherence are preserved in each harmonic regardless of the values
of tand N used for the case of weak and medium strong incident laser-pulse trains. However, under
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superstrong fields, nonuniform and substantial ionization takes pla ce during each pulse, jeopardizing the
temporal coherence of the emitted frequency comb modes.

2. Exploration of Coherent Control of Multiphoton Resonance Dynamics in Intense Frequency-Comb
Laser Fields: Many-Mode Floquet Theoretical Approach

We generalize the many-mode Floquet theorem (MMFT) [9, 10] for the nonperturbative investigation
of multiphoton resonance dynam ics driven by i ntense frequency -comb laser fields [ 11]. The frequency
comb structure generated by a train of short laser pulses can be e xactly represented by a com bination of
the main frequency and the repetition frequency . MMFT allows non-perturbative and exact treatment of
the interaction of a quant um system with the frequency-comb laser fields. We explore m ultiphoton
resonance pr ocesses bet ween a two -level sy stem and freq uency-comb laser. We found thatt he
multiphoton processes can be coherently controlled by tuning the laser par ameters such as the carri er-
envelope phase (CEP) shift. In particular, high-order harmonic generation shows immense (many-orders-
of magnitude) enhancement by tuning the CEP shift, due to simultaneous multiphoton resonances [11].

3. Coherent Control of a Single Attosecond XUV Pulse by Few-Cycle Intense Laser Pulses

We perform ab initio quantum and classical explorations of the producti on and control of a single
attosecond pulse by using intense few- cycle laser pulses as the driving field [12]. The ti me-frequency
characteristics of the attosecond xuv pulse are analyzed in detail by means of the wavelet transform of the
time-dependent ind uced dipole. To bett er understand the phy sical processes, we also perf orm classical
trajectory simulation of the strong-field electron dynam ics and electron returning energy map. We found
that the quantum and cl assical results provide com plementary inform ation regarding the underl ying
mechanisms responsible for the producti on of the coherent attoseco nd pulse. For few-cycle (5 fs) driving
pulses, it is s hown that the e mission of the consecutive harm onics in the super continuum cutoff regime
can be sy nchronized and locked in phase resulting in the production of a coherent attos econd p ulse.
Moreover, the time profile of the attosecond pulses can be controlled by tuning the carrier envelope phase.

4. Effect of Electron Correlation on High-Order-Harmonic Generation of Helium Atoms in Intense Laser
Fields

Recently we have developed a time-dependent generalized pseudospectral (TDGPS) approach in
hyperspherical coordinates for fully ab initio and nonperturbative treatm ent of hi gh-order harm onic
generation (HHG) processes of two-electron atomic systems in intense laser fields [13]. The procedure is
applied to a detailed investigation of H HG processes of helium atoms in ultrashort laser pulses ata KrF
wavelength of 248.6 nm. The six-dimensional coupl ed hyperspheri cal-adiabatic-channel eq uations are
discretized and solved efficiently and accurately by means of the TDGPS method. The effects of electron
correlation and doubly excited states on HHG are explored in detail. A HHG peak with Fano line profileis
identified which can be attributed to a broad resonance of doubly excited states [13].

5. Extension of High-order Harmonic Generation Cutoff via Coherent Control of Intense Few-Cycle
Chirped Laser Pulses

We present an ab initio quantum exploration of the HHG cutoff extension mechanisms controlled by a
few cycle chirped laser pulse [14]. It is shown that significant cutoff extension can be achie ved through
the optimization of the chirping rate para meters. Furthermore the time duration of the emitted attosecond
bursts produced by the chirped laser pulse is significantly reduced from that of the chirp-free laser pulses.

6. Precision Study of the Orientation Effects in MPI/HHG of H," in Intense Laser Fields

Recently we have dev eloped a TDGPS method for accurat e and efficien t treat ment of the ti me-
dependent Schrodinger equation (TDSE) of two-center diatomic molecules systems in prolate spheroidal
coordinates [15]. The method is applied to a fully ab initio 3D study of the orientation effects in MPI and
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HHG of H," subject to intense laser pulses. The calculations were performed for the ground and two first
excited electronic states of H ," at the internuclear se paration R = 2.0 a.u. The dependence of MPI and
HHG behavior on the orientation angle is analyzed. We found that orientation effects are strongly affected
by the s ymmetry of the w ave function and the corr esponding distribution of t he electron density. While
the anisotropy of MPI and HHG is r ather weak for the 1 o4 state, both pr ocesses are suppressed at the
orientation angle 90° for t he 1o, state and at the angle 0° for the 1 =, state. We discuss the multiphoton
resonance and two-center interference e ffects in th e HHG spectra which can 1 ead both to enhance ment
and suppression of the harmonic generation [15].

7. Above-Threshold-Tonization Spectra from Core Region of Time-Dependent Wave Packet: A New ab
initio Time-Dependent Approach

Recently the phenom enon of multiphoton above-threshold ionization (ATI) and investigations of
resulting electron distributions attracted much new interest. This is related to advances in laser technology
which made possible generation of u Itrashort and intense la ser pulses. For such pulses, the absolute or
carrier-envelope phase (CEP) pla ys an important role and properties of the ejected electrons momentum
(or energy—angular) distributions differ significantly from those for long pulses. Recent experi ments were
able to measure high-resolution full y differential data on ATI of noble gases. Thus accurate theoretical
description of the electron distributions becomes an important and timely task.

In a recent work, we devel op a new method for accurate treat ment of TDSE and electron ener gy
and angular distributions after above-threshold m ultiphoton ioni zation [ 16]. The procedure does not
require propagation of the wave packet at large dist ances, making use of the wave function in the core
region. It is based on the e xtension of the Kra mers—Henneberger picture of the ionization process while
the final expressions involve the wave function i n the laboratory frame only. The approach is illustrated
by a case study of above-threshold ionization of the hydrogen atom subject to intense laser pulses. The
ejected electr on energy a nd angle dis tributions ha ve been calculated and analy zed. We explore the
electron spectrum dependence on the duration of the laser pulse and carrier-envelope phase [16].

8. Role of the Electronic Structure and Multi-electron Response in the MPI and HHG Processes of
Diatomic Molecules in Intense Laser Fields

Recently we have continued the developm ent of self-interaction-free time-dependent densit y
functional theory (TDDFT) [ 17,18] for accurate and efficient tr eatment of st rong-field AMO phy sics,
taking into account both electron correlations and detailed electronic structur e. Given below is a brief
summary of the most recent progress.

There have been much current experimental and theoretical interests in the study of strong-field
molecular ionization and HHG. Most theoretical st udies in the recent past a re based on approximate
models such as the A DK model, str ong-field approxim ation, etc. The ef fects of deta iled electronic
structure and m ulti-electron responses are ofteni gnored. Alt hough these m odels have some partial
success in weaker field processes, they cannot provide an overall consistent picture of the ionization and
HHG behavior of different molecules.

We have recently further developed the self-interaction-free TDDFT [17,18] for nonperturbative
investigation of the ionizat ion mechanisms as well as the HHG p ower spectra of homonuclear (N,, O,
and F,) and heteronuclear (CO) diatomic molecules in intense ultrashort lasers [19]. A time-dependent
two-center generalized pseudospectral method in prolate spheroidal coordinates is developed for accurate
and efficient treatment of the TDDFT equations in s pace and time. Our studie s reveal seve ral intriguing
behaviors of the nonlinear responses of m olecules to intense las er fields: (a) Itis found that detailed
electron structure and correlated multielectron responses are important factors for the determination of the
strong-field ionization behavior. Further, it is not ad equate to use only the HO MO for the description of
the ionizatio n behavior si nce the inner valence elect rons can als o make significant or even dom inant
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contributions. Finally, the ionization potential (IP) is laser-intensity and frequency dependent and it is
also not the only major factor deter mining the m olecular ionizat ion rates. (b) We predict substantially
different non linear optical response behaviors for h omonuclear (N;) and heteronuclear (CO) diato mic
molecules, despite the fact that CO ha s only a very small perm anent dipole moment. In particular, we
found that the MPI rate for CO is hig her than that of N ,. Further more, whil e laser excit ation of the
homonuclear N ; molecule can generate onl y odd harmonics, both even and odd harm  onics can be
produced from the heteronuclear CO molecule [19].

More recently, we have extended the TDDFT approach for the study of the effect of correlated
multielectron responses on the m ultiphoton ionization (MPI) of diatomic molecules N,, O,, and F ; in
intense short laser pulses with arbitrary m olecular orie ntation [20 ]. We show that the contributions of
inner molecular orbitals to the total MPI probability can be significant or even dominant over the HOMO,
depending upon detailed electronic structure and symmetry, laser field intensity, and orientation angle.

Future Research Plans

In addition to continuing the ongoing researches discussed above, we plan to initiate the following
several new project directions: (a) Exploration of 3D orientation dependent MPI/HHG and ATI processes
of diatomic molecules in intense laser pulses. (b) Development of TDGPS method and extension of self-
interaction-free TDDFT t o triatomic molecular sy stems [21 ] for the study of the MPI mechanis ms and
HHG phenomena in strong fields. (¢) Development of time-dependent localized Hartree-Fock (LHF)-DFT
method for the stud y of s ingly, doubly, and tripl y excited states of Rydberg atoms and ion s, inner shell
excitations [22] , as well as photoio nization of atom ic excited states [23]. (d) Coherent control  of
rescattering and attosecond phenomena in strong fields.
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Program Scope

Current experimental efforts to obtain ultracold molecules (e.g., photoassociation (PA), buffer
gas cooling, or Stark deceleration) raise a number of important issues that require theoretical
investigations and explicit calculations.

This Research Program covers interconnected topics related to the formation of ultracold
molecules. We propose to investigate schemes to form ultracold molecules, such as homonuclear
dimers (alkali or alkaline earth) using stimulated and spontaneous processes. We will also study
heteronuclear molecules, in particular those with large dipole moments like alkali hydrides or some
bi-alkali dimers (e.g. LiCs or LiRb). In addition, we will investigate the enhancement of the
formation rate via Feshbach resonances, paying special attention to quantum degenerate atomic
gases. Finally, we will explore the possible formation of a new and exotic type of molecules, namely
ultralong-range Rydberg molecules.

Recent Progress

Since the start of this Program (August 15 2005), we have worked on several projects. We limit
ourselves to work published over the last three years (since 2006).

e Formation of polar molecules

We explored the formation of alkali hydrides from one- and two-photon photoassociative pro-
cesses. We found that the one-photon formation rate for LiH and NaH in their X!X+ ground
electronic state is sizable in the upper ro-vibrational states |v”,J = 1); assuming conservative val-
ues for the atom densities (102 cm™3), temperature (1 mK), laser intensity (1000 W/cm?), and
the volume illuminated by it (1076 cm?), the rate coefficients are of the order 3 x 107! cm3/s,
leading to about 30,000 molecules per second [1]. We also found that all of those molecules would
populate a narow distribution of .J-states in the v” = 0 vibrational level by spontaneous emission
cascading; the momentum transfer due to the photon emission is not large enough for remove the
molecules from traps deeper than 10 pK or so. In the two-photon case, we calculated the formation
rate of LiH into the singlet ground state via the B'II excited state. This excited electronic state has
only three bound levels (in the J = 1 manifold) and a fairly good overlap with the X% ground
electronic state. We found rate coefficients about 1000 times larger [2]. However, the constraints
brought by the possibility of back-stimulation from a bound state to the continuum limits these
larger rates to values of the same order as the single photon process via an excited state [2].

More recently, we also explored the formation of LiH molecules in the a?$ " electronic state [3].
It is predicted to support one ro-vibrational level, leading to a sample in a pure single ro-vibrational
state. We found that very large rate coefficients ca be obtained by using the b3II excited state,
which supports only five or six bound levels. Because of the extreme spatial extension of their
last “lobe”, the wave functions of the two uppermost bound levels have large overlap with the
(v = 0,J = 0) bound level of a3s*, leading to branching ratios ranging from 1% to 90%. This
property implies that large amounts of LiH molecules could be produced in a single quan tum state,
a prerequisite to study degenerate molecular gases [3].
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¢ Homonuclear molecules

We analyzed results from two-photon photoassociative spectroscopy of the least-bound vibra-
tional level (v = 62) of the X'X} state of the ®*Sry dimer [4]. By combining measurements of the
binding energy with an accurate short range potential and calculated van der Waals coefficients,
we were able to determine the s-wave scattering length ags = —1.46a9. We also modeled the ob-
served Autler-Townes resonance splittings. Through mass scaling, we determined the scattering
lengths for all other isotopic combinations. These measurements provide confirmation of atomic
structure calculations for alkaline-earth atoms and provide valuable input for future experiments
with ultracold strontium.

We suggested and analyzed a technique for efficient and robust creation of dense ultracold
molecular ensembles in their ground rovibrational state [5]. In this approach, a molecule is brought
to the ground state through a series of intermediate vibrational states via a multistate chainwise
stimulated Raman adiabatic passage technique. We studied the influence of the intermediate states
decay on the transfer process and suggested an approach that minimizes the population of these
states, resulting in a maximal transfer efficiency. As an example, we analyzed the formation of 8"Rby
starting from an initial Feshbach molecular state and taking into account major decay mechanisms
due to inelastic atom-molecule and molecule-molecule collisions. Numerical analysis suggests a
transfer efficiency > 90%, even in the presence of strong collisional relaxation as are present in a
high density atomic gas.

¢ Rydberg-Rydberg interactions

We began working on the Rydberg-Rydberg interactions to explain some spectral features ob-
served in ®Rb experiments. We calculated the long-range molecular potentials between two atoms
in 70p in Hund’s case (c), by diagonalization of an interaction matrix. We included the effect of fine
structure, and showed how the strong /-mixing due to long-range Rydberg-Rydberg interactions
can lead to resonances in excitation spectra. Such resonances were first reported in S.M. Farooqi
et al., Phys. Rev. Lett. 91 183002, where single UV photon excitations from the 5s ground state
occurred at energies corresponding to normally forbidden transitions or very far detuned from the
atomic energies. We modeled a resonance correlated to the 69p3 /o + 71p3 /5 asymptote by including
the contribution of various symmetries: the lineshape is reproduced within the experimental un-
certainties [6]. More recently, we extended this work to the case of strong resonances observed near
the 69d + 70s asymptote [7]. We found that our theoretical results are in good agreement with the
observations of our colleagues at UConn.

e Degenreate Fermi gas

In [8], we worked on the spectroscopic signature of Cooper pairs in a degenerate Fermi gas,
namely SLi. We calculated two-photon Raman spectra for fermionic atoms with interactions de-
scribed by a single-mode mean-field BCS-BEC crossover theory. By comparing calculated spectra
of interacting and non-interacting systems, we found that interactions lead to the appearance of
correlated atomic pair signal - due to Cooper pairs; splitting of peaks in the spectroscopic signal
- due to the gap in fermionic dispersion; and attenuation of signal - due to the partial conversion
of fermions into the corresponding single-mode dimer. By exploring the behavior of these features,
on can obtain quantitative estimates of the BCS parameters from the spectra, such as the value of
the gap as well as the number of Cooper pairs.

e Influence of Feshbach resonances on formation rates

We have started to investigate the formation of molecules using photoassociation of atoms in the
vicinity of Feshbach resonances. In our initial work [9], we calculated the rate coefficients to form
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singlet molecules of LiNa using this Feshbach Optimized Photoassociation (FOPA) mechanism, and
found that they increase by 103~* when compared to the off-resonance rate coefficients. We also
gave a simple analytical expression relating the rate coefficient to the off-resonance rate coefficient
and parameters of the resonance (such as its position and width).

