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Foreword

This volume summarizes the 2008 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 Pl's and to promote a sense of program identity.

The BESYAMOS program is vigorous and innovative, and enjoys strong support within
the Department of Energy. Thisis due entirely to our scientists, the outstanding research
they perform, and its relevance to DOE missions. While the FY 2008 appropriation for
DOE increased overall funding for science, planned new initiatives related to AMOS
were not funded. Another flat budget in the program challenged our ability to meet
established commitments to researchers. However, due to the relevance of AMOS
research, BES continued to increase its strategic investments in the national |aboratory
ultrafast x-ray efforts.

We are deeply indebted to the members of the scientific community who have
contributed valuable time toward the review of proposals and programs, either by mail
review of grant applications, panel reviews, or on-site reviews of our multi-Pl programs.
These thorough and thoughtful reviews are central to the continued vitality the AMOS
Program.

We owe specia thanksto Elliot Kanter and Dick Hilderbrandt for their invaluable help in
managing the AMOS program this year. Elliot has returned to Argonne National
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advicein Michael’ srole as Team Leader of the Fundamental Interactionsteam. We are
also pleased to welcome Mark Pederson to BES, as Program Manager in Computational
and Theoretical Chemistry.
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Margaret Lyday, Deneise Terry and Donna Thomas, and to the Airlie Conference Center
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Division for their indispensable behind-the-scenes efforts in support of the BES/AMOS
program. Finally, thanksto Larry Rahn for his expert help in assembling this volume.
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AMO Physics at Argonne National L aboratory

R. W. Dunford, E. P. Kanter, B. Krassig, R. Santra, S. H. Southworth, L. Young
Argonne National Laboratory, Argonne, IL 60439

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

Control of x-ray processes using intense optical lasers represents an emerging scientific
frontier — one which combines x-ray physics with strong-field laser control. While the
past decade has produced many examples where phase- and amplitude-controlled lasers
at optical wavelengths are used to manipulate molecular motions, the extension to control
of ultrafast intraatomic, inner-shell processes is quite new. Gas phase systems are
particularly suitable for illustrating the basic principles underlying combined x-ray and
laser interactions. Over the past year, we have investigated three scenarios by which
strong electromagnetic fields can be used to modify x-ray absorption in a controlled
manner: 1) ultrafast optical field ionization at laser intensities in the range of 10*-10%
W/cm?, 2) modification of the electronic structure of inner-shell excited systems by laser
dressing at 10'2-10"° W/cm?, 3) control of resonant x-ray absorption by molecules
through laser-induced spatial alignment at 10™-10" W/cm?. This work is described in a
review article [4].

Our research represents a merging of two scientific areas - optical strong-field and
x-ray physics. The advent of the world’s first x-ray free electron laser, the Linac Coherent
Light Source (LCLS) at Stanford in 2009 pushes this merger to an extreme as the
exploration of nonlinear and strong-field phenomena in the x-ray regime becomes
accessible for the first time. In preparation, we are investigating phenomena such as
sequential multiphoton ionization, hollow atom production and Rabi cycling on resonant
x-ray transitions, interatomic Coulombic decay following hard x-ray interaction, as well
as assisting in the design of first experiments. Finally, we are strongly engaged in the
Short Pulse X-ra%/ Project to produce tunable, polarized 1-ps hard x-ray pulses at high
average flux, 10™ x rays/s, at Argonne’s Advanced Photon Source. Recent progress and
future plans are described below.

X-ray absorption and scattering from laser-aligned molecules
E.R. Peterson, C. Buth, D.A. Arms', R.W. Dunford, C. Hohr, P. Ho, E. P. Kanter, B.
Krassig, E.C. Landahl!, S.T. Pratt, R. Santra, S.H. Southworth, L. Young

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 process is 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 shownin Fig 1.



An x-ray probe of laser-aligned molecules

Fig. 1. 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 quasiadiabatically.
Microfocused x-ray pulses probe a region of a
high degree of alignment. Control over the
molecular axis is provided by the laser
polarization.

X-ray probing of quasiadiabatically aligned bromotrifluoromethane molecules was
demonstrated both experimentally and theoretically in Ref. [2]. After developing in Ref.
[3] the theory of resonant x-ray absorption by laser-aligned symmetric-top molecules and
applying it to quasiadiabatically aligned bromine molecules, we performed in Ref. [5] a
detailed computational study of the rotational molecular dynamics of
bromotrifluoromethane (CF3;Br) molecules in the gas phase. We examined resonant x-ray
absorption as an accurate tool to study laser manipulation of molecular rotation. For our
computations, we determined the dynamic polarizability tensor of CF3;Br using ab initio
molecular linear-response theory in conjunction with wave-function models of increasing
sophistication: coupled-cluster singles (CCS), second-order approximate coupled-cluster
singles and doubles (CC2), and coupled-cluster singles and doubles (CCSD). The
rotation was assumed to be manipulated with an offresonant, 800 nm laser. The
molecules were treated as rigid rotors. For computational efficiency, we typically used a
linear rotor model for CFsBr, which we compared with selected results for full
symmetric-rotor computations. The transition from impulsive to adiabatic alignment, the
temperature dependence of the maximally achievable alignment and its intensity
dependence were investigated. We examined the impact of the x-ray pulse duration on
the signal (particularly its temporal resolution), and studied the temperature dependence
of the achievable absorption. Most importantly, we demonstrated that using 1-ps x-ray
pulses, one can accurately measure the expectation value of cos?0(t) for impulsively
aligned CF3Br molecules. This is not possible with the 100-ps x-ray pulses currently
available at most third-generation synchrotron radiation sources and is an opportunity for
the 1-ps x-ray source to be developed at Argonne's Advanced Photon Source.

The next natural step is to consider elastic x-ray scattering. In Ref. [10], we
present the theory of x-ray diffraction from an ensemble of symmetric-top molecules
aligned by a short, intense optical laser pulse at finite rotational temperature. Employing
quantum electrodynamics, we describe the x-ray/molecule interaction as an electronically
elastic one-photon scattering process. We treat the short x-ray pulse as a multi-mode
radiation field and examine the effect of its coherence properties. In the practically
important case that the x-ray pulse is quasi-monochromatic and its coherence time is
much shorter than the time scale of molecular rotational dynamics in the laser field, there
is a simple connection between the rotational wave-packet dynamics and the diffraction
pattern obtained. Our theory thus opens up a new perspective for quantum molecular
imaging using x-ray radiation. An illustrative application to Br; is included in Ref. [10].
We have started collaborating with Abbas Ourmazd and Dilano Saldin from the



University of Wisconsin at Milwaukee to retrieve the molecular structure from x-ray
diffraction patterns of laser-aligned molecules. Experimentally, we initially used the
high-cross section process of x-ray absorption to probe molecular alignment [2]. From
those studies, we estimate that by simply increasing the incident x-ray flux 100-fold, as is
possible with higher repetition rate alignment lasers, will enable x-ray diffraction
imaging. Work toward this goal is proceeding in collaboration with Jun Ye from JILA.

LCLSscience: Strong-field AM O physicswith x rays
N. Rohringer, R. Santra,
B. Kréssig, E. P. Kanter, S. H. Southworth, L. Y oung

The LCLS construction timeline indicates first light from the FEL into the front
experimental hall in May, 2009 with AMO experiments to begin in July, 2009. The first
beams will be in the soft x-ray region, 800 - 2000 eV, with estimated pulse parameters
~10" photons/pulse, ~100 fs, 120 Hz. The AMO endstation includes Kirkpatrick-Baez
mirrors that will focus the x rays to a ~1 pm spot and produce power densities ~7 x 10
W/cm? In comparison with storage-ring x rays, LCLS pulses will be orders-of-
magnitude faster and more intense. The high peak intensity will enable studies of non-
linear x-ray processes or of tenuous targets with high signal:background. The short pulse
duration will enable ultrafast x-ray probes of systems excited by optical lasers, e.g.
impulsively aligned molecules and laser-dressed atoms. A versatile AMO instrument is
being designed that will include gas jets, ion, electron, fluorescence spectrometers, and
pulse diagnostics [http://wwwssrl.slac.stanford.edu/IclssAMO.]. Our group has largely
focused on initial experiments to observe non-linear x-ray processes as evidenced by
absorption of two or more photons from a single x-ray pulse by a single atom or
molecule. These processes are of fundamental interest and are relevant to LCLS
experiments on macromolecules and materials.

In stark contrast to the long-wavelength regime, x-ray nonlinear optical processes
are characterized in general by sequential single-photon single-electron interactions.
This dominant interaction process can be characterized by measurement of ion yield as a
function of the incident x-ray energy and intensity. Since theoretical calculations are in
substantial disagreement, these first measurements will be extremely valuable
benchmarks. These multiphoton processes are most easily characterized in helium and
neon (a simple target for both experimental and theoretical studies). Our calculations
[12] will serve to guide the experiments. A variation in the mechanism of multiphoton
ionization is expected as a function of the photon energy due to the opening of new
ionization channels. As an example, one can contrast two six-photon absorption
processes: at energies below the Ne K threshold, six-photon valence ionization is
expected, whereas at energies above the Ne®" ionization threshold another six-photon
process (successive photoionization-Auger events) is predicted to produce fully stripped
Ne. Intermediate photon energies will cause multiple ionization by different mechanisms.
Investigating the photon energy dependence of the ion yield will be important to
distinguish sequential versus simultaneous multiphoton absorption. We plan to
investigate these phenomena in collaboration with John Bozek, Lou DiMauro, Nora
Berrah and other members of the LCLS AMO instrument team.