We expanded this work to take into account the effect of saturation on the rate coefficient [10].
We computed rate coefficients and showed that new double-minima features would appear at large
laser intensity near the resonance. We compared our theoretical results with recent experimental
measurements, and found an extremely good agreement without any adjustable parameters.

We combined this idea of FOPA with our previous work using STIRAP [11]. We showed that it
is possible to enhance the Rabi frequency between the continuum and an intermediate state so that
the efficient transfer of a pair of atoms directly from the continuum into the ro-vibrational ground
state becomes achievable with moderate laser intensities and pulse durations. This approach opens
interesting perspectives, since it does not require degenerate gases to work efficiently.

Finally, we also explored the role of Feshbach resonance and spin-orbit coupling in the formation
of ultracold LiCs molecules [12]. We analyzed the experimental data of our co-workers, and found
that even in the case of unpolarized atomic spin states (i.e. a mixture of all m; states), hyperfine
coupling can modify the formation rate measurably.

Future Plans
In the coming year, we plan to continue the alkali hydride work. We also will extend this work

to other polar molecules relevant to the experimental community, such as LiCs, LiRb, LiK, etc.
We also plan to continue our work on FOPA, by expanding our treatment to the time domain.

We expect to carry more calculations on Rydberg-Rydberg interactions and explore the possibil-
ity of forming metastable long-range doubly-excited Rydberg molecules as well as the experimental
signature to be expected.
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Program Scope: The goal of this program is to implement optical 2-dimensional Fourier transform spectroscopy
and apply it to electronic excitations, including excitons, in semiconductors. Specifically of interest are quantum wells
that exhibit disorder due to well width fluctuations and quantum dots. In both cases, 2-D spectroscopy will provide
information regarding coupling among excitonic localization sites.

Progress. During the last year, we have demonstrated the use of our new apparatus to observe two-quantum
coherences in semiconductor quantum wells. In addition to seeing the expected two-quantum coherences between the
ground state and the biexcition state, we also see them between the ground state and many-body states. We have also
performed a detailed study of the polarization dependence of the real part of the two-dimensional Fourier transform
(2DFT) spectra of quantum wells. We have also made to important technique advances. The first is a method of
determining the overall phase of the 2DFT spectra using the interference pattern formed by the excitation beams. The
second advanceis the development of phase cycling techniques to cancel scattered light from the excitation beams that
creates a noise background.

The coherent response of excitons in semiconductor quantum wells (QWSs) is strongly dependent on the exci-
tation conditions and material properties, such as polarization configuration and inhomogeneous broadening due to
well-width fluctuations. Contributions to the light-matter interactions include the excitons themselves, the formation
of excitonic “molecules,” or biexcitons, and the many-body interactions of these states [1]. The interplay of these
contributions has been explored though intensity- and polarization-dependent transient four-wave mixing (TFWM)
studies. The latter result in changes in the dephasing time, the temporal profile of the emission, and a phase shift
of the beats. Explanations of these results vary and include inhomogeneity or exciton-exciton interactions, such as
exciton-exciton exchange, excitation-induced dephasing (EID), local-field corrections, and excitation-induced shift
(EIS). Many authors have attributed the polarization dependence to biexcitons and their subsequent interactions.

We used 2DFT spectroscopy to separate and isolate the competing intra-actions and interactions of the excitons
and hiexcitons, which are strongly polarization dependent [L]. Through a quantitative comparison of the magnitude
of 2DFT data and the line shape in the phase-resolved spectra, the selection rules were exploited to demonstrate the
suppression of either many-body or biexcitonic effects in the coherent response. Clear indications of the associated
contributionsare observed in the 2DFT spectra, whereasthey had only previously been inferred in TFWM experiments.
Many-body interactions are observed for most excitation conditions as strong population and coherent coupling peaks,
and as dispersive line shapes in the real part of the 2DFT spectra. When many-body interactions are suppressed
however, the exciton and biexciton contributions are similar in strength and the off-diagonal coupling peaks nearly
vanish.

One of the hallmarks of many-body interactions was the appearance of a signal for “negative” delay in two-pulse
TFWM experiments. For an ensemble of hon-interacting two-level systems, thereisno signal for negative delay. These
signals can be phenomenologically described as arising from local field effects, EID, biexcitonic effects or EIS. While
the early work was motivated by explaining the negative delay signal, these effects also contribute, indeed dominate,
for positive delay. TFWM could not reliably distinguish between these phenomena, an ambiguity resolved by 2DFT
spectroscopy [A,E]. The 2D extension of this technique for molecular vibrations was proposed [2, 3] and observed
[4, B]. Its sengitivity to two exciton correlations in semiconductors was demonstrated in simulations [6, 7].
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We measured 2DFT spectra for the pulse sequence
that corresponds to the “negative” delay case in a two-
pulse TFWM experiment. In two-pulse TFWM, the
sample is excited by two pulses, E;(t — 7) and Es(¢)
with wavevectors k; and ko, respectively. Their inter-
action produces a signal E; « EjE2F5 in the direc-
tion k, = 2ks — ki where the delay between the exci-
tation pulses is defined to be positive if the conjugated
pulse, £y, arrives before pulse E5. Thus “negative” de-
lay meansthat the conjugated field arriveslast. When the
conjugated pulse arriveslast in 2DFT spectroscopy, two-
guantum coherences can be observed [4, 5]. Theory has
shown that 2DFT spectrafor this pulse ordering are very
sensitive to two-exciton correlations [6, 7]. For excitonic
resonances in semiconductors, we observe two-quantum
coherences due to many-body effectsin addition to those
due to biexcitons, which were expected [8, 9]. By mea-
suring the real part of the two-quantum coherences 1, as
opposed to the magnitude as was done previously [9], we
are able to resolve the different contributions and con-
firm that the dominant one is due to many-body inter-
actions. The polarization of the excitation fields can be
used to suppress the biexciton contribution, isolating the
many-body effects. The results agree well with theory
from the Mukamel group. These results have been sub-
mitted for publication.

2DFT spectroscopy can be implemented in a vari-
ety of geometries, which have varying success separat-
ing phase contributions from the signal and phase offsets
associated with the pump beams or heterodyning inter-
ferometers. Obtaining this global phase allows extrac-
tion of the real and imaginary components of the 2DFT
spectrum. The global phase is associated only with the
third-order response function of the material, and is in-
dependent of the phase of the excitation pulses or the
phase of any additional heterodyning pulses. The im-
portance of this has been demonstrated with respect to
finding absorptive lineshapes of vibrational correlations
in molecules and in the many-body interactions of semi-
conductor excitons.

For non-collinear phase-matching 2DFT experi-
ments, correctly “phasing” the spectra has been achieved
by matching the complex TFWM spectrum to the spec-
trally resolved transient absorption (SRTA), recorded in
an auxiliary yet in situ measurement. The method re-
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Figure 1. (Color) 2D two-quantum spectra of GaAs quan-
tum wells at different polarizations. (a) Experimental spec-
tra obtained using cross-circular (0~ oo ™) polarization
and (b) using co-circular (c o+ o 1) polarization. Thelaser
excitation shown above with the absorbance spectraisres-
onant with HX energy, therefore only the HX peak can be
observed. Ey isthe exciton energy, and Es is the biexci-
ton binding energy. (c) and (d) show simulations using the
same polarizations.

quires using the two-beam, pump-probe geometry to mimic the exact excitation condition used in the 2DFT mea-
surement, a criterion that is especially strict for semiconductor spectroscopy. However, mimicking these conditions
exactly can be tricky since the geometry is different. Moreover, at low excitation densities matching the weak SRTA
and complex TFWM spectra can lead to significant errors. Furthermore, SRTA cannot be measured to phase certain
cases of 2DFT spectra; namely, cross-polarization and some virtual-echo techniques.

We developed a method for acquisition of the global phase for non-collinear 2DFT experiments without relying
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on a SRTA measurement [J]. Instead, an all-optical measurement is demonstrated, which is based on using spatial
interference patterns at the sample position combined with SI measurements. These demonstrations are performed
on 2DFT spectra of semiconductor excitons in multiple quantum wells (MQWSs). First, the samples are excited by
suitably strong, co-linear polarized pump beams, where the SRTA measurement can provide good comparison to the
all-optical scheme proposed. Secondly, a cross-linear polarized excitation caseis presented where no such comparison
ispossible.

Phase cycling has been used in multidimensional NMR and collinear optical 2DFT spectroscopy to extract signals
and remove noaise, interference effects or multiple-quantum contributions. It is therefore useful for non-collinear
experiments that suffer from alow signal-to-noise ratio. Some situations may be dominated by noise source such as
pump scatter, which emanates from the same location as the TFWM signal. In 2DFT spectra, pump scatter is observed
along the diagonal of the single-quantum spectra, because the pump is only self-coherent, i.e. only correlated when
wy = w,. Thisisnot an issue for two-quantum spectra, because the Fourier transform yields a different spectral range,
without pump scatter. In the single-quantum 2DFT spectra, cycling the phase of the excitation pulses during a 2DFT
scan suppresses the noise along the diagonal .

In NMR spectroscopy phase aternative pulse sequences (PAPS) are used, where the relative phase of the two
RF pulses switches between in phase and out of phase every time step in a scan. Incorrectly phased artifacts in the
detected signal then cancel when the Fourier transform is performed, leaving only the signal in the two-dimensional
spectrum. The optical analogy of PAPS employed here records and averages two spectral interferograms that have
nearly identical time delay and a controlled phase shift between two pairs of beams, thus allowing the incorrectly
phased noise to cancel when averaged. An example is for an adjustment of the second time period 7", such that the
phase that is cycles is proportiona to ¢ = nm + w1, where the first term is toggled between o and 17 for every
time step along axis 7. Our implementation of thisagorithm strongly suppresses diagonal streaksin the 2DFT spectra.
More complex phase cycling schemes can be used to remove the scatter from all pump pulses.

Future Plans. We are currently using the phase cycling technique to obtained improved 2DFT spectra from
quantum dots formed in thin quantum wells due to fluctuations in the interfaces. Last year, we showed 2D spectra
from this sample, however the neither the instrument resolution nor signal-to-noise ratio were sufficient to extract
significant physics from these spectra. We have improved the resolution by inserting arelay lens to better match the
CCD camerato the spectrograph. The signal-to-noise issue has been solved by using phase-cycling.

Our preliminary data show no signs of coherent coupling between the quantum dots. The homogeneous linewidth
can be determined from the spectra. By varying the temperature, we can determine the role of phonon scattering in the
homogeneous linewidth. Varying the excitation power will reveal the contribution from carrier-carrier scattering. We
also expect to be able to see relaxation between the quantum dots by varying the delay T'. Relaxation between dots
could occur to phonon-assisted tunneling or activation out of the dot at higher temperatures.
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We have constructed a m ethodology with which we can present a detailed description of the
thermalization of initially energetic atom s traversing a cold atom ic gas. The m ethodology also
applies to the opposite case in which the atom s are initially cold and the bath gas is warm . In
response to an inquiry from Claudio Cesar and Paolo Crivelli we have applied it to simulate an
experiment they are designing that involves cold hydrogen atom s evolving in a warm er neon
gas. We calculated the H-Ne intera ction potential taking care to achiev e an accuracy sufficient
to repro duce the van d er W aals force at large internuclear distances. Our earlier studies h ad
demonstrated that th ermalization occurs through a sequence of scatterings at sm all angles th at
are controlled by the lon g range interactions. We then calculated the differential collision cross
section which determines the kernel of the linear Boltzmann equation. The Boltzm ann equation
was solved by num erical integration for a range of initial co nditions. The results supported the
proposed experim ent. We are continuing to ¢  xplore the therm alization process including the
case in which inelastic energy los s can occu r and in which chem ical reactions can occur.
Experimental data on the evolving velocity distribution of energetic metastable oxygen atoms in
molecular nitrogen are available.

There is a growing interest in exam  ining u ltracold system s involvin g positive ions and an
experiment has been reported by Grier et al. who employed a dual ion-atom trap to m easure
charge transfer in collisions at ultralow energies of ytterbium ions Yb" with neutral ytterbium
atoms Yb of a different isotopic com position. Because of the different isotope shifts of the ions
and the atoms there is a small energy difference. It has large consequences at ultralow energies,
including the failure of the Born-Oppenheim  er approxim ation to distinguish between the
isotopes so that the Born-Oppenhe imer potential curves and wave functions do not separate to
the correct limits. We believe we h ave solved the problem with a procedure th atis a sim ple
practical extension of the theory. Other m ethods have been suggested but seem di fficult to
apply for other than HD *. We have carried out calcula tions for the two isotopes of Li * in Li for
which the isotope shifts are know n. Calculations for Ytterbium are in progress. W e have also
investigated resonance charge trans fer for whic h the ion and atom isotopes are identical. The
scattering lengths are sensitiv e to the reduced masses of the iso topic pairs. W e have found an
interesting approxim ate relationship between th e Langevin expression for charge transfer and
the scattering lengths. We propose to examine its validity for other cases such as Strontium.

The calculation of the Born-Oppenheim er interac tion po tentials to s ufficient ac curacy is a
demanding task, at large internuclear distances, esp ecially as the charge transfer cros s sections
depend on the difference between scattering in the gerade and ungerade states and in
conventional variational methods the cancellation is extreme. There is a more subtle problem in
that it is eas ier to a chieve high a ccuracy for one of the two particip ating states than the o ther
which enhances the error in determ ining the diffe rence. The problem is m ost severe at large
distances w here the difference is d ecreasing ex ponentially. Because th e difference is sm all it
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should be possible to use som e kind of perturbation theory and calculate the difference directly.
There is a f ormula, attributed to Holste in and Herring that e xpresses the difference in terms of
an integral over the median plane through the midpoint of the internuclear axis joining an ion to
its neutral parent.

The integrand contains the polarized wave fu  nction of the electron that undergoes charge
transfer. We have used an extension m ethod in inverse powers of the internuclear distance R to
evaluate the polarized wave functions for Li,” Na," Rb, and Cs,".

Rydberg atoms are sensitive probes of their envi ronment and to exploit their potential reliable
estimates of their interaction strengths are needed. Accurate information is needed to understand
experiments involving ultracold spin-polarized hydrogen in Bose-Einstein Condensates and
phenomena like photoassociation and u ltracold plasmas. Quantitative calculations are im portant
also as a m eans of identifying the molecular s tates which can be challenging if th e states are
found as a product of diagonaliza tion m ethods. Surprisin g little is k nown about the details
though im portant discoveries have been made by extensions of Ferm 1i's original analysis. For
hydrogen atom s the long range interactions have been obtained for ground state atom S
interacting with exc ited Rydberg atom s with principal quantum up to n=3. W e have now
extended the principal quantum number to n=10. A special p erturbation theory was n eeded and
the resulting potential curves are ex tremely complicated. However as a function of n there are
simplifying features.

Spin-polarized atoms and m olecules are valuable in m any areas of physics. However they ar e
ordinarily created in a buffer ga s in which co llisions can lead to spin depolar ization and to
frequency shifts. The fundamental microscopic processes that give rise to spin depolarization are
spin exchange and spin relaxati on. Spin exchange transfers spin polarization from one atom to
another and spin relaxation results in a loss of polarization due to the interaction of the electron
spin with the orbital angular momentum of the collision complex. We are attempting to develop
a comprehensive understanding of th ese processes and to predict th eir rates for the alkali m etal
atoms in a gas of “He. Spin exchange in binary collisi ons occurs through the Ferm i contact
hyperfine interaction of the valence electron of the alkali metal with the nuclear spin of *He.The
strength of the interaction is proportional to the electron spin density of the atom-He complex at
the helium nucleus. Compared to the free m etal atom, the electron density is enhanced by the
exchange in teraction of the valen ce elec tron with the *He core. An atom ic m odel has been
constructed based on this physical picture. The interaction m ay be calculated directly using
quantum chem istry m ethods and this we have done for Li-He which has only five electrons.
Special care was needed to obtain reliable values of the spin density close to the nucleus. For the
heavier atoms we adopted the atom ic model. To estimate the enhancement factors for them we
calculated the frequency shifts and matched them to experiment. The frequency shifts depend on
the interaction potentials. These were available for Na and K but not Rb. For Rb we carried out
ab initio calculations. The empirical enhancement factors obtained are respectively 2.0, 1.85 and
1.83 for Na, K and Rb. For Li we calculated an averaged value of 2.5. The calculated
temperature dependence of the spin exchange rate s is steeper than the m easured rates for Na, K
and Rb, a difference that is surely due to the use of the atomic model, as suggested by the results
for Li.

The hyperfine constant of the alka li-metal atom is affected by th e approach of the helium atom
causing pressure-dependent freque ncy shifts of hyperfine levels. They have been observed in
experiments with vapour cells. Happer and his colla borators have used pe rturbation theory to
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estimate the variation with internuclear dis tance of the hyperfine intera ction strength and we
followed their approach. The case of Li-He is simple enough that fo r it we were able to carry
through a direct quan tum m echanical calcu lation which confirm ed the accu racy of the
perturbation m ethod. The hyperfin e pressure shift is largea  nd negative at small nuclear
separations but bec ause of the repu Isive nature of the in teratomic potential the small R reg ion
makes little contribution to the over all pressure shift. For similar reasons the pressure shifts for
the heavie r alkali m etal atom s are sm all despite the gre ater m agnitude of the inte raction
strengths. Collisions at ultracold temperatures are of special interest for applications in magnetic
trapping and evaporative cooling. We have computed the spin-exchange rate coef ficients as a
function of energy in a m agnetic field of 1 G .Sm all variations in the form of the Fermi contact
interaction can lead to la rge changes in the spin -exchange cross sections. The ratios of the rate
constants for diffusion and inelastic scattering are very large. Our calculations ignore the
anisotropic com ponent of the hyperfine interaction and these ratios m ay change when we
include it but we expect them to remain large.

Spin relaxation for which there is no change in the nuclear spin state of *He is driven by a spin-
rotation coupling and a change of magnetic quantum number of plus or minus 1 can result in a
collision with He. We used a model introduced by Walker, Thywissen and Happer and applied it
to K atom s. The rate coefficient is negligible at low te mperatures but increases rapidly above
10K to values of order 10(-17)cm 3s™ at 600K in a m agnetic field of 2 Tesla. A m ore accurate
calculation of the coupling cons tant is desirable. It can be carried out though it involves the
evaluation of the spin-orbit in teraction and non-adiabatic coup ling to electronically excited
molecular states.

We are in terested in co ntrolling the behavior of dipolar m olecules that have both electric and
magnetic dipoles in th e presence of electric a nd magnetic fields. We have carried out elaborate
calculations of the scattering of OH molecules. OH is an importa nt constituent in astrophysical
and atm ospheric environm ents. More generally doublet pi m olecules m ay provide tests of
physics bey ond the standard m odel. The quantum mechanical form alism for collis ions of
doublet pi molecules in the absence of external fields has been worked out by Alexander and we
have extend ed it to ex amine the inf luence of fields on th e struc ture and on collis ions with
helium. W e find that electric fields of less th an 15 kV/cm grea tly enhance the probability for
Stark relaxation. The total cross sections are dominated by elastic s cattering and increase
smoothly with decreasing energy. They give limited evidence of rapid variations near excitation
thresholds and disagree with recent experiments. Further analysis is warranted.
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Program scope: The goal of our project is to produce and trap polar m olecules in the ultracold
regime. Once achieved, a variety of novel physical effects associated with the low temperatures
and/or the p olar nature of the m olecules should be observable. W e will build on recent resu lts
from our group, in which we form and trap ultracold RbCs. We plan to transfer the vibrationally
excited molecules currently trappe d into their absolute internal ground state and then study the
resulting sample of polar m olecules. W e will i nvestigate a variety of techniques for creating,
manipulating and probing this sample, includ ing m ethods for “distilling” a pure ground-state
sample, i maging detection, continu ous accum ulation of ground state-molecules, etc. Once in
place, we will study chemical reactions at ultracold temperatures.

Our group has pioneered tech  niques to produce and state-se  lectively de tect ultra cold
heteronuclear molecules. These methods yielded RbCs molecules at translational temperatures T
<100 pK, in any of several desired rovibronic states—including the absolute ground state, where
RbCs has a substantial electric dipole moment. Our method for producing ultracold, ground state
RbCs consists of several steps. In the first step, laser-cooled and trapped Rb and Cs atom s are
bound together into an electronica lly excited state, via the pr ocess known as photoassociation
(PA)." These states decay rapidly into a few, ~ weakly bound vibrational levels in the ground
electronic state manifold.”> By proper choice of the PA resonance, we form metastable molecules
exclusively in the a 2" level. We also demonstrated the ability to transfer population from these
high vibrational levels, into  the lowest vibronic states X 'Z"(v=0,1) of RbCs * using a laser
“pump-dump” scheme. Two sequential laser puls es drove population first “upward” into an
electronically excited level, then “downward” into the vibronic gr ound state. In these initial
experiments, the vibronic ground- state molecules were spread over a small num ber (2-4) of the
lowest rotational levels, determined by the f inite spectral resolution of the pum p/dump lasers.
We state-selectively detect ~ ground-state m olecules witha  two-step, resonantly-enhanced
multiphoton ionization process (1+1 REMPI) followed by time-of-flight mass spectroscopy.”

In m ore recen t work, we have incorporated a CO ,-laser based 1D optical lattice into our
experiments. This makes it possible to trap and accumulate vibrationally-excited RbCs molecules
as they are for med. (Previously, the molecules were not subject to th e magneto-optic trapping
forces that held th e atoms.) In this optical tr ap, we have dem onstrated the ability to ho ld the

precursor Rb and Cs atom s with long lifetim es (25 s). We also have the ability to selectively

remove either atom ic species by resonant pus h-beams. We m easure m olecule num ber in
individual states, using the sam e methods as earlier. W e used these capabilities to m easure
inelastic (tr ap loss) ¢ ross-sections for indiv idual RbCs vibrational levels on both Rb and Cs
atoms in th e ultraco 1d regim e.” We also developed a simple theoretical m odel for these
collisions which m atches our da ta reasonably well. W ¢ hope to observe m olecule-molecule
collisions in the near future, once molecular densities are fully optimized.

We are now preparing to transfer this sample of trapped molecules to their ab solute internal
ground state. In this X(v=0, J= 0) state the molecules should be immune to all (two-body)
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inelastic collisional loss proces ses, and should also possess a sizeable dipole m oment (~1.3 D).
To accomplish this, we plan to use an im proved version of the m ethod we de monstrated earlier
for producing (untrapped) ground-state molecules. A pair of lasers, tuned to the same transitions
as used bef ore, will ag ain be u sed for the tran sfer. However, here w e plan to use a coherent
(STIRAP, STimulated Raman Adiabatic Passage) pr ocess rather than the incoherent, stepwise
method as before. Use of STIRAP is m ade possible by the sm all size of our sam ple and the
resulting high Rabi frequencies attainable by tight focusing of single-mode diode lasers. W e
estimate transfer efficiencies of ~80% should be possible even with “standard” lasers (~0.5 MHz
linewidth).

We have carefully considered limitations on STIRAP due to details of the m olecular levels
due to e.g. hyperfine and rotationa 1 structure. W e find that high efficiency of ground-state
molecule production almost certainly requires f ull control of all degrees of freedom, including
nuclear spins. This analysis was deepened a nd informed by our recent experim ents studying the
level structure of deeply-bound Cs , ground-state m olecules.® To address th is issue, we no w
optically pump our trapped atom s to spin-stretch ed states, and plan to use appro priate las er
polarizations and transitions to rem ain in a stretched state throughou tthe PA and STIRA P
processes. Identification of th e correct transitions requires know ledge of the hyperfine structure
in each ele ctronic level of the process, and we will use the first STIRAP laser to m easure this
structure in sufficient detail. A sim ilar tech nique has now been demonstrated for producing
ultracold trapped KRb molecules by the JILA group,’ validating our basic approach.

Once we have demonstrated the STIRAP transfer to the ground state, we plan to develop a
variety of techniques for m anipulating and studying this sample. Am ong the first questions will
be the collisional stability of th e ground-state molecules. O f particular concern in our approach
is loss due to collisions with residual, vibrationally excited molecules. We plan to selectively re-
introduce Cs atoms to the trap to address this problem: based on our measurements of “maximal”
(i.e., unitarity-limited) inelastic cross-sections for the vibrationally excited molecules, it appears
viable to use a high-density Cs cloud as a “scrubber” to elim inate the troublesome species. W e
note that R bCs + Cs ¢ ollisions (with both specie s in their absolute lo west hyperfine sublevel)
have no two-body inelastic chan nel energetically available, ® so that Cs should not be able to
cause loss of the desired ground-state molecules. We also plan to study inelastic loss of RbCs in
excited hyperfine sublevels due to collisions with Rb, to see if the surprising large loss rates
observed by the JILA group in KRb + Rb collisions of this type’ are also present here.

Compared to the recent KRb work at JI LA, a novel feature of our current system  is the
REMPI detection system, which should m ake it po ssible to state-selectiv ely detect the products
of ultraco Id chem ical reactions in our sam ple. Based on the recen t results from JILA, ° we
anticipate that RbCs + Rb sam ples will rapidly react to form Cs + Rb ,, and we plan to m ap out
the resulting internal state dist ribution of the outgoing products. In addition, in pure sam ples of
ground state RbCs, chemical reactions are energetic ally forbidden; how ever, the reaction barrier
can be overcome by vibrationally exciting the molecules with another STIRAP step.

We also plan to develop m ethods for imaging detection of the ground- state RbCs molecules.
This is f ar more dif ficult than f or atom s, becaus e of the lack of cycling optical transitions.
However, the experience of the community st udying quantum-degenerate atomic gases makes it
plain that imaging detection is a tool so powerful it must be maintained. Here we plan to build
on our experience with REMPI de tection, and replace our sim ple channeltron detector with an
imaging ion detection setup (microchannel plate + phosphor screen + fiber optic image conduit +
CCD ca mera)."” Once thism ethod is established, we can effectively study the variety of
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interesting two-body and m any-body physics associated with polar m olecules. These include
phenomena such as ultra-long rang e “field-linked” states of pol ar m olecules in an external
electric field,'" extraordinarily large (~10 8 A?) elastic collision rates with nontrivial dependence
on the strength of a polarizing electric field and th e attendant possibility of evaporative
cooling,'*"* many-body states such as liquid-crystal-like chains'® or dipolar crystals;' etc.
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1.1 PROJECT SCOPE

This document describes the BES funded pr oject (grant #: DE-FG02-04ER15614)  entitled
“Attosecond & Ultra-Fast X-ray Science” at The Ohio St ate University (OSU). Over the past few y ears,
we have developed the  tools, skills and me trology necessary to conduct the propose d attosecond
experiments. Progress over the past y ear includes (1) mea surement of the wavel ength dependence of the
attochirp, (2) construction and commissioning of an attosecond beamline/end-station for RABBITT phase
measurements for attosecond science and (3) design and commissioning of a 27t magnetic bottle electron
spectrometer for use at OSU and the AMOS end-station at the LCLS XFEL at SLAC.

The original proposal outl ines an experim ental program designed to stud y high harmonic generation
in gases and attosecond synthesis using long wavelengt h laser sources. The objective is to explore the
scaling of the intense laser-ato m interaction and provide a potential path towards the production of light
pulses with both the time-scale and the length-scale each approaching atomic dimension. In other words,
the formation of kilovolt x-rays bursts with attosecond (107" s) duration.

Over the pas ty ear we ha ve perfor med both experimental and theoretical stu dies that ver ify the
efficacy of this approach. The n ear future will see the applications of these advances for investigating
electron dynamics.

1.2 PROGRESS IN FY09

Spectrally resolved high harmonic radiation generated by driving wavelengths of 0.8 um, 1.3
pm and 2 um. The high har monics from various inert gases we re explored using different fundamental
wavelengths. The 2 um observations were particularly im portant since the uniq ue scaling strateg y
discussed in the proposal exploits the behavior of a n atom in long wavelength ( A > 1 pm) fields. For
example, our 2 um measurements establish that high harm onic generation in argon extends t o a photon
energy of 220 eV, validating the scaled phy sics. The findings of these studies are summarized in Fig. 1
and have been published in Nature Physics in 2008.