Hollow atoms, where the inner K-shell is empty and the outer shells are occupied,
are formed following x-ray-induced excitation of two K-shell electrons. At low x-ray
intensity, hollow atoms are formed purely through electron correlation (between the
photoejected electron and its K-shell partner) and the [KK]/[K] yield is ~0.3%
[Southworth et al, Phys. Rev. A67, 062712 (2003)]. However, at high x-ray intensities,
hollow atom formation can proceed directly through the absorption of two photons — the
direct photoionization rate can exceed that of Auger decay which refills the initial K-hole.
At x-ray intensities of ~10'® W/cm? the yield of [KK] can approach unity [12]. Whereas
a given ion charge state can be formed through a number of different pathways, a
definitive signature of hollow atom formation is the appearance of hypersatellites in the
Auger electron emission spectrum. These hypersatellites are shifted significantly upward
in energy from the standard “diagram” lines originating from single hole states.
Hypersatellites also appear in the x-ray emission spectrum, and this is an alternative
method to monitor hollow atom formation. The electron ejection mechanism leading to
hollow atoms will leave imprints on the recoil ion momentum which can be monitored
via velocity map imaging. These non-linear x-ray processes are affected by the limited
longitudinal coherence of the SASE LCLS pulses. We plan to investigate the contrasting
expectations in the x-ray regime [12] with those in the optical regime where the chaotic
enhancement for N-photon transitions was shown to scale as N-factorial.

After studying non-resonant phenomena as described above as first steps, it is
natural to proceed to the study of resonant phenomena. Here one has the potential to use
coherent x-ray radiation to control inner-shell electron dynamics. In Ref. [1], we discuss
the resonant Auger effect of atomic neon exposed to high-intensity x-ray radiation in
resonance with the 1s-3p transition. High intensity here means that the x-ray peak
intensity is sufficient (~ 10" W/cm?) to induce Rabi oscillations between the neon
ground state and the 1s™3p (*P) state within the relaxation lifetime of the inner-shell
vacancy. For the numerical analysis presented, an effective two-level model, including a
description of the resonant Auger decay process, was employed. Both coherent and
chaotic x-ray pulses were treated. The latter are used to simulate radiation from x-ray
free-electron lasers based on the principle of self-amplified spontaneous emission.
Observing x-ray-driven atomic population dynamics in the time domain is challenging
for chaotic pulse ensembles. A more practical option for experiments using x-ray free-
electron lasers is to measure the line profiles in the kinetic energy distribution of the
resonant Auger electron. This provides information on both atomic population dynamics
and x-ray pulse properties.

X-ray absorption by laser-dressed atoms
C. Buth, H. R. Varma, L. Pan, D. Beck, R. Santra
A. Belkacem®, R.W. Dunford, D.L. Ederer?, T.E. Glover®, M. Hertlein, E.P. Kanter,
B. Krassig, R.W. Schoenlein®, S. H. Southworth, L. Y oung

A longstanding interest of our group has been the modification and control of x-ray
processes using strong optical fields. The laser-induced modification of the x-ray
photoabsorption cross section is the most basic of processes. In pursuit of this, we have
developed an ab initio theory for the x-ray photoabsorption cross section of atoms in the
field of an intense optical laser (up to 10 W/cm?) [13]. The laser dresses the core-



excited atomic states, which introduces a dependence of the cross section on the angle
between the polarization vectors of the two linearly polarized radiation sources.
Calculations of this effect in neon have predicted the phenomenon of electromagnetically
induced transparency (EIT) for x-rays on the 1s—3p resonance in neon at 867 eV [14].
Experiments are underway to demonstrate EIT for x rays at Berkeley’s Advanced Light
Source using the femtosecond laser slicing beamline to produce 200 fs soft x-ray pulses
resonant with the 1s—3p transition. Overlap with an 800 nm dressing beam at an
intensity of 10" W/cm? is predicted to produce a 13x change in the 1s—3p absorption
cross section. Beamtimes at the ALS to date have demonstrated the feasibility of the
experiment, and identified technical issues that must be resolved, e.g. long term laser/x-
ray spatial overlap and a higher precision laser/x-ray timing method.

In pursuit of improved timing methodology for these experiments, at Argonne we
have recently measured the intrinsic time response of GaAs MSM photodiodes to x rays
and to 800 nm radiation using our x-ray microprobe methodology [26] to overlap focused
x-rays and laser pulses to a precision of afew microns. The fast time response of these
photodiodes will improve the timing 10-fold over the previous avalanche photodiodes
currently used as the beamline standard. At Argonne, improved spatial overlap tools are
also being developed. At Berkeley, improved laser power transmission and stability to
the experimental endstation and post-target diagnostics are being developed.

In support of the ongoing experiment in Berkeley, we have revisited an
uncertainty in the theoretical model we had employed to predict EIT for x rays at the 1s-
3p resonance of Ne [14]. Specifically, the magnitude of the laser-induced suppression of
the x-ray absorption cross section at the 1s-3p resonance position depends on the energy
splitting between the 1s'3s ('S) and 1s'3p (*P) states. This energy splitting must not
differ from the dressing laser photon energy (1.55 €V) by much more than the 1s Auger
width (0.27 eV). The Hartree-Slater model underlying our laser-dressing calculations
predicted an energy splitting between the 1s'3s and 1s'3p states of 1.69 eV. Therewas a
concern that if the true splitting were much greater than this, the EIT effect predicted in
Ref. [14] would not be observable. In collaboration with us, Lin Pan and Donald Beck
(Michigan Technical University) have calculated an accurate value for this energy
splitting by doing separate relativistic configuration interaction calculations for the initial
and final states. The result is 1.875 eV, which is not quite within one Auger width with
respect to the photon energy. Nevertheless, laser-dressing calculations we have
performed using this value (by adjusting the energy of the 3s orbital and leaving all other
orbital energies unchanged) show that the slightly increased energy separation between
the 1s'3s and 1s'3p states has almost no effect on the efficiency of EIT in Ne. One
reason for thisis that at the necessary laser intensities of 10 W/cm? or higher, the core-
excited states are not only broadened by Auger decay but also by laser-induced
ionization. This effectively increases the resonance window for laser dressing. At 10%
W/cm?, the resonance window is more than 0.5 eV wide.

There were two more issues that Refs. [13,14] had not yet addressed. First, we
still had to explain how we had calculated in Ref. [14] the dynamic x-ray polarizability of
laser-dressed Ne. Second, it was an open question whether EIT can be extended to
harder x rays. We therefore investigated the complex index of refraction in the x-ray
regime for laser-dressed atoms [11]. The laser (intensity up to 10" W/cnv, wavelength
800 nm) modifies the atomic states reached via x-ray absorption, but, by assumption,



does not excite or ionize the atoms in their ground state. Using quantum
electrodynamics, we devised an ab initio theory to calculate the dynamic dipole
polarizability and the photoabsorption cross section, which were subsequently used to
determine the real and imaginary part, respectively, of the refractive index. The
interaction with the laser was treated nonperturbatively; the x-ray interaction was
described in terms of a one-photon process. We numerically solved the resolvents
involved using a single-vector Lanczos algorithm. Finally, we formulated rate equations
to copropagate a laser pulse and an x-ray pulse through a gas cell. Our theory was
applied to argon. We studied the x-ray polarizability and absorption near the argon K
edge (3.2 keV) over alarge range of dressing-laser intensities. We found EIT for x rays
on the Ar 1s-4p pre-edge resonance. We demonstrated that EIT in Ar allows one to
imprint the shape of an ultrafast laser pulse on a 100-ps, 3.2-keV x-ray pulse. Our work
thus opens new opportunities for research with hard x-ray sources.

X-ray probes of ultrafast strong-field ionization
E. P. Kanter, R. W. Dunford, D. L. Ederer?, C. Hohr, B. Krassig, E. C. Landahl*,
E. R. Peterson, N. Rohringer, J. Rudati*, R. Santra, S. H. Southworth, L. Young

When strong optical lasers are focused on gas-phase atoms and molecules, one
necessarily produces a transient plasma when the target atoms are ionized by the laser.
This is a common feature of many of our experiments and this has required us to
investigate the ensuing ion and electron dynamics following the production of such
plasmas.

We recently completed a comprehensive
set of measurements investigating the spatial- and
time-dependence of the ion distributions for
various densities [6]. This work was carried out
with both circular and linearly polarized light.
This allowed us to explore the dependence of the
expansion on the electron velocity distribution
resulting from the initial strong-field ionization.
We characterized the time evolution of ion spatial
distributions in a laser-produced plasma. Krypton
ions are produced in strong, linearly- and
circularly-polarized optical laser fields (10* - 10%°  _ 500/, ©
W/cm?). The Kr* ions are preferentially detected ) .
by resonant x-ray absorption. Using micro-
focused, tunable x rays from the Advanced Photon A R R S I
Source, we measured ion densities as a function of L
time with 10 pm spatial resolution for times <50 o
ns. For plasma densities of the order of 10™ cm™,
we observe a systematic expansion of the ions ~ Fig. 2. Central amplitude, RMSwidth
outward from the laser focus. We find the 2dintegral sumof theKr”ion spatial

. . . distributions as a function of time
expansion timescale to be independent of the (g oning ultrafast field ionization.
plasma density though strongly dependent upon
the plasma shape and electron temperature. The former is defined by the laser focus,

T

« Expt. (linear)

» Expt. (circular)

= 8 eV simulation
== 2 eV simulation

e

(a)

Amplitude (normalized)
el
L]

i

(b}

RMS Width {pum)
"
W

10001,

Sum (arb
b

5001




while the latter is controlled by the laser polarization state. We have developed a fluid
description, assuming a collisionless quasineutral plasma, which is modelled using a
particle-in-cell approach. This simulation provides a quantitative description of the
observed behavior and demonstrates the role of the very different electron temperatures
produced by circularly- and linearly-polarized light. These results demonstrate the utility
of this method as an in situ probe of the time and spatial evolution of laser-produced
plasmas. Fig. 2 shows various properties of the spatial distributions of the Kr* ions for
different delays of the x-ray probe from the ionizing laser pulse. The simulated results
are shown as lines. With the hotter electron distribution created by the circularly-
polarized laser, one observes a faster rate of expansion of the ion cloud which is
reproduced by the simulation.

We also performed an extensive set of measurements of the laser-produced
alignment in the presence of an external magnetic field as a function of the angle between
the laser polarization and the magnetic field. These results clarified our previous findings
which had suggested a substantially slower depolarization time with parallel magnetic
field than without. Although full analysis is not yet complete, these data have shown
that the depolarization is not affected by field orientation. It was found that the presence
of transverse field components can give rise to Larmor precession on a timescale which
can be confused with depolarization.

With a higher time-resolution probe we may be able to detect coherences formed
in ultrafast field ionization. In Refs. [16, 29], we have demonstrated that, at least in the
case of Kr and Xe, the laser electric field even at saturation is not sufficiently strong to
break spin-orbit coupling. However, our treatment was unsuitable to predict coherences
in the density matrix of the residual cation that may be caused by the finite photon energy
or the finite duration of the laser pulse. In addition, the ion quantum-state populations
extracted from experimental data show good qualitative, but not quantitative agreement
with the prediction of the adiabatic (tunneling) approximation [15,16]. This makes a full
time-dependent quantum treatment necessary. All shortcomings of the adiabatic
approximation can be avoided in this way. Therefore, we have extended the d-SAE
method developed in Refs. [25, 33] by including spin-orbit interaction. We have derived
the relevant multichannel equations of motion and implemented them in a computer
program. This code will be used to investigate whether in the process of optical strong-
field ionization, coherences remain in the ion density matrix. For certain reasons, we
expect that this will be the case for the light noble gases, but probably not for the heavier
ones. If this turns out to be correct, then strong-field-ionized Ne (and maybe Ar) would
be an excellent system for studying ultrafast electronic wave-packet dynamics in a time-
resolved manner. This work provides theoretical support for a planned experiment of
Argonne’s AMOP group in collaboration with Lou DiMauro and Pierre Agostini from
Ohio State University.

There we plan to study strong-field ionization in an ion with lower Z, Ne*, where
the spin-orbit period (43 fs) is longer than in Kr* and the field strength necessary for
ionization is higher. Such a measurement will require shorter pump and probe pulses.
We intend to use few-cycle infrared pump pulses and few-fs high-harmonic probe pulses
produced in the Attosecond Laboratory at Ohio State University. We will measure the
2s—2p cycling transition in Ne* as a function of the pump probe delay for both parallel
and perpendicular polarization directions to search for the characteristic oscillations of



coherently excited quantum states.

Search for Interatomic Coulombic Decay (ICD) Following Hard-X-ray Interactions
S.H. Southworth, R. W. Dunford, D.A. Arms?, E. M. Dufresne!, E. P. Kanter,
B. Krassig, R. Santra, D. A. Walko®, L. Young

In general, the absorption of an x-ray by an atom leads to the ejection or excitation of an
inner-shell electron, thus creating a vacancy state which sets off a cascade of x-ray and
Auger transitions as the atom relaxes. The different possible decay paths lead to a range
of possible final charge states. If the cascade occurs in an atom that is part of a molecule
or cluster, it can lead to the removal of valence electrons not localized on the central atom
and produce two or more charge centers. This is then followed by a Coulomb explosion
of the system. The process, termed Interatomic Coulombic Decay (ICD), was recently
observed by Morishita, et al. [Phys. Rev. Lett. 96, 243402 (2006)] in experiments on
argon dimers. In that work, a 2p hole in one of the Ar atoms decayed via the Auger
process into a state with holes in the 3s and 3p subshells of the same atom. This Auger
final state sometimes decayed by ICD where another 3p electron fills the 3s vacancy
while at the same time one of the 3p electrons of the other atom of the dimer is ejected.
This processs was predicted by Cederbaum et al. [Phys. Rev. Lett. 79, 4778 (1987), Phys.
Rev. Lett. 90, 153401 (2003)]. Also, Buth, Santra and Cederbaum [J. Chem. Phys. 119,
10575 (2003)] have described interatomic decay processes in xenon fluoride molecules.
The main point is that ICD leads to the production of more positive charges per absorbed
x-ray photon and boosts damage in materials when they are exposed to x rays.
Understanding such fundamental processes therefore has important practical
implications. To explore this process, we compared the charge states produced following
inner-shell photoionization of Xe and XeF,. This was the first experiment to explore ICD
in the case of deep inner-shell vacancies of a heavy atom of a molecule.

The apparatus used in the experiment is similar to that we used to study vacancy
cascades following K-shell photoionization in Kr and Xe atoms [G.B. Armen et al., Phys.
Rev. A 69, 062710 (2004)]. Beams of Xe and XeF; are crossed at right angles to the
incident 35 keV x-ray beam provided by Argonne's Advanced Photon Source (APS). The
x-rays photoionize the K-shell of Xe. Photons from the interaction region are observed
by a Ge x-ray spectrometer. This detector measures the fluorescence as the inner-shell
vacancy decays. The photon also provides the start signal for determining the ion time-
of-flight TOF. We get improved timing over what is normally possible with a Ge
detector because we can resolve the bunch structure of the APS, identify the particular
bunch associated with the event and correct the start time. This allows us to obtain sharp
TOF peaks. The photon energy also tags the first step in the cascade decay. A multi-hit
position sensitive detector located on the opposite side of the interaction region is used to
detect ions. The mass and charge states of the ions are determined by measuring the ion
TOF. Using the x-ray energy measured by the Ge detector to tag the initial state, we
determine the changes in the ion charge state distributions as a function of the initial hole
state.

The data analysis for this experiment is still in progress but some preliminary data are
presented in Fig. 3. The figure shows a comparison of the Xe charge state distribution
with the distribution of total charge for a subset of XeF, events. The subset includes all
events in which a triple coincidence was observed involving a F** ion, a F** ion, and a



Xe%" ion of charge g. One can see that for this particular subset of events, the center of
the XeF, total charge distribution is higher than that for the atomic Xe target by more
than two charge states. To determine if this shift is due to ICD will require further data

analysis and theoretical modeling, but it is an interesting observation.
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Fig. 3. Total lonic charge for events in which a
Xe Ka x-ray was detected. Solid circles are
results obtained with an atomic Xe target and
solid squares were obtained using a XeF, target.
The dashed and solid lines are Gaussian Fits to
the data. The XeF, data correspond to the total
charge measured for triple coincidences in which
both a F?* ion and a F** ion were detected. Data
were corrected for pressure effects and ion
detection efficiency. These data were obtained
with the energy of the x-ray beam set at the center

Total Charge of the K absorption edge of Xe.

Picosecond x rays at Argonne’s Advanced Photon Source
B. Kréssig, R.W. Dunford, E.P. Kanter, S.H. Southworth, L. Y oung,
Photosynthesis Group, FOCUS, 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). This will enable researchers
from a variety of different fields to study the time evolution of their x-ray irradiated
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. This rf-
deflection scheme works well only on high energy storage rings of large diameter.

Work on the realization of short pulse x rays at the APS was begun soon after the
workshop “Time Domain Science Using X-ray Techniques” held in 2004. This meeting
was part of a series of similar workshops on the Future Scientific Directions for the APS
and highlighted the scientific merits of providing such a capability at the APS. Initially, it
was envisioned to build a “fast track™ system that could be implemented within 2-3 years
and with existing funds. This would have been a water-cooled system, pulsed at low
repetition rate (<1 kHz), to be operating only during the hybrid-singlet mode of operation
of the storage ring (6 weeks/year) and on one beam line. This approach was abandoned
because of the prohibitive cost associated with the complex final engineering design
produced after three years of R&D, considering also its limited scope and availability.
Instead, the APS is now pursuing as part of the APS Renewal a cryogenically cooled
system that would be compatible with any of the operational modes (year-round
availability) and at the high repetition rate (6.5 MHz) of the storage ring, possibly
encompassing more than one beam line. This exciting possibility will create a tunable,



picosecond hard/soft x-ray source with ~10** photons/s in a bandwidth of 1% enabling
many applications in x-ray science ranging from AMO science, photochemistry,
condensed matter physics and nanoscale materials science.

!Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439
“Tulane University
$Lawrence Berkeley National Laboratory, Berkeley, CA 94720
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J.R. MACDONALD LABORATORY - OVERVIEW 2008

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). Most of the 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 developed a double optical gating method (polarization
gating combined with second harmonics) which greatly increases the efficiency with which
single attosecond pulses can be generated. EUV/infrared pump-probe experiments are being
carried out. These measurements can also be used as diagnostics for the attosecond pulses.
Theoretical analyses of EUV/EUV pump-probe experiments have shown that highly correlated
electron motion in atoms can be probed with attosecond pulse pairs. The general role of electron
extraction and rescattering, including harmonic generation and elastic scattering, has been
investigated both theoretically and experimentally, leading to the recent observation of back
rescattering ridges (BRR) in the above threshold ionization (ATI) spectra.