Measurement of the wavelength dependence of the attochirp. The above stud y established that
long wavelength f undamental fields can generate  a higher p hoton energ y cutoffint he spectru m.
However, the critical information needed for complete description of an attosecond pulse is the phase of
the different spectral components. In absence of complete characterization, the minimal information set is
the relative  phase betwe en the adjacent har monic orders. V arious methods based on two-color
photoionization have been developed for spectral phase measurements.
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In order to gain some initial insight into the spectral phase of the high harmonic spectrum we adopted
an all-optical method intr oduced by Dudovich et al. [ 1]. In this measurement, harmonics are generated
using a two-color field composed of an intense fundamental field () and a weak 2w field. The 2w field is
derived using 2™ harmonic generation in a standard nonlinear crystal and sufficiently weak not to cause
HHG alone. The two colors have a defined phase re lationship that is controlled by i ntroducing a
differential optical path length. The spectrum is composed of intense odd-order (H39-H61) harmonics and
weaker even-orders (H40-H62). The phase information is obtained by analyzing the relative phase shift in
the oscillating amplitude between successive even harmonics orders.
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Figure 1: A compilation of experimental results achieved over the last two years that unequivocally establish the
impact that longer wavelength fundamental fields have on the production of both high-energy (a) electrons, (b)
photons and (c) the production of attosecond pulses. Both plots (a) and (b) verify the A*-scaling prediction of the
quasi-classical model fo r i ncreasing t he e lectron a nd p hoton e nergy. Furt hermore, measurements sh ow t hat
although t he harm onic pr oduction e fficiency for a si ngle ato m decreases with lo nger w avelength, f avorable
phase-matching conditions are achievable. Plot (c) s hows the scaling of the attochirp derived from our s pectral
phase measurements. The solid line is the A" decrease i n the atto chirp predicte d by bot h quasi-cla ssical and
quantum analysis, in agreement with our measurement.

We have used this method to measur e the spectral phase of the high harmonic comb at three different
fundamental wavelengths (0.8 pm, 1.3 um and 2 um) and on two different inert gas ato ms (argon and
xenon). This is the first experim ental measurement of the attochirp as a function of fundamental
wavelength. This work has been published in Physical review Letters in 2009.

Figure 2 shows that result of our analysis of the attochirp for argon atom s at 0.8 um and 2 um. The
comparison is perform ed at constant intensity. Figu re 2(a) shows the interpolated reco mbination time
(phase) derived from the all-optical measurement plotted as a function of fre quency (harm onic order).
The figure is essentially a dispersion plot, and for th e two wavelengths shown the dispersion is positive.
The attribute to note is that the slope is smaller for the 2 um fundamental field than 0.8 pum field, e.g. less
dispersion. This was the critical feature predicted by us and now has been experimentally verified: longer
wavelength fundamental fields produce inherentl y shorter attosecond b urst. Figures 2(b) and (c) are the
attosecond pulses reconstructed from the measured phase and amplitude. The results verify the reduction
in pulse duration at 2 pm compared to 0.8 pum. Note, the all-optical measurement retrieves the phase in
the generation gas source and t hus any external di spersion managem ent can not be m easured but the
figures does show (red line) the ulti mate duration expect with metal filter compensation. A more precise
measurement will be performed with the RABBITT method, described in the next section.

The results of these mea surements ar e co mpiled in the Fig. 1(c). The plot shows the measured
attochirp as a function of fundame ntal field wavelength and th e A"'-scaling predicted by t he quasi-
classical model. The salient point is that longer wavelength fundamental fields produce inherently shorter
attosecond bursts, as well as higher photon energy.
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Figure 2: The wavelength dependence of the attochirp. Plot (a) is the emission time as a funct ion of harmonic
order for 0.8 pum (red circles) and 2 pum (black squares) fundamental fields at constant intensity. Plots (b) and (c)
are the reconstructed pulses (black line) using the phases in (a).

OSU attosecond beamline/end-station for RABBITT measurements. The RABBITT method [2],
developed by Agostini and collaborators, is a more direct and reliable measurement of the spectral phase.
This method was used to measure the first attosecond pulses. T he method is a two-color, pum p-probe
interferometric technique based on photoionization. The spectral phase is directly extracted from the
experiment,

The OSU attosecond beamline/end-station is capab le of conducting RABBITT measurements, among
other. The a pparatus is now com plete and preli minary p hotoelectron harm onic investigations are
underway. The apparatus consists of three vacuum chambers (left to right in Fig. 3): harmonic generation
source, XUV focusing and electron spectro meter. The optical system is contained within t he vacuum
chambers and has automated opto-mechanical interferometric stability with attosecond precision.

In the harmonic source chamber, high harmonics are generated in by a high density gas jet interacting
with an intense (10'* W/cm?) laser pulse. The size of the harmonic source chamber is sufficient to support
a variety of optical geometries and different wavelength ( 0.8-2 um) operation. A RABBITT probe beam
is derived by splitting a small fraction (~5 %) of the fundamental beam.

The differential pumped XUV focusing cham ber allows spectral and spatial filtering and contains a
toroidal mirror for focusing the harm onic beam and a spherical mirror for focusing the RABBITT probe
beam. Both the focused harm  onic and probe bea ms spatially overlap in the UHV 2 z-electron
spectrometer chamber. The electron spectro meter is a 2 t-magnetic bottle design with a 1.1 meter flight
tube. This design provides effi cient e lectron collection (2 m-angular acceptance) and excellent energy
resolution (2-3 %) over a large energy range for the RABBITT measurement. A suitable inert gas atom is
leaked into t he electron spectro meter for the RABBITT measurem ent and th e attosecond pum p-probe
delay is introduced by a delay line located in th e harmonic source chamber. The electron spectro meter
was designed and const ructed b y a graduate student (Chris Roedig) and has been tested. This
spectrometer is the prototype for a similar instrument constructed at OSU for the initial experiments at the
LCLS XFEL in collaborat ion with Dr. John Bozek ( SLAC). The LCLS spectrometer is sch eduled for
delivery to SLAC at the end of July 2009.
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Figure 3: Photography of the OS U attosecond beam line/end-station. T he current e nd-station is for gas-phase
studies using the OSU designed 2n-magnetic bottle electron energy spectrometer. The beamline is d esigned to
support different end-stations. The inset shows an initial photoelectron energy spectrum produced by ionizing
argon atoms with high harmonics produced by the beamline.

1.3 PROPOSED STUDIES IN FY10
The following is a brief description of experimental plans in FY10:
1. Finish characterization of the OSU attosecond beamline/end-station apparatus.
2. Begin RABBITT measurements on argon using 0.8 pum, 1.3 pm and 2 pm fundamental fields.

3. Begin FROG measurements using the Keldy sh scaled sy stems and compare to curren  t
theoretical models of strong-field harmonic generation.
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1.1 PROJECT SCOPE

Understanding chemistry at its m ost fundamental level requires the abilit y to visualize the electrons
that form chemical bonds and ultim ately the capacity to control the creation and destruction of these
bonds. Femtochemistry provided the way to “clock” the nuclear dynamics of reactant molecules on the
10-100's femtosecond (10 " s) time-scale. However, chem ical mechanisms involve the m ovement of
electrons around the (nuclear) structure of the m olecule. Once the electrons move the nuclei adjust along
the resulting potential energy surface causing the chemical reaction to occur. Experimentally clocking and
imaging this initial electro n “movement” is unfulfilled and has been identified as one of the five grand
challenges for advancing the future of energy research by a D OE/BES report. This project directly
addresses this challenge by “watching” and “cl ocking” the electron m otion during a chem ical bond
breaking. Th e program exploits the st rong-field scaling at long wavelength for (1) the r ealization of
attosecond (10™'* s) bursts of XUV light (the electronic “clock”) a nd (2) the tom ographic imaging of the
molecular wave function (the detector to “watch™) . The approach builds on th e pioneering work of the
NRC group i n Canada that utilizes the sub-cy cle process responsible for the production of attosecond
pulses itself, for producing a “static” image of the HOMO for aligned N, molecules. Given the inherent
ultra-fast time scale of the process the method could, in principle, record the orbital's evolution during the
creation or destruction of a chemical bond.

1.2 PROGRESS IN FY09

The wavelength scaling of strong field interactions. In connection with our DOE-funded project on
attosecond generation (DE-FG02-04ER 15614), we have verified the efficacy of A*-scaling for increasing
the cutoff energy for electrons and harm onics [1] and the A'-scaling decrease in the attochirp [ 2]. These
studies enabled the development of the tools needed to address the ai ms of this proposal and established
the impact that longer wavelength fundamental fields on the production of both high-energy (a) electrons,
(b) photons and (c) the formation of shorter attosecond pulses.

Test of the Keldysh picture using low binding energy systems. Investigations using cesium atoms
as a weakly bound system prototype for future imaging studies on NO excited states have been conducted
to examine whether tunnel ionization can be realized using 1ong wavelength fields. Our exper iments are
studying both the phot oelectron energy (PES) and harmonic spectral distrib utions resulti ng from the
interaction of Cs with intense 100 fs, 3 .6 um pulses. The results are consistent withn  on-perturbative
tunnel ionization and the Keldysh picture of scaled dynamics.

High harmonics generated from aligned molecules. In our experiment, 30-50 fs light pulses from a
1-3 kilohertz repetition rate laser sy stem interacts with a Cw-gas jet expansion of N,. The experiment is
performed using two temporally delayed linearly polarized pulses: (1) a we ak (<10 W/cm?), 0.8 pum
pump pulse impulsively aligns the molecule and (2) a delayed intense laser probe pulse drives ionization
and harm onic generation. The relative delay |, in tensity and polarization of both pulsesc an be
independently varied. The lower inset in Fig. 1(a) and (b) shows the first half-revival of the N, rotational
wave packet near 4-5 ps after the pu mp pulse. The or dinate is the ratio of the integrated harm onic yield
for aligned versus unaligned signa | for parallel polarized pum p and probe pulses. The alig nment plot
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shows the usual characteristics, an increase around 4.1 ps corresponding to harmonic generation from N,
that are strongly aligned along the probe’s polarization axis while the m inimum at 4.5 ps corresponds to

the N, molecules being anti-aligned. The 0.8 um probe experiments presented in Fig. 1(a) have conditions
and results similar to those reported by Itatani et al. [3]. In this case, the shortest deBroglie wavelength is
1.5 A (3 a.u.) determined by the 70 eV cutoff energy (maximum order 45 ™-order). Fig. 1(b) shows the
similar experiment except using a ~17 0 TW/cm?, 1.3 um probe pulse for generating the harmonics while
the wavelength of the aligning pump pulse is maintained at 0.8 um. A typical high harmonic spectrum is
shown in the upper inset in Fig. 1(b); the 75 eV cu toff energy is instru mental. The actual measured
harmonic cutoff is 100 eV. Under these conditions the deBroglie wavelength is 1.05 A corresponding to a
30% increase in resolution over the 0.8 pm experiment.

The tomographic reconstruction of N, molecules. The procedure for the tom ographic
reconstruction using the 0.8 um and 1.3 um high harmonic data shown in Fig. 1 is now functional and the
initial results for the nitrogen HOMO are shown in Fig. 2(e) and (f).
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Figure 1: High harmonic generation from aligned N, using (a) 0.8 um and (b) 1.3 um probe pulses. The bottom
insets show the first rotational half revival plotted as th e integrated harmonic signal as a function of delay from
the 0.8 pum aligning pulse. The top insets show a typical odd-order harmonic comb for the two respective probe
wavelengths. The s olid 1 ines de pict t he d ependence of harmonic s pectrum (i ntegrated overa peak) onthe
molecular alignment as the relative polarization is varied in 5° steps.

The steps of the reconstr uction procedure are similar to that ~ Ref. [ 3] i.e. a 2D inverse Fourier
transform obtained from t he 2D Fourier transfor m of the dipole moment obtained by suc cessive 1D
transforms a nd application of the Fourier slice the orem. For contrast, the or bital reconstructed b y the
NRC group [3] and those calculated by Le et al. [4] are also shown. The latter is a pure theoretical study,
the orbital is reconstructed from the harmonics distributions from aligned molecules calculated using t he
Lewenstein model. The calculated distributions at 0.8 um and 1.2 pm thus mimic the “experimental” data
for the reconstruction. Th e procedure involves, besi des the Fouri er manipulation, the m easurement of a
reference harmonic spectrum from a spherically symmetric system with a similar ionization potential, e.g.
Ar and N ,, and the knowl edge of a spectral phase shift of the harm onics. An approximate value for the
latter can be derived, as in Ref. [3], from the two-center model using an inter-nuclear distance of R= 1.1
A for N, or determined from a separate experiment using the all-optical or RABBITT methods proposed
here. Using the value for t he phase-shift reported in Ref. [3] the reconstruction shown in Fig. 2(e) for a
0.8 um driver appears to have a structure si milar to that obtaine d by Le et al [4] (Fig. 2[ a]). Both lack
spatial precision compared to the exact HOMO orbital (Fig. 2[c]). On the other hand, t he reconstructed
orbital (Fig. 2[d]) of Ttatani et al. [3] reproduces more accurately the ab-initio orbital. It should be noted
additionally that the shortest deBroglie wavelength at 0.8 um is 1.5 A while the features in Fig. 3(d) seem
more resolved. Clearly, this raises issues concerning the uniqueness of the orbital reconstruct ion that our
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program strives to address. Among these issues are the question of the harm onic polarization, and that of
the experimental determination of the a ctual harmonic spectral phase. In our e xperiments the harmonic
polarization was not measured.
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Figure 2: A c omparison of the N, HOMO reconstruction for different fundamental wav elengths from d ifferent
groups. R econstructions are produced at (¢) 0. 8 um and (f ) 1.3 pm using the harmonic data reported in this
proposal while plot (d) is the original work of Itatani et al. [3] at 0.8 um. Plots (a) and (b) are from the theoretical
analysis of Le et al. [4] at 0.8um and 1.2 um, respectively and (c) is the ab-initio calculation. Note, that the scale
in (a) is Angstrom while the others are in atomic units.

Attosecond beamline/end station. The general d esign phil osophy is to m aintain interf erometric
stability in the pum p-probe geometry for RABBITT measurements and transmission into the soft x-ray
(0.5 keV) regime. The RABBITT method is a direct and reliable method for measuring the spectral phase
required for t he tomography. A brief description of this apparatus can be found in this book under the
abstract entitled “Attosecond and Ultra-Fast X-ray Science”.

Harmonics from liquid phase systems. It is obviously interesting to know if ultra-fast stro ng field
techniques could be applied to condensed phases, where the vast majority of chemical processes o ccur.
We have initiated exploratory investigations using long wavelength fundamental fields for evaluating the
feasibility for strong-field processes, e.g. high ha rmonic generation, as a condensed phase probe. In the
experiment, a wire guided fluid jet is u sed to create thin (1 00 um) flowing sam ple. A 100 fs, 3.7 um
fundamental pulse with a maximum intensity (in vacuum) of ~10"* W/em® is focused into the fluid sheet.
The radiation emitted along the forward direction is analyzed in an optical spectrometer equipped with an
intensified CCD. Under t hese conditions, odd-order harmonic combs are observed extending to the 13-
order. The spectral behavior at these long wavelengt hs is very different than all previous re ports at near-
visible wavel engths. The initial em phasis has been on contrasting the harm onics from both water and
heavy water and their behavior as a function of wavelength and intensity. The results of these studies have
been submitted for publication in Optics Express.

1.3 PROPOSED STUDIES IN FY10

We are planning a specif ic series of experiments designed to a dvance our methods towards more
chemically relevant sy stems and to understand th e accura cy for orbital re construction from both an
experimentally and theoretically perspective. The studies proposed in the renewal include:
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e Improve the experim ental precision fo r tom ography by developing a better supersonic nozzle
source.
Measure the molecular harmonic phases using the RABBITT technique.
e [Extend the imaging experiments to 2 um fundamental fields.
Begin studies on other molecular candidates:
0 CO; is an excellent triatomic candidate and will test the validity of the two center model.
0 NO molecule is an open-shell species with a permanent dipole moment.

e Extent the tomographic procedure to excited states, e.g. NO.

e Imaging of a dissociative state of IC N to move one more step closer to the “ final frontier” of
monitoring the changing molecular orbitals that define a chemical bond, as it breaks.

e A systemic study of harmonic generated using intense 4 um light for a series of condensed phase
liquids including perproteo and perdeutero versions of water, he xane and isopropanol, as well as,
in liquids like CCly.

e Investigating electron diffraction from unaligned molecules in the tun neling regim e. In
complement to the tom ography method, the st ructure of the HOMO can be retrieved fro m the
diffraction of the returning electron wave packet.
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The nature of the interactions between high intensity, ultrafast, near infrared laser pulses and atomic clusters
of afew hundred to a few thousand atoms has come under study by a number of groups world wide. Such
studies have found some rather unexpected results, including the striking finding that these interactions
appear to be more energetic than interactions with either single atoms or solid density plasmas and that
clusters explode with substantial energy when irradiated by an intense laser. Under this phase of BES
funding we have extended investigation in this interesting avenue of high field interactions by undertaking
astudy of the interactions of intense extreme ultraviolet (XUV) pulses with atomic clusters. These
experiments have been designed to look toward high intensity cluster interaction experiments on the Linac
Coherent Light Source (LCLS) under development at SLAC. The goal of our program is to extend
experiments on the explosion of clustersirradiated at 800 nm to the short wavelength regime (10 to 100
nm). The clusters studied range from a few hundred to afew hundred thousand atoms per cluster (ie
diameters of 1-30 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. Thisregime of interaction is very different from interactions of intense IR pulses with
clusters where the laser ponderomotive potential is significantly greater than the binding potential of
electronsin the cluster. With our XUV studies we are studying cluster explosions the low ponderomotive
potential, high intensity short wavelength conditions expected in the focus of the LCL S beam.

We have been conducting these studies by converting a high-energy (1 J) femtosecond laser to the short
wavelength region through high order harmonic generation. These harmonics are focused into a cluster jet
and the ion and electrons gjected are analyzed by time-of-flight methods. We have been studying van der
Waals noble gas clusters and have begin studies of metalic clustersin the past year. This most recent
experimental effort is being conducted with an eye toward understanding the consequences of irradiating
metal clusters chosen such that the intense XUV pulse rests at a wavelength that coincides with the giant
plasma resonance of the cluster.

Progress During the Past Y ear

During the second year of this project, we concluded a campaign of experiments using our femtosecond
laser-driven high harmonic source beamline constructed in the first year of funding. In this campaign we
concentrated on studies of XUV driven explosions of Xe clusters as these are easy to produce and have been
well studied by our group and others when irradiated by intense IR pulses. During this most recent third
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year we moved to studies of other clusters of lower Z, including Ar. We observe some significant
differencesin the characteristics of XUV explosions between Xe and Ar.

We produce intense XUV pulses through the process of high order harmonic generation (HHG). An
illustration of the beam lineis shown in figure 1. Production of harmonic radiation is accomplished by
loosely focusing with a MgF /60 lens the compressed output of the 20 TW, 40 fs THOR Ti:sapphire laser
into ajet of argon at 200 psi. We separated the harmonics from the IR by imaging an annular beam mask in
the infrared beam before the focusing lens onto an aperture after the focus, taking advantage of the fact that
the XUV harmonics have substantially less divergence than the infrared beam. This allows the removal of
most of the infrared radiation. To reject scattered infrared light and to pass high harmonics with the
energies between 15 eV and 73 eV an additional a 200 nm thin Al filter was used. To select asingle XUV
harmonic we then employed a specially designed Sc/Si short focal length multilayer mirror optimized for
the 21% harmonic at 32.5 eV (38.1 nm) at close to normal incidence. The harmonic focus was characterized
by a scanning knife edge measurement and an AXUV-10 diode (IRD Inc.). These data showed that we
were able to produce an 8um spot with the 38 nm pulse, yielding aafocal intensity of ~ 10* W/cm?
assuming an XUV pulse duration of 20 fs. These harmonics were then focused into the plume of a second,
low density cluster jet. Thiscluster interaction region was located in a separated vacuum chamber. A
Wiley McLaren time-of -flight (TOF) spectrometer was used to extract positive ions after photo ionization
of the Xe clusters.

Figure 1: Schematic and specs of the HHG cluster beamline on the THOR 20 TW laser

Our initial experimentsin Xe clusters (reported in our 2008 report) showed evidence for production of Xe
charge states up to X€** and ion energy spectra characteristic of the explosion of a moderate temperature
plasma with electron temperature of ~8 V. From these data we concluded that a Xe nanoplasma was
formed in large (~10,000 atom) Xe clusters when irradiated by our 38 nm pulses, and that plasma
continuum lowering created conditions in the nanoplasma that allowed single photon photoionization of Xe
to at least 5+. We observed no evidence for a Coulomb explosion (which one might expect in a cluster
which has been stripped of many of its electrons.)

We expected a similar behavior when we irradiated large Ar clusters. However, our recent data on Ar
exhibits evidence for a combination of Coulomb explosion and hydrodynamic expansion. Figure 2
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reproduces time-of-flight (TOF) data taken from the irradiation of Ar clusters by the 38 nm harmonic pulse.
The average size of the Ar clusters in these datais 7000 atoms. We observe Ar charge states up to Ar®.
These charge states are consistent with sequential single photon ionization of the Ar ions, potentially aided
by continuum lowering in the cluster during ionization. Unlike Xe TOF spectra, which exhibit a series of
broadened peaks at each ion charge species centered on the expected arrival time, the Ar TOF peaks exhibit
astrong peak at an early time and a weaker

wing at late time. This peak splitting is

usually associated with fast ions gjected in

the focal region toward and away from the

detector.

This structure is best illustrated in figure 3
where the Ar* peak is expanded. Hereit
can be seen that the TOF peak has alow
ion energy central feature centered on the
expected arrival time of singly charged Ar
bracketed by “wings’ at early and late
time. Thelate timewing is suppressed
with respect to the early time peak, which
we attribute to the fact that the acceptance

of ions ejected away from the TOF detector Figure 2: Time-of-flight spectrum of Ar clusters (with average size

is lower than those gjected toward the of 7000 atoms) irradiated by 38 nm pulses at intensity of ~ 102
detector. The nature of this unique TOF Wen?. The blue curve is the observed data and the black curve is
structure is still under investigation the result of a Monte Carlo simulation of the cluster explosions.

however we conjecture that the low ion

energy feature results from the hydrodynamic expansion of a cold Ar nanoplasma and the high energy ion
“wings’ may result from the Coulomb explosion of ions near the surface of the Ar cluster. To explore this
possibility we conducted Monte Carlo simulations of Ar clusters that were partially ionized by an XUV
pulse so that an outer layer of ions are gjected by Coulomb explosion and the remainder explode
hydrodynamically. The results of one such simulation are shown as ablack curvein figure 2 and 3. This
simulation shows qualitatively similar structure as that found in our data.

Figure 3: Time-of-flight spectrum of the Ar* peak from the Figure 4: Electron energy spectrum from the irradiation of
data of figure 2. Thisillustrates the presence of a low Ar clusterswith our intense 38 nm pulses. We observe
energy ion peak in the center of the feature (attributed to an electrons characteristic of the photo-ionization of Ar by the
expanding Ar nanoplasma) surrounded by “ wings’ which 21* harmonic as well as a feature of low energy electrons
represent higher energy ions gjected toward and away from that we attribute to electrons gjected by the Ar nanoplasma.

the TOF detector (attributed to Coulomb explosion).
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We have also investigated the el ectron spectra from the ionization of these Ar clusters at 38 nm. One such
series of spectrafrom varying Ar cluster size (achieved by varying the gas jet backing pressure) is
reproduced in figure 4. These spectra exhibit a clear photo-ionization peak from the 21% harmonic
(bracketed by peaks from the 19" and 23" harmonics which are partially passed by the bandwidth of our
XUV multi-layer mirror.) In addition to this photo-ionization peak, we observe a cold electron feature with
electrons of energy 1-5 eV. This cold feature may result from the formation of an Ar nanoplasma.

Future Resear ch Plans

Our future plans will now shift to the study of mixed species clusters, such as methane. The explosions of
clusters such as methane in intense XUV fieldsis of interest because these more closely approximate the
organic based large molecular targets that will ultimately be studied at the LCLS. We have al'so begun
study of solid material clustersirradiated at 38 nm. We have completed the fabrication of an add-on
chamber that allows usto create metal clusters viathe laser ablation of micro-particlestechnique[1]. We
have started by investigating Ag clusters, which exhibit interesting absorption resonances at around 20-30
eV attributed to giant collective plasma resonance of both sand d electrons. To date, we have been trouble-
shooting the Ag cluster jet and are working to avoid particle aggregation. We intend to acquire Ag cluster
datairradiated at 38 nm thisfall.
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Ultracold Molecules: Physics in the Quantum Regime
John Doyle
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17 Oxford Street
Cambridge MA 02138
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1. Program Scope

Our research encompasses a unified approach to the trapping of both atoms and molecules.
Our goal is to extend our work with CaH to NH and approach the ultracold regime. Our plan is
to trap and cool NH molecules loaded directly from a molecular beam, and measure elastic and
inelastic collisional cross sections. Cooling to the ultracold regime will be attempted. We note
that as part of this work, we are continuing to develop an important trapping technique, buffer-
gas loading. This method was invented in our lab and is able to cool large numbers of atoms and
molecules.

2. Recent Progress
Milestones for this project include (x indicates complete):

x—spectroscopic detection of ground-state NH molecules via LIF
x—production of NH in a pulsed beam

x—spectroscopic detection of ground-state NH molecules via absorption
x-injection of NH beam into cryogenic buffer gas (including LIF and absorption detection)
x—realization of 4 T deep trap run in vacuum

x—injection of NH molecules into cryogenic trapping region

x—loading of NH molecules into cryogenic buffer gas with 4 T deep trap
x—trapping of NH

x—measurement of spin-relaxation rate of NH with He

x-removal of buffer gas after trapping of NH

o—measurement of elastic and inelastic cross sections

o—evaporative cooling

o—measurement of ultracold cross sections

o—study cold chemical reactions

o—prepare metastable NH for field studies

o—introduce new molecules into system for further studies

NH, like many of the diatomic hydrides, has several advantages for molecular trapping
including large rotational constant and relatively simple energy level structure. Some of the several
key questions before us when this project began were: Could we produce enough NH using a pulsed
beam? Is it possible to introduce a large number of NH molecules into a buffer gas? Would the
light collection efficiency be enough for us to adequately detect fluorescence from NH? Could we
get absorption spectroscopy to work so that absolute number measurements could be performed?
Could we achieve initial loading of NH into the magnetic trap? Will the spin relaxation rates with
helium be low enough for us to remove the buffer gas? We have now answered these questions, all to
the positive. In addition, we have added something very new to the technical arsenal, co-trapping
of N with NH.

There are important questions left. For example, will the NH-NH or NH-N collision rates
be adequate for evaporative cooling or sympathetic cooling into the ultracold regime? What will
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be the nature of an ultracold dense sample of heteronuclear molecules. Specifically, what about
the hydrides, with their large rotational constants? We have recently made progress answering

these questions. These questions are still partially open and answering them are some of the stated
long-term goals of this work.
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Figure 1: Schematic of current molecule trapping apparatus. The NH molecules and N atoms
travel into the trapping region from the molecular beam source, where they are thermalized with
the buffer gas and trapped. Simultaneous detection of NH and N is done spectroscopically.
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Figure 2: Plot of measured NH lifetime in our magnetic trap. This represents a factor of 20
increase in our trapped molecule lifetime over last years work.
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Summary of Status of Project

The heart of the apparatus is a beam machine that we use to produce pulsed NH — alone or
in combination with atomic N — in a beam (see figure 1). (Figure 3 shows a photo of the internals
of the apparatus.) We have used two types of sources successfully, an “RF Plasma Source (CW)”
and a “Glow Discharge Source (Pulsed)”. The plasma source is a commercial source used typically
in MBE machines. The design of the pulsed source is based on the production of OH via DC
discharge as executed by Nesbitt.

This beam is directed toward our trapping magnet, inside of which is a cryogenic buffer-gas
cell. This cell can be cooled to as low as 500 mK by a He? refrigerator. An entrance orifice of a few
mm in diameter to allow the beam of NH to enter the cell. In a new addition to our apparatus,
at the opposite end is a much larger orifice that allows for a new cold pulsed beam of helium to
enter. The idea is that the helium pulse arrives simultaneously with the NH/N pulse, thermalizes
the N/NH (leading to trapping), and then quickly exits. Thus, buffer-gas cooling and trapping of
the NH and/or N takes place.

The basic experimental procedure is as follows. The source beam is directed toward the
trap for times from about 10-100 ms. This long pulse beam travels about 10 cm to the face of the
cell where some portion enter through the orifice and into the cell. The NH and/or N are then
cooled by the buffer gas to their ground state by the helium resident in the cell. In our latest
experiments we have been using fluorescence and absorption spectroscopy to detect the NH in the
trapping region and pulsed TALIF to detect atomic N. We have been able to observe trapped
NH molecules and N for many seconds, see figure 2 for new long times for trapped NH. With
such long trap lifetimes we are able to make measurements of key spin relaxation cross sections of
NH and compare with theory. This was published as Magnetic Trapping and Zeeman Relazation
of NH, W.C. Campbell, E. Tsikata, H. Lu, L.D. van Buuren, and J.M. Doyle, Physical Review
Letters, 98, 213001 (2007) and Mechanism of Collisional Spin Relazation in 3% Molecules, W.C.
Campbell, T.V. Tscherbul, Hsin-I Lu, E. Tsikata, R.V. Krems, and J.M. Doyle, Physical Review
Letters 102 013003 (2009).