2) Time-resolved dynamics of heavy-particle motion in neutral molecules: We continue
to develop methods for following the evolution of heavy particle motion in simple molecules in
real time, following excitation by short laser pulses. 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. Methods to
extract the ro-vibrational dynamics and the dressed potential energy surfaces have been
explored. Experimentally, we have identified rotational wave packet revivals in molecular H, and
D, and have investigated the time evolution of N,. We have studied the wavelength dependence
of dissociative ionization of H, and ionization of Ne and Ar.

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 demonstrated the ability to control
the final above threshold dissociation (ATD) state of H," and D," via the pulse duration and the
final product of ND* dissociation via the peak intensity. Molecular alignment by laser pulses is
being explored. The use of MOTRIMS to analyze in real time the evolution of population
distributions in laser-pumped targets has been extended to associative ionization. Short, shaped
(chirped) pulses from the Kansas light source (KLS), which present a broad range of frequencies
whose relative phases are known, are being used to explore mechanisms for the latter process.

!Details of the projects are provided in the individual contributions of the Pls:
I. Ben-ltzhak, Z. Chang, C.L. Cocke, B.D. DePaola, B.D. Esry, V. Kumarappan,
C.D. Lin, L.V. Litvinyuk and U. Thumm.
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4) Studies involving simultaneous use of laser and accelerators: lonization and
dissociation of H,", D,", and N," has been investigated using the ion beams from our ECR
source. New mechanisms for these processes have been identified using the momentum
distributions from the products. Recently, we extended these studies to simple polyatomic
molecules and conducted the first measurements of Ds3* dissociation and ionization.
Development of short ion (picosecond) pulses from our Tandem accelerator continues.

5) Photons from the KLS interacting with solids and clusters: Electron dynamics in
photo-ionization and excitation of nanotubes continues mainly in collaboration with Professor T.
Heinz from Columbia University. Theoretical investigation of neutralization of negative ions
near 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, E. Wells).

Finally, it is hard to summarize this year without mentioning the impact on our work of the
tornado that hit Kansas State University in mid June (see http://jrm.phys.ksu.edu/ ). The physics
department was not spared and, although we are up and running again, we are still feeling the
impact of that storm — for example, the physics building has been closed recently for a few days
due to an asbestos contamination. On the positive side no one was harmed, and in a short while
everything will be back to normal.
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Structure and Dynamics of Atoms, lons, Molecules, and Surfaces:
Molecular Dynamics with lon 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
dissociation 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.

A couple of examples are given below.

Dissociation and ionization of N," & ND" by intense few-cycle laser pulses, J. McKenna,
A.M. Sayler, B. Gaire, Nora G. Johnson, E. Parke, K.D. Carnes, B.D. Esry, and I. Ben-ltzhak

The goal for this project was to expand the knowledge we have gained from a close
collaboration between theory and experiment on H," studies to more complex molecules and
identify their dissociation and ionization pathways, mechanisms and control parameters.

High kinetic energy release (KER) in N, breakup — Extensive laser-molecule interrogation of
the hydrogen molecular ion and other small molecules [1] continues to unveil new surprises (see,
e.g., [2] & Pub. #6,16), helping to generate a more complete view of molecular dynamics.
Recently we observed a surprising high KER peak in the dissociation spectrum of an Ny
molecular ion beam exposed to an intense few cycle laser pulse, in addition to the previously
observed low KER peak (e.g. [3]). This observation is made possible in our experimental
technique as both the neutral and charged fragments are detected in coincidence, while in
previous studies it would be obscured by N* fragments from N,?* dissociation that have similar
energy. Another unexpected phenomenon is that the KER distribution of the N* + N* ionization
channel extends well beyond the energy expected for direct ionization of N," as shown in Fig. 1.
We suggest that the high KER in both cases is due to dissociation on steep repulsive potentials of
N,", also shown in Fig. 1. For the ionization, which most likely occurs when the N," has
stretched by more than 1 a.u., that implies almost equal contributions to the KER gained by the

dissociating molecule before its ionization at large R as well as after.
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Figure 1 (adapted from Ref. [4]). Left: KER spectrum for (a) ionization and (b) dissociation of an N,"
beam by a 6x10" W/cm?, 7 fs laser pulse. A new high-KER peak appears in addition to the previously
observed low KER dissociation [3]. Note also the high KER following ionization. Right: Dressed-states
diabatic picture of N," (potential energy curves have been reproduced from Ref. [5,6]) illustrating
dissociation pathways that lead to (a) low- and (b) high-KER dissociation.

'Some of our studies are done in collaboration with Z. Chang’s group, C.W. Fehrenbach, and others.
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Controlling the dissociation branching ratio of ND* — Laser-induced dissociation of ND* was
measured as a function of peak intensity. This molecular ion has an interesting alternating
sequence of dissociation limits to N* + D and N + D" separated by less than the photon energy at
795 nm wavelength. By exposing the ND* beam to a 40 fs laser pulse and measuring the ion
fragments in coincidence with the neutral fragments, we find that the branching ratio of the final
dissociation channel depends strongly on intensity in the range 2x10*-3x10™ W/cm? as shown
in Fig. 2. Therefore, the peak intensity can serve as a control knob for ND* dissociation [Pub.
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Figure 2. Left: (adapted from Pub. #15) (a) Rates for the N + D" (squares) and N* + D (circles)
dissociation channels as a function of intensity, normalized to the ion-beam current. (b) Branching ratio
for dissociation of the N + D" channel. The dashed curve is a lower limit estimate of the absolute value of
this ratio allowing for Faraday cup losses and detection efficiency. Right: (adapted from ICOMP-08
invited abstract) (c) Schematic view of the experimental setup used for 3-body molecular dissociation
imaging.

Dissociation and ionization of Hs", the simplest polyatomic molecule, by intense ultrashort
laser pulses — J. McKenna, A.M. Sayler, B. Gaire, Nora G. Johnson, K.D. Carnes, B.D. Esry,
and I. Ben-ltzhak

The goal for this project was to expand the knowledge we have gained from H," studies to
more complex molecules and identify their dissociation pathways and mechanisms.

The bench mark system on the road to better understanding of polyatomic molecules in
intense ultrashort laser fields is the two-electron Hs* ion. This molecular ion is a challenge to
theorists as it is just beyond their current capabilities. However, providing bench mark results to
motivate such cutting edge calculations have eluded experimentalists probing molecules with
intense few-cycle laser pulses.

Some of the interesting questions one may ask involve the competition between two-body
dissociation, H" + H, or H + H,, and complete three-body disintegration, H* + H + H. This
question is also relevant for single ionization of Hs*, specifically, which of the following
outcomes are more likely, H" + H," or H" + H" + H? In addition, the unique geometry of this
molecular ion, an equilateral triangle in its electronic ground state, introduces some interesting
questions about the angular distribution of the dissociating fragments with respect to the laser
polarization.
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Recently, we conducted coincidence 3D momentum imaging measurements of the
dissociation and ionization of a few keV D3 beam target. This isotope was selected over the
lighter Hs" to avoid overlapping contributions to the two-body breakup channels from the HD*
contaminant beam. The molecular dissociation imaging technique used for these measurements
is in most parts similar to the one used in our previous work on H," (Ref. [7] and Pub. #7,12,13,
16), except that up to three fragments were measured in coincidence. Briefly, a beam of D3" is
crossed with an intense laser beam and the dissociating fragments are imaged on a detector.
From the position and time information the momenta of all dissociating fragments of each
molecule is determined. The intensity of the 790 nm, 7-40 fs, 1 kHz (linearly polarized) laser
pulses spanned the 10*3-10'® W/cm? range in our measurements.

The Kkinetic energy release (KER) upon dissociation and the angular distributions are
determined from the measured momentum information. The three-body breakup in particular
provides information about the likelihood of dissociation and ionization as a function of the
angle between the molecular plane and the laser polarization. In addition, these processes depend
on the angle between the laser field component within the molecular plane and the velocity of a
single fragment.

The H;" isotopes have the same electronic structure within the Born-Oppenheimer
approximation, but different nuclear wave-packet propagation speeds. This may lead to some
isotopic dependencies, which will be investigated next.

In addition to the projects described in some detail above, we have studied a few other
molecular-ion beams with our short-pulse laser. Furthermore, we have conducted a few ion-
molecule collision experiments [see, for example, Pub. #10,14]. A main effort along this line was
the development of an experimental setup for the study of dissociative capture (DC) and collision
induced dissociation (CID) in slow (a few keV) collisions. We are conducting our first
kinematically complete measurements of H," + Ar/He at 3 and 4 keV collision energy at this
time. Analysis of this incoming data is needed to shed light on the intriguing preliminary results.

Future plans: We are in the process of analyzing recent measurements of molecular-ion beams
interrogated by intense few cycle pulses. We will continue interrogating H," beams with shorter
pulses and will attempt to measure the predicted effects of the carrier envelop phase (CEP) on
HD" laser induced dissociation [8], once we complete the upgrade of our experimental apparatus.
Finally, we plan to pursue our most recent kinematically-complete studies of DC and CID in
slow collisions between simple molecular ions and atomic targets.
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Double optical gating for attosecond pulse generation

Zenghu Chang
J. R. Macdonald L aboratory, 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 study a new gating method for
generating single isolated attosecond pulses with multi-cycle lasers, (2) to develop carrier-
envel ope phase stabilization technologies.

1. Double optical gating, Hiroki Mashiko, Steve Gilbertson, Chengquan Li, Eric Moon, and
Zenghu Chang. Single isolated attosecond pulses are powerful tools for studying electron
dynamics in atoms and molecules. Such XUV pulses, as short as 80 as, have been generated by
using 3.3 fs lasers. However, it is still atechnical challenge to reproduce such laser pulses daily.
We developed a double optical gating (DOG) technique for generating single isolated attosecond
pulses with multi-cycle pump lasers [1-4].

The double optical gating is a combination of the two-color gating and the polarization
gating (PG) and. When a weak second harmonic field is added to break the symmetry of the
pump field, one attosecond pulse is produced every full fundamental light cycle, which is the
two-color gating. The polarization gating is based on the fact that XUV attosecond pulses can
only be efficiently generated with alinearly polarized laser field [5, 6]. The required laser field
can be generated by superimposing a left-hand circularly polarized pulse to a time-delayed right-
hand circularly polarized pulse. The field with a time-dependent ellipticity can be resolved into a
driving field and a gating field, as shown in Fig. 1. The high harmonics are generated by the
driving field but are suppressed by the gating field. During the time range where the time-
dependent ellipticity is less than 0.2, the suppression power is so weak that high harmonics can
be efficiently generated. This time range is called the polarization gate. Two requirements must
be met to generate single isolated attosecond pulses with the double optical gating. First, the
polarization gate width should be shorter than one optical cycle (2.5 fs for Ti:Sapphire laser).
Second, the target atom should not be fully ionized by the laser field before the polarization gate.
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 pulses with DOG are ~12 fs.

The DOG was demonstrated with a carrier-envelope (CE) phase stabilized chirped pulse
amplifier followed by a hollow-core fiber compressor. The laser produces 25 fs, 2.5 mJ pulses
centered at 790 nm at 1 kHz [7]. The slow drift from the amplifier was compensated by feedback
control of the grating separation [8]. The output beam from the hollow-core fiber/chirped mirrors
was incident onto a nonlinear crystal for the second harmonic generation. The double gating
laser field was synthesized in a Mach-Zehnder interferometer. The second harmonic and
fundamental beams were separated by a dichroic beam splitter. The fundamental arm was
equipped with a PZT delay stage to stabilize the relative delay by using a CW laser beam
propagating inside the interferometer as feedback. The PG pulse was produced by a birefringent
guartz plate and an achromatic quarter-wave plate. These conditions yielded a calculated
polarization gate width of ~2 fs. The SH and the PG field are combined by another beam splitter.
After the interferometer, we measured the pulse duration of the fundamental to be 9.1 fs. The

19



laser field components under these conditions are as shown in Fig. 1.The DOG laser beams were
focused by a spherical mirror to an argon gas filled interaction cell. The generated harmonics
were measured with a grating spectrometer.

The dependence of the high harmonic spectrum and intensity on the CE phase of the
DOG laser was investigated. The CE phase was varied by controlling the effective grating
separation in the laser system [9-11]. The harmonic spectra are shown in fig. 2(a) and were
measured simultaneously with the CE phase measurement. The intensity of the normalized
spectrally integrated signal repeats with a period of 2x, as shown in fig. 2(b). This is consistent
with the predictions from the numerical simulations [2], aso shown for comparison. This 2n
periodic dependence of the harmonic spectra on the CE phase provides strong evidence that the
observed XUV supercontinuum is from DOG. We aso observed harmonics from neon gas using
a collinear setup for the DOG [3]. It was constructed by two birefringent quartz plates and a
barium borate crystal. The first plate thickness sets the polarization gate width to 2.5 fs, i.e. one
optical cycle. The second quartz plate and the BBO work together to serve as a quarter wave
plate and convert the two pulses from the first quartz plate into a PG pulse. The main feature of
the spectrum is the cutoff and plateau regions combine to form a smooth distribution covering
more than 20 nm. The spectrum is capable of supporting a 130 as duration.
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We searched the phase-matching conditions for high harmonic generation with the
double optical gating [4]. We chose 8 fs to increase the field strength ratio between the driving
field inside the polarization gate to that of the outside, in order to suppress the unwanted
ionization of the atom by the leading edge of the DOG fields. At the optimized gas target
location and pressure, the single XUV pulse energy is 6.5 nJ for argon and 170 pJ for neon,
which are much higher than those generated with conventional polarization gating. In addition,
the carrier-envelope phase effects with a 2x periodicity were attained when the highest extreme
ultraviolet photon flux was produced, indicating the robustness of the double optical gating.
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2. Carrier-envelope phase stabilization, Chengquan Li, Eric Moon, He Wang, Hiroki Mashiko,
Seve Gilbertson, and Zenghu Chang. To generate single isolated attosecond pulses, the carrier-
envelope (CE) phase ¢ce of the femtosecond pulse, which can be described by an electric field
E(t)=Eo(t)cos(aot+@ce) must be stabilized and controlled. Previously, the CE phase stabilized
laser pulses were generated from prism-based chirped pulse amplification (CPA) laser systems,
where the pulse energy was limited by the prism material itself. On the other hand, grating-based
CPA lasers can generate femtosecond pulses with much higher power than material-based laser
systems. We have demonstrated that the CE phase of a grating-based CPA system could be
stabilized by feedback controlling the effective grating separation in a stretcher [9, 11].
However, for some stretcher designs, implementation of this technique might be difficult if the
size of the controllable optic in the stretcher is much larger and heavier than that in the
compressor. Thus, it is beneficial to trandate the smaller optics in the compressor to reduce the
response time and to stabilize the CE phase.

The laser system, the Kansas Light Source (KLS), was used for demonstrating the CE
phase locking with gratings in the compressor [11, 12]. It consists of two multi-pass amplifiers
sharing one oscillator and one grating-based stretcher. The laser is designed for synthesizing two
amplified pulses in the future, which will require locking the CE phase of the two amplifiers
simultaneously and independently. It cannot be accomplished by controlling the dispersion in the
shared stretcher because the phase error introduced by the two amplifiers is not the same. For
this application, it is highly desirable to lock the CE phase through feedback control of the
grating separation in the compressor. The CE phase offset frequency of the oscillator was
stabilized by using a standard Mach-Zehnder f-to-2f interferometer [13]. Pulses from the
oscillator with the same CE phase were selected by a Pockels cell for amplification at a repetition
rate of 1 kHz and sent to the stretcher. The seed pulses had ~100 nm bandwidth centered at 800
nm and were stretched to ~80 ps. The stretched pulses were amplified to 5 mJ (named as KL S1).
The output energy was stabilized to reduce the error of the CE phase measurements caused by
the laser energy fluctuation [14, 15].

A small portion (3%) of the amplified beam was split in front of the grating compressor
of KLS1. This beam was used as the seed for another liquid nitrogen cooled 7-pass Ti:Sapphire
amplifier (named as KL S2), which yielded 2 mJ pulses after amplification. The amplified pulses
were compressed by a grating-pair compressor to 38 fs with 1 mJ energy. In the compressor, one
of the gratings was mounted on a piezoelectric transducer (PZT) stage for the KLS2 CE phase
stabilization. In order to stabilize the CE phase of the laser pulses of KL S2, the output of the f-to-
2f interferometer served as the error signal for feedback controlling the compressor grating
separation. The phase was stabilized over 270 seconds with a 230 mrad RMS error. This residual
error is at the same level as the one in KLS1 when the grating separation in the stretcher was
used to compensate the phase drift [10]. The locking time is determined by the phase locking
condition of the oscillator. We locked the CE phase of KLS2 over 30 minutes before the
oscillator CE phase locking was lost. The phase stability is as good as that obtained by
controlling the grating separation in the stretcher.

We have participated in studying dynamics in molecules (lead by Ben-1tzhak) [16],

nanotubes (lead by Richard) [17, 18], and x-ray lasers (lead by Rocca at Colorado State
University) [19]. We aso worked on accelerating ultrashort ion pulses [20].
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Structure and Dynamics of Atoms, lons, Molecules and Surfaces:
Atomic Physics with lon Beams, Lasers and Synchrotron Radiation

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 measured
momentum images of electrons ejected from rare gas atoms and rescattered by the parent ions in
order to reveal the role played by free electron-ion scattering in determining the observed
patterns. We have generated attosecond pulse trains by passing intense laser IR pulses through
gas filled capillaries and have used these to do pump/probe experiments (EUV/IR) on the
ionization of He. We have continued collaborations at the ALS and Univ. of Colorado.

Recent progress:

1) Momentum images of electrons released from rare-gas targets by intense laser pulses:
D.Ray, B.Ulrich, 1.Bocharova, C.Mahaharjan, P.Ranitovic, B.Gramkow, M.Magrakvelidze,
S.De, L.V.Litvinyuk, A.T.Le, T.Morishita, C.D.Lin, G.G.Paulus and C.L.Cocke. It was predicted
by Morishita et al. [1] that ATI electrons produced by the ionization of atomic targets should
show “back rescattering ridges” (BRR) near the end of the ionization plateau (energy near 10
times the ponderomotive energy, Up). In momentum space, these ridges form circles which are
centered not about zero but about the vector potential of the laser at the time a returning electron
is rescattered. It can be shown that this value of the vector potential is near its maximum value.
The physical process giving rise to these ridges is the emission of an electron at a time for which
it returns to the mother ion with maximum energy (3.17 U,), followed by elastic scattering by the
ion. Morishita et al. predicted that strong angular structure in the angular distribution along these
ridges should be seen. This structure can be readily calculated from the scattering of electrons

spp Figure 1. Momentum
images of electrons
ejected from Xe by
intense 7 fs, 800 nm
pulses at two different
intensities. The
angular structure in the
diffraction scattering is
seen on the outer
edges of the spectrum.