3. Future Plans

We continue on our program of trapping of NH with N. The next step is to measure N-NH
cross-sections. Using our new long lifetime of trapped NH, we have already taken preliminary
data on N-NH spin relaxation collisional cross sections. This will naturally lead to attempting
evaporative /sympathetic cooling. It is our hope to increase the number of trapped N atoms to
make this regime even more accessible. We also may take an approach that incorporates a dilution
refrigerator that can reach lower temperatures than our current He® fridge.

152



Figure 3:

Vacuum chamber top plate

Excitation laser path
Trap magnet \ Thermal and mechanical
/ supports for magnet

Midplane ports for transverse
Pulsed valve / optical access to trap center
discharge source
\ - Optical access to bore

77 K radiation shield/ | 4 K radiation shield

77 K radiation shield top plate

Molecular

beam Laser input windows
source

chamber

~

4 K radiation shield

/

/ Sorb regeneration heaters

Pulsed valve

discharge source Trap magn.?LtS



Atomic Electronsin Strong Radiation Fields
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July 24, 2009

Scope: Electron Correlation under Strong Laser Fields

We are interested to understand how very intense laser light couples to multi-electron atoms and
molecules. Theoretical study faces substantial challengesin thisdomain. These arise from the fully
phase-coherent character as well as the short-time nature of femtosecond-scale laser pulsesin the
case that the Coulomb forces among electrons and the nucleus are nearly matched in strength by
the laser’s electric field force. An important additional challenge arises when there is a need to
account accurately for more than one dynamically active electron, asthere isin situations of recent
experimental activity.

During 2007-08, using very large ensembles of classical multi-electron trajectories, we built on
earlier results[1, 2, 3, 4, 5, 6] from studies of two, three and four active atomic electronsin strong
time-dependent and phase-coherent fields. We made, for example, what we believe are till the only
direct comparisons [7] to experimental momentum distribution data obtained in multiphoton triple
ionization [8], with good matches achieved.

Recent Progress #1: Elliptical Polarization Structuresin Multiphoton
Double lonization

Many questions remain unsettled regarding strong-field multi-electron ionization, and one that is
completely open concerns polarization. Almost all near-optical -frequency doubleionization experi-
ments have been carried out with linearly polarized light. The familiar three-step recollision picture
suggests dramatically lower ion yield under elliptical or circular polarization, because the return
trajectory is much less likely to encounter the atomic core, and this was quickly affirmed experi-
mentally [9]. Double ionization was nevertheless soon reported even with circular or near-circular
polarization in studies of atomic magnesium [10] and of several molecules[11].

The lack of cylindrical symmetry puts the case of high-field multiple ionization in elliptically
polarized fields beyond the reach of essentially all quantum mechanical calculations. Thisincludes
solutionsof the time dependent Schrodinger equation aswell as applications of the so-called strong
field approximation (SFA) [12, 13]. However, with two- and three-dimensional classical-trajectory
ensembles, a different theoretical avenue is open. It is reasonably expected to be viable to the

1
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Figure 1. Under elliptical polarization, the ion momentum distribution of DI (left) can be cleanly divided into the
momentum distribution of NSDI (center) and the momentum distribution of SDI (right). The ellipticity used hereis 0.5,
and | = 0.6 PW/cm?.

extent that el ectron-laser physics competes strongly with electron-orbital physicsin the strong-field
domain. We have taken thisapproach and have derived predictionsfor doubleionization momentum
distributions for a full range of ellipticities. Our results significantly extend findings reported by
Shvetsov-Shilovski, et al. [14]

With classical trajectories available, the past history of every successful ionization event can
be known in al details. Such “back analysis’ [15] provides great insight. In the case of double
ionization under elliptical polarization a surprising and very clear distinction emerges [16] between
non-sequential double ionization (NSDI) and sequentia double ionization (SDI), as shown in the
ion momentum distributionsin Fig. 1. The distinct patterns in the polarization plane show that
SDI and NSDI are separated cleanly by their different responses along the major and minor axes of
polarization. The theoretical datawas obtained at an intensity high enough to include both SDI and
NSDI. We observed that in linear polarization about 10% of the single ionizations are converted to
SDI events, and this appears consistent with 1d reports obtained from phase space analysis by the
Uzer group [17].

More directly relevant to potential experimental work, we observed [18] the suggestion of struc-
ture in distributions of ion momentum along the polarization minor axis, as shown in Fig. 2. The
peaks have been reproduced in subsequent calculations, and analytic expressions are now available
that predict them [16]. Extensionsare being actively pursued.

Figure 2:  Four-peak structure predicted for distribution of ion momentum aong the polarization minor axis from

doubleionization in a 10 cycle pulse with peak intensity | = 0.6 PW/cm? and A = 800nm for ellipticity e = 0.5.

Recent Progress#2. Comparitive Theoretical Overview

A second project is the completion of an overview of the domain of high field ionization physics,
focusing on theoretical understanding of multi-electron processes. It is well known that there is

2
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no orderly theory in the high field domain, in the sense that there is no well-defined procedure
that providesincreasingly better approximations, because thereisno single small parameter serving
as an analog to the fine structure constant. Instead, there are three or four theoretical approaches
with differing heuristic bases in use. An invitation to provide a Colloquium style article for Rev.
Mod. Phys. that would assess this situation has led to a cooperative effort with contributions so far
from participants from Argonne, Berlin, Rochester and Wuhan [19]. The intention is to compare
theoretical results to experimental findings with the goal of determining the ranges of validity and
utility of the different approachesin current use.

Future Plans

The extension of the classical approach to 2d and 3d has opened the domain of elliptical polarization
to study, and that topic will be pursued.

More speculative work will involve the degree of quantum state entanglement between elec-
trons, i.e., non-local entanglement rather than the local entanglement of atomic orbitals. Thisraises
important questionsabout issues of specifically quantum complexity under extreme conditions, and
the dynamics of entanglement. A fraction of our effort going forward will be devoted to an exam-
ination of questions related to this, and connections have recently been established between work
underway at the University of Sherbrooke [20] and our previously published work in cooperation
with the Fedorov group in the General Physics Institutein Moscow [21].

We continue to value our cooperation on multi-electron strong-field effects with the group of
Prof. S.L. Haan at Calvin College [22].
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Remarkable advances in atom interferometry and ion trapping afford detailed study of quan-
tum interferences in systems with relatively few parameters that can be tracked from quantum
towards mesoscopic limits. Although trapped-ion and atom interferometry have proven over
the past decade to be powerful tools for establishing quantum control, the essential system en-
tanglements have been achieved almost exclusively with scattered photons. There thus remains
fundamental interest in demonstrating analogous levels of entanglement and control using scat-
tered electrons and ions, however, the experiments remain difficult due to the intrinsically short
deBroglie wavelengths involved. Nevertheless, relevant progress has been recently achieved in
experiments by Th. Weber, R. Dorner, A. Belkacem, and coworkers at the LBNL ALS involving
the photo double ionization of molecular hydrogen.! In particular, two-center electron diffac-
tion has been observed with which-path marking via entanglement with the ion pair. These
and related experiments in this country and internationally involving atom and molecule frag-
mentation promote a new generation of reaction-imaging physics and strongly motivate our
work here.

Two-Center Interferometry

For the past few years, we have been working to develop a robust, albeit approximate, frame-
work for describing two-center interferometry readily adaptable to either photon or charged-
particle scattering.?3'4 We have thus formulated an impulse-approximation description that
allows one to track the relatively sluggish external center-of-mass motion of the target atoms
and ions and thereby ensure momentum conservation explicitly while describing the excitation
of the target’s internal states. These projects continue to link to our more conventional longtime
work in the AMO field of collective Coulomb excitations,’>% although we have been particularly
interested recently in characterizing the resulting entanglements among the recoiling reaction
fragments and the scattered particle.

Electron-Pair Excitations

Along with these interests, but for much lower energies of the ejected electron pairs, we have
revisited our description of molecular photo double ionization based closely on an analogous

1 D. Akoury et al., Science 318, 949 (2007).

2 J. M. Feagin, Phys. Rev. A69, 062103 (2004). This work was highlighted in the June 2004 issue of
the Virtual Journal of Quantum Information, viquantuminfo.org, published by the APS and the AIP
as an edited compilation of frontier research.

3 J. M. Feagin, Phys. Rev. A 73, 022108 (2006)

4 R. S. Utter and J. M. Feagin, Phys. Rev. A 75, 062105 (2007). This work was highlighted in the
June 2007 issue of the Virtual Journal of Quantum Information, vjquantuminfo.org. Utter was a
CSUF masters degree student.

5 A. Knapp et al., J. Phys. B: At. Mol. Opt. Phys. 35, L521 (2002). (Feagin is a coauthor.)

6 Th. Weber et al., Phys. Rev. Lett. 92, 163001 (2004) and references therein. (Feagin is a coauthor.)
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double-ionization model we established for helium.” This lowest-order helium-like approxima-
tion based on ! P° outgoing molecular electron pairs has the advantage of providing approximate
dynamical quantum numbers and propensity rules® for excitation of particular molecular frag-
mentation angular distributions. This description and its predictions were recently studied in
detail by A. Huetz and T. Reddish and coworkers in Paris in photo double ionization experi-
ments on Hy with 47 detection of both the ion and electron pairs. While they found the model
to represent well their coplanar angular distributions, they also identified ‘frozen-correlation’
configurations for which the model unmistakably fails with one electron observed perpendicular
to the plane of the other and the photon polarization.® Their observations were a follow-on
to somewhat earlier experiments at the ALS by Th. Weber, R. Dorner, A. Belkacem, and
coworkers. !0

Parallel to these experimental achievements, the community has seen decisive advancement in
the ab initio computation of Coulomb few-body fragmentation, in particular from two groups,
T. Rescigno, W. McCurdy, and coworkers at LBNL!! using a time-independent close-coupling
approach, and J. Colgan, M. Pindzola and F. Robicheaux at Los Alamos and Auburn'? us-
ing a time-dependent close-coupling approach. Their abundant ‘virtual data’ are in excellent
agreement in both magnitude and angular distribution with a wide variety of experimentally
measured cross sections. Their results for the ‘frozen-correlation’ distributions observed by
Huetz and Reddish are shown in Fig. 1, and when folded over the experimental angular accep-
tances agree well with experiment. Their achievements have set milestones in the computational
study of the Coulomb continuum.

Analysis of the close-coupling results, albeit in distributions of one-electron angular mo-
menta, show evidence for contributions to the fragmentation from higher electron-pair angular

6, 6, 6,

FIG. 1: Ionized electron-pair angular distributions from Colgan et al.'? computed for photo double
ionization of H> for 25 eV electron pairs and equal energy sharing and for three orientations Ox, ¢n of
the ion-pair relative momentum direction K_ with respect to a Lab z axis along the photon polarization
€. Here, the momentum direction k; of one electron is ﬁxgd perpendicular to ko of the other and
the €, K_ plane with 61 = 90°,¢1 = 90° and cosfz = € - ka. TDCC refers to the work of Colgan
and coworkers, while ECS refers to the work of McCurdy and Rescigno and coworkers.!! The minor
differences in the two sets of results are convergence related and have been resolved. The polar-plot
insets show a folded comparison with the experimental measurements of Huetz, Reddish and coworkers.’

7 T. J. Reddish and J. M. Feagin, J. Phys. B: At. Mol. Opt. Phys. 32, 2473 (1999); J. M. Feagin, J.
Phys. B: At. Mol. Opt. Phys. 31, L729 (1998).

8 M. Walter, J. S. Briggs and J. M. Feagin, J. Phys. B: At. Mol. Opt. Phys. 33, 2907 (2000).

9 M. Gisselbrecht et al., Phys. Rev. Lett. 96, 153001 (2006).

10 Th. Weber et al., Nature (London) 431, 437 (2004).

11 W. Vanroose, F. Martin, T. N. Rescigno, and C. W. McCurdy, Phys. Rev. A70, 050703 (R) (2004);
Science 310, 1787 (2005).

12 J. Colgan, M. S. Pindzola and F. Robicheaux, J. Phys. B: At. Mol. Opt. Phys. 37, L377 (2004);
Phys. Rev. Lett. 98, 153001 (2007).
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FIG. 2: Rotating ki, k2 plane of an ejected electron pair following the photo fragmentation of molecular
hydrogen. Here, ky = ki + ko and k— = (k1 — k2)/2 refer to the electron pair, and K— = (K1 — K2)/2
to the ion pair. The top three insets illustrate our three frames of reference used. Left to right:
laboratory, molecular, electron-pair.

momenta. We have thus begun a collaboration this past year with J. Colgan, A. Huetz, and T.
Reddish to generalize the helium-like molecular description to higher total angular momentum
of the electron-pair. In the molecular ground state, the electron-pair total angular momentum
L =1, + 1, is not a good quantum number, so the helium-like dipole selection rule !S¢ — ' P°
generalizes to 1S¢,1P¢ 1D ... —1pP° 1D° 1Fe . (the exchange and parity dipole selection
rules remain the same). Based on our longtime experience with electron-pair excitations in
helium and H™, it turns out to be advantageous—perhaps surprisingly so—to define states of
total L by quantizing rotations of the momentum plane of the electron pair based on a z axis
along their relative momentum direction k_ = (k; —k2)/2. One thus introduces symmetric-top
wavefunctions D%/Im (l;_) defined by projections hm =L - k_ and AM =L - z), where z,; is
a molecular-frame z axis, which we take to be along the ion-pair relative momentum direction
K_.

As depicted in Fig. 3, we have thus found that superpositions of just three molecule sym-
metrized electron-pair states, !P° 4+ 'D° + 1 F°_ give a remarkably robust description of the
molecular fragmentation distributions including the anomalous out-of-plane frozen-correlation
configurations.!> We also find that molecules require special axial-vector geometries in the
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FIG. 3: Fits (solid curves) based on a three-state superposition 'Py_1 + 'Daoq + 'Fo—; to the Hy
photo double ionization cross sections in Figs. 1b and lc. Here, the dashed curves show the TDCC
result from Fig. 1.