100

50

Pz (a.u.) Pz (a.u.)
from the appropriate ionic target. We have performed experiments to observe these BRRs in the
laboratory. Since the yield of backscattering (plateau) AT1 electrons is much weaker than that of
directly ionized electrons, the usual COLTRIMS momentum imaging system proved inadequate
to give sufficient statistics in the region of interest. We therefore adapted a stereo-phasemeter
[2], which has a much larger target thickness, to the task. Time-of-flight spectra of the electrons
were measured in two oppositely situated detectors, and the angular distribution was mapped out
by rotating the polarization vector of the laser with respect to the time-of-flight axis. The spectra
were then transformed to momentum spectra. A sample result is shown in figure 1.
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For the case of Xe, strong angular structure is predicted and observed. Angular distributions
deduced from these data are shown in figure 2, and compared to calculations of the differential
cross sections for elastic scattering from Xe" ions. As discussed by Morishita et al. [3], this
approach to the analysis of ATI spectra in the rescattering plateau can be exploited to greatly
simply the calculation. The isolation of a component of the ATI spectrum attributable solely to
the structure of the target system is a first step toward the ultimate goal of using rescattering
electrons to image the parent ionic system in a time-dependent fashion.

?g (a) 8.3x1 0"*W/em®
10 Figure 2. The data points show the
5 angular distributions of electrons
scattered from Xe", as deduced
0 from the laser momentum images.
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5 publication 2.
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2) EUV/IR Pump/probe experiments. 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. 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/cm?,
50 fs) as a probe. The reaction products are detected in a COLTRIMS geometry, which allows
ion-electron coincidences to be measured. The development of the apparatus has taken several
years. The first experiment has been the ionization of He by an APT formed from the 11"
through the 17 harmonics (17-26 eV) of 800 nm radiation produced by focusing an intense laser
pulse (50 fs) into a glass capillary filled with Xe gas. This approach was enabled through a
collaboration with the Murnane/Kapteyn group at the University of Colorado, and a first
publication from the collaborative work has been published in [4]. At the time we started this
work, it had not previously been reported that a stable APT can be produced in a capillary. Our
results clearly show that it can.

The overview of results (fig. 3) , and some conclusions, can be summarized as follows:

1) Since only the weak 17" harmonic has sufficient energy to ionize He, little He" is
produced by EUV alone.

2) If the IR precedes the EUV, nothing changes. The IR pulse is too weak to significantly
affect the tightly bound ground state of He.

3) If the IR comes after the EUV, a large enhancement of the He™ yield occurs. This is
attributed to the ionization by the IR of excited states of He populated by the 13" and
15™ harmonics of the APT.

4) If the IR comes during the EUV, an even greater enhancement occurs, which is attributed
to the cooperative ionization of the He by the simultaneous action of both fields.
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Close examination of the dependence of the He™ yield on the time delay between APT and laser
field reveals that, in the overlap region, the yield oscillates (fig. 3) with a periodicity of half the
optical cycle. The He" yield depends on the phase of the IR at which the APT strobes the dressed
He. Further investigation has shown that the resonant structure of the He neutral plays an
important role, and that, as a result, the results are sensitive to the wavelength of the IR laser
used to generate the harmonics. It is believed that resonant excitation of the He through the 4p
state dominates the production of He" when no IR is present, and that the presence of the IR
during the APT brings the 2p (and perhaps other) np states of He into play through the
broadening and shift which the IR produces on these states. Some evidence that this is the case is
provided by the photoelectron spectra. Theoretical analysis of this system has been presented in
ref. [5], and has also been carried out by X-M.Tong in collaboration with us. In addition, a
simple model has been developed to try to dissect and isolate the different ionization processes
which are occurring. The use of a second IR probe has also been used, producing a full-cycle
oscillation period in the He" yield. The possible use of such a pump-probe-probe system to
determine the absolute phase of the APT with respect to the driving IR field will be discussed.

Figure 3. The yield of
He" resulting from a
EUV APT and IR (800
nm) pulse. The
horizontal axis is the
time delay of the IR
relative to the APT.
The long-time scan
shows the overall
structure of the process.
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3) Synchrotron radiation experiments, T. Osipov, P.Ranitovic, C.Marhajan, B.Ulrich, C.L.
Cocke (KSU), A. Landers (Auburn Univ.), R. Dérner, Th. Weber, L. Schmidt,A. Staudte, H.
Schmidt-Bocking, et al. (U. Frankfurt), M.H. Prior (LBNL) and others. We continue to
participate in a multi-laboratory collaboration involving the University of Frankfurt, LLBL,
Auburn Univ. and KSU at the ALS. Recent projects include studies of core-hole localization
when a K electron is removed from N2, the dissociation and isomerizaiton pathways which
acetylene follows when a carbon K electron is removed from it, and two-slit interference patterns
in the continuum electron structure when H2 is (doubly) photoionized well above threshold.

Future plans:

The backscattering momentum project is being pursued in collaboration with the theoretical
group of C.D.Lin to examine to what extent the full experimental momentum distributions can be
described in terms of the angular and energy dependent electron-ion scattering interaction. The
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EUV/IR project will be exploited to do both attosecond science and to follow the dynamics of
light molecules excited by EUV and probed by short IR pulses. We continue to participate in the
ALS collaboration in (3).

Publications 2007-2008 not previously listed:

1.”Ultrafast Probing of Core Hole Localization in N,”, M.S.Schoffler, J.Titze, N.Petridis,
T.Jahnke, K.Cole, L.Ph.H.Schmidt, A.Czacsh, D.Akoury, O.Jagutzki, J.B.Williams,
N.A.Cherepkov, S.K.Semenov, C.W.McCurdy, T.N.Rescigno, C.L.Cocke, T.Osipov, S.Lee,
M.H.Prior, A.Belkacem, A.L.Landers, H.Schmidt-Bdcking, Th.Weber and R.D6rner, Science
320, 920 (2008).

2.”Large-Angle Electron Diffraction Structure in Laser-Induced Rescattering from Rare Gases”,
D.Ray, B.Ulrich, 1.Bocharova, C.Mahaharjan, P.Ranitovic, B.Gramkow, M.Magrakvelidze,
S.De, I.V.Litvinyuk, A.T.Le, T.Morishita, C.D.Lin, G.G.Paulus and C.L.Cocke,
Phys.Rev.Letters 100, 143002(2008).

3. “Fragmentation pathways for selected electronic states of the acetylene dication”, T.Osipov,
T.N.Rescigno, T.Weber, S.Miyabe, T.Jahnke, A.S.Alnaser, M.P.Hertlein, O.Jagutzki,
L.Ph.H.Schmidt, M.Schoffler, L.Foucar, S.Schossler, T.Havermeire, M.Odenweller, S.Voss,
B.Feinberg, A.L.Landers, M.H.Prior, R.Dérner, C.L.Cocke and A.Belkacem, J.Phys.B. 41,
091001 (2008).

4 ”Interference in the Collective Electron Momentum in Double Photoionizaiton of H,”,
K.KLreidi, D.Akoury, T.Jahnke, Th.Weber, A.staudte, M.Schoeffler, N.Neumann, J.Titze,
L.Ph.H.Schmidt, A.Czach, O.Jagutzki, R.A.Costa Fraga, R.E.Grisenti, M.Smolarski,
P.Ranitovic, C.L.Cocke, T.Osipov, H.Adaniya, J.C.Thompson, M.H.Priour, A.Belkacem,
A.L.Landers, H.Schmidt-Bocking and R.Ddrner, Phys.Rev.Lett 100, 133005 (2008).

5.”Direct time resolved observation of molecular dynamics induced by soft-x.ray
photoionization”, A.S.Sandhu, E.Gagnon, P.Ranitovic, X-M Tong, C.L.Cocke, M.M.Murnane
and H.C.Kapteyn, J.Phys.:Conf. Series 88, 012037 (2007).

6. “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 and I.V.Litvinyuk, Phys. Rev. A77, 053407 (2008).
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Coherent Control of Photoassociation and Excitation of Cold
Atoms 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

Photoassociation [#1] 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(5s) + Rb(55) + hw — Rba(5s, 5p) — Rba(5s, 5s) + hw' (1)

(The asymptotic atomic designations are used to describe the molecular states throughout this
abstract.) Here, w is the optical frequency of the catalysis photon, and hw’ is the energy of the
photon that is emitted when the excited molecule relaxes to its electronic ground state. Photoas-
sociation has received a great deal of attention recently because of the potential applications of
ultracold molecules. Our interest is that this process provides a convenient and interesting subject
for coherent control investigations. 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 molec-
ular state. [Pub. #1] Because this process consists of photoassociation followed by excitation, it
is referred to as PAE. Note that relaxation to the electronic ground state is not considered part
of the PAE process. 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 Rbg(5p, 5p) manifold is then probed with a narrow linewidth cw laser which excites
to an autoionizing state in the Rba(5p, 4d) manifold. [Pub. #2] The goal of this project is to mea-
sure the extent to which shaping the spectral phase of the pulse can enhance the PAE process. The
spectral phase patterns that have been investigated to date include linear chirp, m-step function,
7 /2-pulse, and sinusoidal functions. In these experiments, it was often found to be advantageous to
additionally measure the time between the initiation of the PAE process and the detection of Rb2+:
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.

The apparatus consists of a magneto-optical trap (MOT) containing 8"Rb atoms at a tempera-
ture of approximately 100uK, and having a density of approximately 10'® — 10! atoms/cm?. The
atoms are trapped inside an electrostatic time-of-flight (TOF) mass spectrometer. Thus, any ions
produced are extracted and directed onto a particle detector. The ultrafast laser is the Kansas Light
Source, which operates at a 1 kHz repetition rate. Its pulses, attenuated to about 1uJ in a roughly
1 em diameter spot, are shaped by an acousto-optic programmable dispersive filter (AOPDF). The
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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.

cw probe laser has a linewidth of less than 1 MHz, and is actively locked to a frequency 54 MHz
to the blue of the 5pg/o, F' = 3 — 4d5/5 atomic transition.

Recent Progress

Figure 1 shows some results from an experiment in which the 7/2 phase pulse,

0 A<\
qb()\) = 7I'/2 A< A< A (2)
0 A 2> Ay,

was applied to the ultrafast laser pulse. Plotted in Fig. 1a is the measurement of RbéIr counts versus
A1 and A9, the wavelengths at which the left and right edges, respectively, of the 7/2 phase pulse are
located. Plotted in Fig. 1b is the corresponding second order perturbation theory calculation result.
The theoretical model is fashioned along the ideas of Silberberg’s group [#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. The model greatly simplifies the calculations and allows
for qualitative comparisons. However, more sophisticated modeling will have to be done before we
can say with any confidence that we completely understand the process.

A disadvantage of the AOPDF-type pulse shapers is the resolution limit imposed by the transit
time of the optical pulse through the modulator crystal. That is, the transit time of 3.5 ps means
that the maximum temporal width of the shaped pulse is limited to 3.5 ps. Therefore, the degree
of “sharpness” that one can impose on the spectral phase and/or spectral amplitude is limited,
since the sharper the structure in the frequency domain, the broader the pulse in the time domain.
For example, in the above results, we could not really use the idealized pulse of Eq. 2. Instead the
infinite slope of an idealized pulse was replaced by the gradual edge of an error function. Another
approach is to use phase functions that have no sharp features, and yet allow one to vary all orders
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Figure 2: Experimental results for the sinusoidal spectral phase of Eq. 3. The Rb2+ counts are
plotted wversus the two parameters ¢g and 1. Here, A = 1.2.

of phase. An example of this is the sinusoidal phase,
P(N) = Asin [2mcT (A1 = A5 + o] (3)

where A, T, and ¢g are parameters, and A\g is an arbitrary constant, usually chosen to be near
a resonant frequency of the system. An example of some data taken with this phase is shown in
Fig. 2. Here, A was chosen to be 1.2. The same information about the PAE process is contained
in Fig. 2 as in Fig. 1. Here, the wavelengths at which PAE is enhanced is determined from the
slopes of the structures in Fig. 2. For reasons not completely understood (but perhaps related to
the resolution issue discussed above) the contrast between maximum and minimum PAE signals is
much greater (> 250) for the sinusoidal phase than for the 7 /2-step phase.

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. Thus far, we have used well-defined functions for the spectral phases. These were based
on our intuitive understanding of the PAE process. However, it is very possible that even more
control can be exerted on this process by using a spectral phase that we have not yet thought of.
We have now started to implement a genetic algorithm (GA) [#3] approach to guide the laser’s
spectral phase such the PAE process is maximally efficient. We then plan to use the technique of
principal control analysis [#4] to help us to identify any unanticipated phase functions that may
be used to control the PAE process. If such functions are found, we will then experimentally test
their suitability for control.
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Program Scope

The primary goal of my program is to quantitatively understand the behavior of HJ in
an ultrashort, intense laser field. As we gain this understanding, we will work to transfer
it to other more complicated molecules. 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.

Because even Hj has more degrees of freedom than can currently be directly treated
computationally when an intense field is present, past theoretical descriptions have artificially
reduced the dimensionality of the problem or excluded one or more of the important physical
processes: ionization, vibration, and rotation. Such simplifications were most often justified
with intuitive arguments, but have been little tested. One component of this work is thus to
systematically include these processes in three dimensions and gauge their importance based
on actual calculations. Further, as laser pulses get shorter and more intense, approaches that
have proven useful in the past may become less so. The application of kinematically complete
measurement techniques is also revealing effects that are likely not captured correctly in
these simplified models. A second component of my program is to develop novel analytical
and numerical tools to more efficiently and more generally treat these systems. The ultimate
goal is to understand the dynamics of these strongly coupled systems in quantum mechanical
terms.

Recent progress

We now routinely solve the problem of HJ in an intense laser including nuclear vibration
and rotation as well as electronic excitation. The only physical process excluded is ionization.
We can thus reliably perform full-dimensionality calculations for Hy up to an intensity of
roughly 10 W /cm? for 800 nm Ti:sapphire laser pulses. For higher intensities, ionization
plays a non-negligible role.

We have recently used this capability to demonstrate theoretically the contribution of
the first excited manifold of states in Hj to dissociation [12]. Our calculations accompanied
experimental measurements by I. Ben-Itzhak’s group, allowing for the interpretation of their
data. We showed that not only did the states correlating to H(n=2)+p contribute to the
dissociation, but also that they displayed above threshold dissociation. That is, dissociation
via these states proceeded with absorption of more than the minimum number of photons
necessary. This phenomenon would have been extremely difficult to identify based on the
experiment alone as all of the features overlap in energy and in angle, so we relied on the
ability to clearly separate their contributions theoretically. The analysis was completed by
studying the isotopic, intensity, and pulse length dependence of these processes.
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Figure 1: The angular distribution of p and H following dissociation of Hj in an intense, 10 fs,
785 nm laser pulse. The red lines (+) indicate the results without nuclear rotation and the magenta
line (no symbol) shows the results including rotation. The left panel is for I = 103 W/cm?; and
the right, for I = 10 W/cm?. These angular distributions were evaluated at the end of the pulse,
thus excluding any post-pulse evolution.

We have also compared the results for dissociation of Hj calculated with and without
nuclear rotation in pulses of 45 fs and 135 fs [11]. Both pulses are already much shorter than
the free rotation period of Hy, ~550 fs, so many have argued that rotation is not impor-
tant and that modeling the system including only vibration is sufficient to understand the
dynamics in an intense field. This notion persists even though it was shown many years ago
(see Ref. [1], for instance) that inclusion of rotation virtually eliminates vibrational trapping.
We confirmed that there is no substantial vibrational trapping when rotation is included and
further showed that the “vibrational trapping” remaining is already present for one-photon
absorption calculated in first order perturbation theory. Since the explanation of vibrational
trapping relies on the many-photon dressing of the Born-Oppenheimer potential curves, a
phenomenon reproduced in first order perturbation theory certainly does not qualify.

Possibly the most surprising result of including rotation so far comes from a recent
sequence of calculations we have done for Hy in very short pulses. This work has not yet been
published, but will be submitted in the near future. These calculations show that it is crucial
to include nuclear rotation in order to correctly predict what will be measured experimentally
— even for pulses as short as 5 fs! Given that these pulses are two orders of magnitude
shorter than the free rotation period of Hy, this result is quite surprising. A little more
investigation shows that the angular distribution of the molecule does not, in fact, change
very much during the pulse, as one would expect, but does continue to evolve substantially
on the way to the detector (see Ref. [2] for a semiclassical discussion of this effect). Even
this statement, however, only holds for intensities below roughly 10 W/cm?. Figure 1
shows the angular distribution calculated with and without nuclear rotation, showing clearly
that rotation is important even during the laser pulse for high intensities. (The calculation
without rotation was carried out with the internuclear axis held at a fixed angle with the
laser polarization.) Figure 2 shows the post-pulse evolution for different pulse parameters,
which necessarily includes nuclear rotation. In particular, the post-pulse evolution for the
pulse shown in the right panel of Fig. 1 is shown in Fig. 2(b). It can be clearly seen that
the angular distribution becomes substantially more aligned before it reaches the detector.
The other cases shown in the figure also display clear effects of post-pulse rotation, including
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Figs. 2(c)-(d) for 5 fs.
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Figure 2: Post-pulse evolution of the angular distribution of dissociating fragments from H; in an
intense laser. In all plots, the red curves show the angular distribution at the end of the pulse; and
the blue curves, at the detector (t — 00). The red curve in (b) is the same as the magenta curve
in the right panel of Fig. 1.

Future plans

We will continue to develop the theoretical methods and computer codes described above.
In particular, we plan to work closely with 1. Ben-Itzhak’s group to refine the methods
and resolve lingering differences between theory and experiment. We are in the process,
for instance, of producing a quantitative comparison between experiment and theory for
dissociation of Hy in a 10 fs pulse. We are also working to generalize the code to work
for any diatomic molecule since the only input required is the Born-Oppenheimer potential
curves and dipole matrix elements. This improvement will allow us to treat some of the
multielectron systems being studied in the J.R. Macdonald Laboratory. Finally, we continue
to search for novel effects — such as the carrier-envelope phase dependence as revealed by
the momentum distribution of dissociation fragments — in these systems.
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Controlling Rotations of Asymmetric Top Molecules: Methods and
Applications
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Program Scope:

This part of the JRML program aims to

(2) develop better methods of alignment and orientation of asymmetric top molecules, and
(b) use aligned molecules to make angle-resolved measurements of ultrafast processes.

This is a new endeavor, and at this point no experiments have been conducted. This abstract describes the
progress made towards setting up a new lab within JRML.

Introduction:

Linear molecules have a simple rotational energy level structure, and it is relatively straightforward to use
the interaction of a strong laser field with the induced dipole moment to set up a rotational wavepacket
that aligns the molecules with the laser polarization vector. With a suitably chosen combination of laser
pulse duration and intensity, the peak of the alignment occurs in field-free conditions and revives
periodically. Alignment of linear molecules is now used in a large number of groups to study angle
dependent processes, such as high harmonic generation (HHG) [1], in molecules.