13 J. M. Feagin, J. Colgan, A. Huetz, and T. J. Reddish, Phys. Rev. Lett. 103, 033002 (2009).
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FIG. 4: AI} electron-pair angular distribution for fixed ﬁl . Rz looking down a z; axis along € onto
the x;, = K_,y1 plane as a function of the azimuthal orientation ¢2 of the pair. Here, k2 and k;
are oriented above and below, respectively, the K,,yL plane (cf. 3D inset) with fixed polar angles
02 = w/4 and 01 = 7 — 02 while varying ¢2 along with ¢1 = ¢2 + 7/2. The solid four-lobe curve is
the resulting cos® 2¢» distribution predicted from the axial-vector contributions, arbitrarily scaled to a

TDCC calculation shown with the dashed curve. The circle radius equals 0.03 b/sr?eV.

momenta of the outgoing electron-pair, which are not seen in atoms, and in Fig. 4 we present
evidence for them in the fragmentation cross section. Our electron-pair states may thus prove
useful in boosting convergence in numerical computations as well as in modeling a variety of
proposed double ionization experiments with complex molecules and solids.™

We thus continue our ongoing DOE work to extract basic understanding and quantum control
of few-body microscopic systems based on our long-time experience with more conventional
studies of correlated electrons and ions. Although our efforts are theoretical, our interests
have been strongly motivated by the very recent surge in and success of experiments involving
few-body molecular fragmentation and the 47 imaging 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.

Recent Publications

Electron-Pair Excitations and the Molecular Coulomb Continuum, J. M. Feagin, J. Colgan, A. Huetz,
and T. J. Reddish, Phys. Rev. Lett. 103, 033002 (2009).

Electron Pairs in the Molecular Coulomb Continuum, J. M. Feagin, Invited Talk to the Interna-
tional Symposium on (e, 2e), Double Photoionization, and Related Topics, Lexington, KY, July (2009).

Trapped-Ion Realization of Finstein’s Recoiling-Slit Experiment, R. S. Utter and J. M. Feagin, Phys.
Rev. A 75, 062105 (2007). (Utter was a CSUF masters degree student. This work was highlighted in
the June 2007 issue of the Virtual Journal of Quantum Information, viquantuminfo.org.)

Two-Center Interferometry and Decoherence Effects, J. M. Feagin, Phys. Rev. A 73, 022108 (2006).
Hardy Nonlocality via Few-Body Fragmentation Imaging, J. M. Feagin, Phys. Rev. A69, 062103
(2004). (This work was highlighted in the June 2004 issue of the Virtual Journal of Quantum

Information, vjquantuminfo.org.)

Fully Differential Cross Sections for Photo Double Ionization of Fized-in-Space Dz, Th. Weber et al.
Phys. Rev. Lett. 92, 163001 (2004). (Feagin is a coauthor.)

14 Th. Weber, private communication.
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This research program is focused on the doubly excited autoionizing states of alkaline
earth atoms. The direct relevance to the Department of Energy is that a systematic study of
autoionization allows us to understand the reverse process, dielectronic recombination (DR), the
recombination of ions and electrons via intermediate autoionizing states. DR provides an
efficient recombination mechanism for high temperature electrons in both laboratory and
astrophysical plasmas,' and it is important in fusion plasmas because the captured electrons
lead to radiative power loss. The most important pathway for DR is through the autoionizing
Rydberg states converging to the lowest lying excited states of the parent ion. As a result, DR
rates are profoundly influenced by very small electric and magnetic fields, both of which are
often present in a plasma.* In addition, DR exhibits the same physics as found in other contexts,
notably zero kinetic energy electron (ZEKE) spectroscopy’ and fluorescence yield spectroscopy.’
More generally, the multichannel nature of two electron alkaline earth atoms presents physics
similar to that found in other systems.

During the past year we have worked on several projects. The first is multiphoton
assisted recombination in the presence of a microwave field. Specifically, we have recently
published a report of an experiment in which we observed DR from a continuum of finite
bandwidth in a 38 GHz microwave field.”* As the continuum of finite bandwidth we used the
broad Ba 6p,,11d state which straddles the Ba" 6p,, limit. If we excite the broad Ba

6p,,11d state to an energy below the Ba™ 6p, , limit with the laser in the absence of a

microwave field the process
Ba 6p,,11d - Ba 6p, , nd — Ba 6snd + hv (1)

Occurs. However, if we excite the atoms above the limit the process
Ba 6p,,11d - Ba 6p, , ed (2)

and autoionization into other continua occur, and there is no DR. In the presence of the 38 GHz
microwave field we are able to observe DR even though the laser is tuned 20 cm™ (600GHz)
above the Ba™ 6p,, limit. What is surprising about this result is that the ponderomotive energy in
a 50V/cm 38GHz field is only 0.15cm™", and using the simpleman’s model, often used to
describe above threshold ionization (ATI), we would expect to see microwave assisted
recombination at energies up to three times the ponderomotive energy above the Ba" 6p,, limit.’
We have suggested that the reason why so much energy can be removed from the electron is that
while it is created in the Ba 6p,,&d channel with approximately zero total energy its kinetic
energy is far larger, and the energy transfer from the first microwave field cycle can be very
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large, due to the high momentum the electron has when it is created near the core. This

mechanism is also responsible for ATI at energies of up to ten times the ponderomotive energy. '’
We have made microwave resonance measurements of the Sr Ssn( energies for

3< (<6, using a delayed field ionization detection technique, and we have determined both the

Al intervals and the indirect spin orbit K splittings. We have completed the analysis using a non

adiabatic core polarization model which can in principle allow the determination of the dipole

and quadrupole polarizabilities and the < 5S|r| Sp> and <5s ‘rz ‘ 4d >matrix elements of the Sr"

core.'"'? Although we were able to obtain excellent values for the indirect spin orbit K

splittings of the 4 < ( < 6states we were not able to use the values from the ¢ =4 states in the
analysis since they are coupled by the quadrupole interaction to the 4dnd states, which are core

penetrating states. Nonetheless, we were able to extract good values for the Sr* < 5s|r| 5p> and
<Ss ‘r2‘4a’ >matrix elements.

We have been working to test a proposed approach to identifying the contributing ¢
states in DR. In, It is often the case that a substantial fraction of DR passes through
energetically unresolved high ¢ states.”> Although theses states are energetically unresolved, it
should be possible to identify which ¢ states contribute to DR using the Stark effect. The idea is
straightforward. In zero field the contribution of an n¢ Rydberg state to the DR rate is

proportional to A4,(nl)/ A,(n{)+ A, ,where A,(nl)and A, are the autoionization and radiative
decay rates of the n( state. For high (states A4,(n() << 4,, and the contribution is negligibly

small. An electric field £ converts the ( states to Stark states, and more states contribute to DR.
The magnitude of the quantum defect for an isotropic core decreases with low (, and for any
value of E there is a value of (, (,, such that (> (. states are converted to Stark states. When

the E field becomes large enough that 4,(n(,) > A4, the DR rate will begin to rise. Since both

the quantum defects and the autoionization rates are readily calculable,'* this technique appears
to a be a powerful way of determining which of the energetically unresolved high / states
contribute to DR.

It 1s straightforward to apply this idea to atoms with isotropic ionic cores, with one
quantum defect for each [ state. Does it work for anisotropic cores, which lead to quadrupole

splittings of the Rydberg states?'” The quadrupole splittings can be characterized by K , the sum
of the angular momentum of the ion core, j,, and the orbital angular momentum of the Rydberg

electron, (. Fora j. =3/2 core there are four values of the quantum number K, and there is

not one quantum defect for each ( state, but four. In spite of this complication, due to a
AK = Al propensity of electric dipole transitions, we think the proposed method will work.

To test this notion we are comparing autoionization of the Ba Ba 6p, ,nk and
6p,,nk Stark states. Specifically, we are preparing Ba atoms in 6snk Stark states of an
incomplete Stark manifold composed of high ¢ states. These atoms are excited to the 6p,,nk or
6 p;,nk Stark states using a 493 or 455nm laser pulse which saturates the 6snk — 6p nk
transition. In a low E field, one in which ¢ is large enough that in the incomplete 6 p ,nk Stark

manifold 4,(nk) < A4, , the atoms decay radiatively to the 6snk and Sdnk Stark states, where they
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can be detected by field ionization. On the other hand, if the E field is high enough, and (¢ low
enough that A4, (nk) > 4, in the incomplete 6 p nk Stark manifold, the atoms autoionize from the

6p,nk Stark state and an autoionization signal is recorded instead of a field ionization signal.

The measurement consists of measuring the autoionization yield of a 6 p;nk state,

composed principally of high ( states, as a function of E'. As the field is raised, the Stark state
acquires progressively more low [ character, and the autoionization increases. To prepare the
6snk Stark states in well controlled but small, 1 V/cm, fields we excite the Ba 6s(n + 3)d state

with the laser, and then drive the microwave transition to the Ba 6snk state in a field of
approximately 10 V/cm. The field is then reduced to the desired lower field by a 1 ps field ramp.
We have obtained preliminary data which indicate that the proposed method should work, and a
full anlysis is underway.

In the coming year we plan to finish the above project on the field dependence of the
autoionization and DR rates. In addition, we plan to do further experiments to test the model we
have proposed for above threshold recombination. In our classical model the energy transfer
from the microwave field to the electron depends critically on the phase of the microwave field
at which the excitation occurs, but with our 5 ns long laser pulses we can not probe the phase
dependence. However, if we replace our 5 ns long laser pulse with a 1 ps laser pulse which is
phase locked to the microwave field, we can test our classical picture in a direct way. We
propose to see if recombination occurs only if the excitation occurs at the correct phase of the
microwave pulse. More generally, it should be possible to analyze the energy distribution of the
bound states which are formed by the recombination.
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Program Scope:

Ultracold physics continues to play an important role within modern atomic,
molecular and optical (AMO) physics. Atoms have traditionally been the main subjects
of investigation in this field, but significant progress has recently been made in the
production and manipulation of ultracold molecules. A number of techniques for
generating ultracold samples of atoms and molecules have emerged, such as laser
cooling, evaporative cooling, buffer gas cooling, electrostatic slowing, photoassociation,
and Feshbach-resonance magnetoassociation. Various schemes for trapping these cold
atoms and molecules have also been developed, including magneto-optical traps, optical
traps, magnetic traps, and electrostatic traps. This combination of cooling and trapping
techniques has enabled numerous applications such as: quantum degenerate gases
(bosons, fermions, and mixtures); optical lattices and simulations of condensed-matter
systems; quantum computation; precision measurements and atomic clocks; atom optics
and interferometry; targets for ionization studies; ultracold plasmas; ultracold chemistry;
and ultracold collisions. At the high densities and low temperatures typically required for
these applications, various interactions between the particles can occur. These are
important to understand and, hopefully, control. For example, inelastic collisions can
cause undesirable heating and/or loss in high-density samples. On the other hand,
processes such photoassociation and magnetoassociation allow the formation of ultracold
molecules from the constituent atoms. The main goal of our experimental program is to
use frequency-chirped laser light to coherently control ultracold collision dynamics,
including the process of photoassociative formation of ultracold molecules.

Our experiments start with a Rb magneto-optical trap (MOT). Rb isideally suited
to our experiments for a number of reasons: 1) its 780 nm resonance line nicely matches
commercially available diodes lasers; 2) the two stable isotopes (*Rb and #’Rb) allow for
interesting comparisons; 3) Rb photoassociation has been extensively investigated by us
and others; and 4) *Rb is the most widely-used atom for BEC studies. Our experiments
utilize a phase-stable MOT loaded from a separate “source” MOT. Inelastic collisional
rate constants are determined via the density-dependent |oss rate of atoms from the trap.

Recent Progress:

We have made recent progress in two main areas. the influence of chirp
nonlinearity on the rate of ultracold trap-loss collisions induced by frequency-chirped
light; and improved production of chirped pulses on the nanosecond timescale.
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The dominant long-range interaction between two atoms colliding in the presence
of laser light is the 1/R® dipole-dipole potential (R isthe atomic separation). The detuning
of the light relative to the atomic resonance determines the Condon radius R, the
separation at which the atom pair is excited to this potential. Following their excitation,
the atoms accelerate toward each other by rolling down the attractive potential. If the
kinetic energy gain is sufficient (e.g., >1 K), the atoms will be lost from the trap. By
“chirping” the light, i.e., changing its frequency as a function of time, atom pairs
spanning a wide range of R can be excited and caused to undergo inelastic trap-loss
collisions. Chirped light has the advantage that for sufficiently high intensities, the
population transfer to the excited state can be adiabatic, and therefore efficient and
robust. Also, the time scale of the chirp can be comparable to that of the atomic motion,
allowing the collisions to be controlled by the details of the chirp.

We have examined how the rate of trap-loss collision rate depends on the
direction of the chirp. For a certain range of center detunings of the chirp, interesting
differences emerge. In the vicinity of 600 MHz (below the atomic resonance), the
negative (blue-to-red) chirp results in a significantly smaller collision rate than the
positive (red-to-blue) chirp. We attribute this difference to the fact that the attractive
potential causes the excited atom pair to always accelerate inward, while the Condon
radius R, can move either inward (negative chirp) or outward (positive chirp), depending
on the sign of the chirp. For the positive chirp, the atom pair can only be excited once,
since the atom separation and the Condon radius move in opposite directions following
the initial excitation. For the negative chirp, however, the Condon radius and the
tragjectory of the excited atom pair both proceed inward and further interactions between
the light and the atom pair can occur. These multiple interactions can interfere
destructively, a process we call “coherent collision blocking”. This reduces the collisional
flux reaching short range in the excited state, and thus the rate of trap-loss collisions. The
smaller collisional rate for negative versus positive chirps observed in the experiment is
also seenin classical Monte-Carlo simulations as well as in quantum mechanical ones.

We have also used nonlinear frequency chirps to examine the dependence of the
trap-loss collision rate on the shape of the chirp. We have focused on the negative chirp
case, since the possibility of multiple interactions allows for more control over the
collisions. For comparison purposes, we fix the beginning and ending frequencies of the
chirp, as well as the total time duration, but vary the shape of the chirp. Starting with a
linear chirp, we superimpose a nonlinear variation with either positive curvature
(concave-up) or negative curvature (concave-down). For negative chirps, we find a small
but significant difference in collision rates for the concave-up versus concave-down
shapes. We believe that thisis due to details of the matching of the temporal evolution of
the Condon radius to the atom-pair trajectories. For the positive chirp, we see no
significant difference. This is expected because after the initial excitation, there are no
further interactions between the light and the atom pair.

We have devised a novel scheme for generating the frequency-chirped light used
in our experiments. Our original method utilized a current ramp applied to an external-
cavity diode laser, with the output light amplified by a separate “slave” laser. This
worked well for generating chirps up to 1 GHz in 100 ns. Our new technique is based on
afiber-based electro-optic phase modulator driven by an arbitrary waveform generator. In
this scheme, a pulse of light from a diode laser is sent through the modulator multiple
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times, acquiring the prescribed phase shift during each pass. Each time it emerges from
the fiber loop, the light is re-injected into the initial laser to boost the power. We realize
much higher chirp rates (>1 GHz in 10 ns) and have the ability to produce chirps of
arbitrary shape. In order to control the intensity and produce arbitrary pulses on the
nanosecond time scale, we employ a fiber-based electro-optic intensity modulator. This
device also causes some residual phase modulation, which we are currently
characterizing and attempting to compensate with the phase modulator. Our combined
system of phase and intensity modulation is an interesting contrast to pulse shaping with
ultrafast lasers. Our scheme operates in the time domain on the nanosecond time scale,
while ultrafast pulse shaping takes place in the frequency domain and on the femtosecond
time scale.

Future Plans:

Our new method of producing arbitrary chirps and pulses will be applied to study
and control interactions between ultracold atoms. In particular we will use chirped pulses
to coherently control the formation of ultracold molecules by photoassociation. We are
developing pulsed-laser ionization detection of ultracold molecules, which will be
employed to detect the products of chirped photoassociation, as well as photoassociation
enhanced by chirped long-range excitation. One goal is to optimize the production of
ground-state molecules in various states. In general, we anticipate that our ability to
control the temporal variation of both the laser frequency (by chirping) and amplitude (by
pulsing) will open up new opportunities in the manipulation of ultracold collisions and
mol ecule formation.

Recent Publications:

“Probing Ultracold Collisional Dynamics with Frequency-Chirped Pulses’, M.J. Wright,
J.A. Pechkis, J.L. Carini, and P.L. Gould, Phys. Rev. A 74, 063402 (2006).

“Coherent Control of Ultracold Collisions with Chirped Light: Direction Matters’, M.J.
Wright, J.A. Pechkis, J.L. Carini, S. Kallush, R. Kosloff, and P.L. Gould, Phys. Rev. A
75, 051401(R), (2007).

“Generation of Arbitrary Frequency Chirps with a Fiber-Based Phase Modulator and
Self-Injection-Locked Diode Laser”, C.E. Rogers I11, M.J. Wright, J.L. Carini, JA.
Pechkis, and P.L. Gould, J. Opt. Soc. Am. B 24, 1249 (2007).

“Cold Molecules Beat the Shakes’, P.L. Gould, Science 322, 203 (2008) (invited
“Perspective” article).
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Program Scope

The underlying theme of this project is to develop an improved theoretical understanding
of many basic atomic and molecular phenomena of potential relevance to energy transfer,
control, or productions. This is a project in basic science, which attempts to understand
correlated dynamics, interpreted broadly. Correlations arise whenever two or more degrees of
freedom are tightly coupled. They pose a severe challenge to our theoretical understanding
because much theory in atomic, molecular, and chemical physics is constrained by the sheer
dimensionality of many-particle quantum physics to begin from an uncorrelated independent-
particle zeroth-order approximation. Yet in some cases the identification of a key collective
coordinate leads to insights that can provide both deeper qualitative insight as well as an
enhanced ability to perform detailed theoretical description of such reactive processes. In
some cases photon interactions also play a role, and with high-intensity laser interactions these
can usually be handled by treating the electromagnetic field classically. This research aims
to be as relevant as possible to cutting-edge experimental work across a range of problems
being studied in the field of atomic, molecular, and optical physics. This project brings a
number of different techniques to bear on problems, in some cases stressing new algorithmic
or theoretical lines of attack, sometimes implementing new mechanisms that have not been
incorporated into realistic theoretical studies previously, and sometimes pressing forward with
more concentrated computational projects when appropriate. The work during the past year
has primarily concentrated on the following areas: (i) dissociation initiated by an electron when
it collides with a diatomic or triatomic molecule; an efficient energy-transfer process involving
Rb + NH. (ii) collisions between an electron and a biological molecule. (iii) ionization and
harmonic generation from intense short-pulsed laser light interacting with matter.

Recent Progress (i) Reactive chemical physics

One major project completed within the past year was the theoretical description of a
reactive collision between a ground state Rb(5s) atom and the electronically-excited dimer
NH(*A) which, remarkably, is very nearly degenerate with the final state channels whose
character is Rb(5p)+NH(*X™) This energy transfer reaction is complex, in part because the
imidogen radical NH and the Rb atom are both highly reactive. Moreover, because one atom
in the reaction, Rb, is quite heavy, it challenges the capabilities of quantum chemistry to
describe it at a sufficiently realistic level that includes the strong spin-orbit interactions. In
this collaborative project, spearheaded by postdoc D. Haxton, we found it difficult to get
sufficiently accurate results for the Born-Oppenheimer potential surfaces using the popular
quantum chemistry package MOLPRO, but the COLUMBUS package was ultimately able to
handle it. For this pilot study, the calculations have been carried out with the NH bond length
fixed at 1.925 ag, whereby the 32 coupled electronic surfaces (including the Kramers degeneracy
of this odd-electron number system) are two-dimensional. Following a nontrivial diabatization
procedure, the scattering calculation can then be conducted in a relatively straightforward
manner, using a DVR-implementation of the R-matrix propagator. The results are reported in
Ref.[1], and the main conclusion is that the cross sections for this quenching reaction are quite
large, in fact approaching a substantial fraction of the unitarity limit at low collision energies.

We have continued to study the dissociative recombination (DR) process. DR involves an
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exchange of energy between the electronic and the nuclear degrees of freedom. This project has
continued to study the dissociative recombination of triatomic molecules. We have developed
new theoretical tools needed to predict for the first time the low-energy dissociative recom-
bination rate coefficient for electrons that collide with the NOJ molecule. This has required
an extension of our techniques so they can treat the direct surface-crossing pathways as well
as the indirect Rydberg-mediated pathways. The computations by postdoctoral associate D.
Haxton have suggested that the direct pathways will probably be dominant, and the required
scattering calculations have determined quantum defect matrices.

In the past year we completed the first theoretical treatment of LiHj dissociative
recombination.|2] This molecule is so weakly bound that it does not fit readily into the rubric of
conventional DR theory. Indirect DR via Rydberg state captures have been found to dominate
the cross section for this process, and at 300K a relatively fast DR rate coefficient is predicted,
in the vicinity of 10~"ecm?/s. No theoretical or experimental total DR rate has previously been
published for LiHj, which can be compared with this result, although at least one experiment
on this molecular target ion was carried out in Stockholm.

Two different mechanisms are believed to control the dissociative recombination of most
molecules, the direct pathway in which a neutral potential surface cuts through the Franck-
Condon range of the target ion, and the indirect Rydberg pathways for which the rate-limiting
step is normally the capture of an incident electron into a vibrationally- or rotationally-excited
Rydberg bound state. Comparatively little has thus far been addressed to the problem of
treating both direct and indirect pathways for the same molecule. We have taken one step
in that direction in the past year in a study of the dissociative recombination of the HeH™
molecular ion.[3] This project was motivated in part by the desire to see whether the frame
transformation methodology, which has been successful in treating examples of purely indirect
Rydberg-dominated DR, can be extended to treat direct capture processes involving doubly-
excited electronic states as well.

(ii) Electron Collisions with DNA and RNA

The experimental efforts of L. Sanche and his group in Sherbrooke, Quebec have been able to
observed correlations between the rates of single and double strand breaks induced by electrons
that collide with DNA, with the electron resonances associated with the DNA subunits. The
DNA and RNA bases, adenine, guanine, thymine, cytosine, and uracil have now all been
studied individually, and they appear to exhibit low energy electron scattering resonances that
appear to connect with the experiments. The calculation of electron scattering from molecules
as large as the DNA and RNA bases is highly challenging. These bases are of course the two
purines adenine (CsH5N5), guanine (CsHsN50), and the pyrimidines thymine(CsHgN2Os),
cytosine(Cy HsN30), and uracil(CyHyNoO3).

One key advance in our theoretical capabilities was developed by a PhD student funded
by this project, S. Tonzani, who completed his doctoral degree in 2006. In the course of that
work, we developed a three-dimensional finite-element R-matrix scattering program[4] capable
of treating molecules as large as the DNA and RNA bases, individually.

During the past year, we have made further progress in a collaborative effort with (former
PhD student) S. Tonzani, L. Sanche and L. Caron towards the development of a multiple
scattering treatment of resonant electron scattering by a segment of DNA. Specifically, we have
combined the individual scattering matrices for an incident electron from the various major
DNA components, and then assembled them to treat scattering from a full twist of the DNA
double helix. This has helped to assess the possible importance of further resonance-enhancing
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or - diminishing effects associated with the global structure of DNA, which can modify the
resonant scattering by individual component subunits. This has been the first full multiple
scattering description, using quality scattering matrices from the individual subunits, and it
represents a significant step towards understanding how secondary electrons in the 0-20 eV
range interact with DNA. The initial multiple scattering model and its results were reported
last year in [5]. A second study, more realistic because it includes the effect of structural
irregularities, notably scattering from the structural water components of DNA and base-
pair mis-match, recently appeared in [6]. One conclusion from this study is that amplitude
decoherence tends to promote stronger correlations between nearer neighboring bases, owing
to a decreased importance of more distant bases. The resulting resonances that have been
calculated in this model, e.g. around 3 eV in particular, appear to be likely candidates to play
an enhanced role in DNA strand breakage. Another interesting conclusion is that the main
scattering features are largely the same, regardless of whether the structural water is included,
suggesting that it is the resonances involving the bases that play a dominant role.

(iii) Intense light pulse interactions with an atom, molecule, or cluster.

An earlier study coauthored with graduate student Z. Walters concerned the treatment
of vibrational effects in high harmonic generation in SFg following molecular excitation by a
weaker Raman pulse.[7] Last year, in the course of completing his doctoral degree supported in
part by this project, he extended that treatment to higher order. In addition, Walters consid-
ered the theoretical description of molecular imaging through either high-harmonic generation
or photoelectron angular distributions from aligned molecules. In that study, he made some
headway in understanding the limitations of the frequently-employed plane-wave approxima-
tion, which are in fact highly problematic for imaging studies that have been carried out to
date.[8]

Another topic of recent interest relates to the control of X-ray or XUV radiation transmis-
sion through a gas by applying infrared control fields. Interest in that area is partly being
stimulated by the new X-ray free-electron lasers under construction around the world, no-
tably in Stanford and Hamburg. Our collaborative study with the Leone group at Berkeley
explored the modified XUV absorption spectrum of atomic helium in the vicinity of the n=2
doubly-excited autoionizing states, when they are dressed by a strong infrared laser field. We
were able to demonstrate how three-level physics closely related to electromagnetically-induced
transparency arises in the physics of enhanced XUV absorption, in addition to some regimes
of diminished absorption caused by the infrared field coupling.[9]

In collaboration with D. Elliott’s experimental group we are exploring a class of single-
photon and two-photon ionization processes in atomic barium. Our calculated results for
the separate one-photon and two-photon ionization spectra show encouraging agreement with
experiment. But the coherent control aspects, which arise when both lasers simultaneously
and coherently ionize the barium atom with a controllable phase difference, have not yet been
considered. A study of these coherence phenomena represents a major motivation of this study,
namely to give a quantitative theoretical description of phase-controlled directional electron
ejection in the presence of two such coherent fields.

Also, a study of alignment and orientation of photofragments produced by photoionization
of atomic argon has produced insights into the nature of the angular momentum transferred
by the one-photon ionization process.[10] Some other studies supported in part by this project
are also included in the reference list.[11, 12]

Immediate Plans

The coherent control study of phase-controlled photoionization of barium, using interference
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between single-photon and two-photon ionization, will enter the next and more interesting
phase. Specifically, the two separate amplitudes will be combined and the results compared
with experimental observations of the phase-dependent photoelectron angular distribution..
This system shows promise to be the first for which first-principles theory can potentially give
a quantitative description of the experimental observations of this phenomenon.

The strong-field ionization of molecules and the theoretical description of high-harmonic
generation will receive continuing attention, as a part of the whole discipline’s thrust to in-
creasingly describe the molecular physics at a plausible, realistic level. A doubly-adiabatic
formulation of the helium absorption problem discussed in [9] will also be pursued, to explore
the feasibility of an ab initio description of XUV absorption near laser-dressed autoionizing
states.

Electron scattering from polyatomic molecules continues to be a long-term project, and
eventually we plan to build on the progress we have made in recent years on the description
of dissociative recombination in polyatomic molecules, including the role of the Jahn-Teller
and Renner-Teller effects. For such studies, we anticipate that our improved understanding of
Siegert pseudostates, achieved in the course of the paper below by Santra, Shainline, and the
P.I., should prove to be illuminating and practically useful.
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Research Program

With the use of scattering resonances, such as the Fano-Feshbach resonances, the dilute quan-
tum gas has become an important system for the investigation of strongly-interacting many-
body phenomena. This is true for both for the equilibrium state, and the non-equilibrium or
dynamic situation. Our theoretical research program aims to explore and analyse strongly-
interacting phenomena in these systems. It is generally our plan to be closely connected
with experiments so that a pertinent question is always the feasibility of implementing any
proposal. The importance of this topic is partly that it connects broadly with other areas of
physics, since strongly-interacting phemomena manifests itself in many physical systems; in
nuclear physics, particle physics, AMO physics, and condensed matter physics.

Our previous research has involved quantum gases in which strong interactions are in-
duced by Fano-Feshbach resonances, giving for example the well known BCS-BEC crossover
systems. Alternatively, strong-correlations may be induced by rapid rotation, where rotation
plays the role of a pseudo-magnetic field. In such a situation Hall-effect physics may emerge.
We have reported on both of these two projects in the past. During this last year, however,
we discovered that a strongly-correlated gas can also be established by placing the atoms in
a high quality cavity, as shown in Figure 1.
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Figure 1: Schematic of the model. N two level atoms are held at the antinodes of a cavity field with
an external trapping potential. The atoms have a much narrower linewidth than the cavity, leading
to the extreme bad cavity limit and the possibility for steady-state superradiance.
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This topic melds together the physics of ultracold gases with quantum optics in order to
develop a new kind of complex and collective system that promises to have many applications.
Recent progress in experimental techniques has made it possible to trap microscopic as well
as mesoscopic ensembles of ultra-cold atoms in high-quality optical cavities. The interaction
between atoms and just one quantized field mode is automatically of a very collective nature.
In this context the field mode can be thought of as a “bus”, shuttling information and
mediating long-range interactions between distant atoms.

An initial motivation for this research was to understand the processes underlying novel
bright light sources that are based on collective emission from a system of many quantum
radiators. The collective emission processes that can occur in these devices are based on
purely quantum mechanical interference. They could provide