Asymmetric tops are not so simple. First, the field-free motion of a classical asymmetric top rotor is not
always stable. In the quantum domain, this shows up as an irregular energy level structure that cannot be
described analytically. Second, the interaction Hamiltonian is more complex, involving two Euler angles
(which can be used to define the orientation of a molecule-fixed coordinate system with respect to a lab-
fixed one) even for the simplest case of a linearly polarized laser field. These two features imply that any
motion induced a laser field will, in general, involve more than one axis of rotation in the molecule, and
any alignment produced by such motion will not revive completely. Moreover, asymmetric tops must be
3D aligned for complete elimination of orientational averaging [2,3].

All these issues taken together make the problem of alignment significantly more difficult for asymmetric
tops than for linear or symmetric top molecules. But most molecules are asymmetric tops, there is a
strong impetus for developing methods of aligning them. The availability of molecules well-aligned in
three dimensions will open up new experimental possibilities in, for example, HHG and the study of
ultrafast processes using HHG and photoelectron spectroscopy.
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Plans and current status:

Most of the planned experiments will use Coulomb explosion imaging to detect alignment. To this end, a
velocity map imaging (VMI) spectrometer has been designed and is being constructed. The target
molecules will be seeded in helium in a pulsed supersonic expansion at 1 kHz, using an Even-Lavie
valve. This valve is capable of cooling molecules to rotational temperatures below 1 K, and the valve
itself can be operated between 300 K and 550 K (a jacket to cool it down to 77 K will be designed and
built later). The valve and the VMI spectrometer will be housed in two differentially-pumped chambers.
The VMI spectrometer will be shielded from external magnetic fields so that it can be used to measure
photoelectron distributions from aligned molecules.

The Kansas Light Source (KLS), the femtosecond laser system in JRML, will be used to non-
adiabatically align the molecules and to measure the degree of alignment. KLS has two amplifiers feed by
the same optical pulse from a Ti:Sapphire oscillator. One of these amplifier systems is equipped with a
Dazzler electro-optic pulse shaper. Shaped pulses from this system will be used to optimize the degree of
alignment. A genetic algorithm (GA), which includes mutation, crossover, elite selection and incest
avoidance, will be used to control the pulse shapes generated by the Dazzler. The ability to control the
nature of rotational wavepacket by simply changing the pulse duration of the pump laser has already been
demonstrated [4,5]; we expect that shaped pulses will allow us to direct the motion of the molecules more
effectively.

In order to enable rapid feedback to the GA, and to best utilize the limited beam-time available from KLS,
the experiment has been designed to operate at 1 kHz, the repetition rate of the laser. This requires a high
throughput vacuum system, fast camera and image acquisition system, and parallel processing of acquired
images for rapid evaluation of the degree of alignment. The data acquisition program has been written and
tested to the extent possible without an actual spectrometer. The GA program has also been written, but
hasn't yet been interfaced with the Dazzler.

3D alignment of asymmetric top molecules has been demonstrated in adiabatic [6] and non-adiabatic [7]
conditions, as well as a combination of the two [8]. But none of these is satisfactory, suffering either from
poor 3D alignment, or the presence of the strong adiabatic field. The best 3D alignment measured to date
was obtained by the "hold and spin” method [8] - an adiabatic (ns) pulse holds the most polarizable axis
of the molecule tightly aligned, and a perpendicularly polarized non-adiabatic pulse (fs) spins the
molecule about this axis. We will attempt to convert this 3D alignment into field-free alignment by
rapidly truncating the adiabatic pulse.

Collaborators: This work is being done with Ren Xiaoming.
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Interactions of intense lasers with atoms and molecules and dynamic chemical
Imaging
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Program Scope:

We investigate the interaction of intense laser pulses with atoms and molecules. In the last year
we have developed a quantitative rescattering theory (QRS) which allows us to extract
photoionization cross section and elastic electron-ion scattering cross sections, from laser-
induced high-order harmonic generation and high-energy photoelectron momentum spectra,
respectively. Since laser pulses of duration of a few femtoseconds are already available, this
opens up the possibility of using ultrafast laser pulses for carrying out dynamic chemical imaging
of transient molecules with femtosecond temporal resolution. Progress in extracting the
structural information is also reported.

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 photo-recombination (the inverse of
photoionization), with the emission of high-energy photons (high-order harmonic generation--
HHG), or with the emission of high-energy electrons, when the returning electrons are
backscattered. Both electron scattering and photoionization are the conventional means for
studying the structure of atoms and molecules. Thus HHG spectra and high-energy
photoelectrons generated by lasers intrinsically contain information on the structure of the target.
If such 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 developed a quantitative rescattering theory (QRS) which shows that
photo-recombination cross sections can be extracted from the HHG spectra, and elastic scattering
cross sections between electrons and ions can be extracted from the high-energy photoelectron
spectra, respectively. In the meanwhile, a parallel effort is taking place in extracting the structure
of atoms and molecules from photon and electron data, toward the goal of dynamic chemicl
imaging.

Quantitative rescattering theory (QRS) for HHG and high-energy photoelectrons induced
by lasers

Recent progress

There are basically only two theoretical methods for studying the nonlinear interactions between
intense lasers with atoms or molecules. One is the direct solution of the time-dependent
Schrodinger equation (TDSE), the other is the strong field approximation (SFA). While SFA can
be easily employed even for complex systems, it is not an accurate theory. On the other hand,
TDSE, while accurate, can only be efficiently solved for a one-electron atomic system. Thus at
present there is no reliable quantitative theory available for describing the nonlinear interactions
between lasers with atoms or molecules. By examining the validity and the limitation of the SFA,
in the last year, we have developed a quantitative rescattering theory (QRS) which has the
accuracy comparable to TDSE but with computational ease comparable to the SFA.
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In paper #A1 we established the validity of the QRS model using TDSE results from model
one-electron atoms. We showed that the HHG spectra can be expressed as the product of a
returning electron wave packet, multiplied by the photo-recombination cross sections. We also
established the relation between the high-energy photoelectron momentum spectra and the elastic
differential scattering cross sections in the backward directions. In #A1, this relation was shown
for returning electrons with the maximum kinetic energies—i.e., the so-called backward
rescattered ridge (BRR) electrons. We showed photoelectron angular distributions along the BRR
can be used to extract electron-ion elastic differential cross sections. This prediction has since
been confirmed by two experiments, see #A3 from the group of C. L. Cocke at Kansas State and
#A4 from the group of Ueda in Japan.

In papers #A2, #A8 and preprint #B1, we further showed that the “returning electron wave packet”
depends mostly on the lasers only. Thus the returning electron wave packet can be obtained from the
SFA model or from an atomic target where TDSE calculations can be carried out. This forms the basis
of the quantitative rescattering model (QRS). Unlike SFA, in the QRS theory, the electron-ion
recombination or elastic scattering cross sections are not calculated in the Born approximation.
Instead, the cross sections are calculated using scattering waves (SW), the same as employed in the
study of photoionization and electron collisions with atoms or molecules. Using the QRS model, the
theory of the interaction of lasers with atoms in the region where rescattering dominates becomes
equivalent to the theory of the interaction of photons or electrons with atoms.

In paper #A5 we established that the QRS model also works well for the simplest molecular ions, H,".
This is the only molecular system where accurate HHG spectra can be calculated by solving the
TDSE. This paper also shows that the alignment dependence of the HHG is correctly predicted by the
QRS model.

In preprint #B1 we showed that the phase of the high-order harmonics extracted from the QRS model
is also correct for atoms. The phase of the harmonics is needed in order to account for the macroscopic
propagation effect of the HHG generated by single atoms.

In preprint #B2 we extended the QRS model to returning electrons with kinetic energies smaller than
the cutoff energy of 3.17 U, where U, is the ponderomotive energy. Thus the QRS model can be used
to calculate photoelectron spectra for energies above about 4 U, -- these electrons result from the
backscattering of the returning electrons by the ion. Based on the QRS, we showed that the flatness of
high-energy electrons in the plateau region can be attributed entirely to the elastic electron-ion
differential cross sections.

In paper #A7 the QRS model has been applied to the detachment of negative ions by lasers.

Ongoing projects and future plan

So far the QRS model has been applied to model atomic systems except for the experimental results
reported in papers #A3 and A4. At present, we are applying the QRS model to compare with
experimental data where effect from focus volume in the interaction region has to be included. In
particular, high-energy photoelectron spectra generated by carrier-phase stabilized few-cycle laser
pulses from Garching, Germany, are being analyzed. The preliminary results indicated that, based on
the QRS model, we have a consistent method for determining the pulse duration, peak laser intensity,
and the carrier-envelope phase of the laser, as well as the elastic electron-ion scattering cross sections.
Experimentally, high-energy electron spectra are being investigated at many different laboratories,
including the JRM Laboratory at Kansas State University. The QRS model will offer an efficient
method for providing quantitative results to compare with these experiments.
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Our major effort in the coming year will be to extend the QRS model to molecular targets. The HHG
spectra of partially aligned CO, and N, molecules have been reported at a number of laboratories, and
with controversies. To use the QRS model we need to be able to obtain fixed-molecule
photoionization cross sections and the phase of the dipole amplitudes. We are collaborating with Dr.
M.-T. Lee from Brazil for this purpose. Dr. Lee has been studying photoionization of polyatomic
molecules for more than a few decades. This informal collaboration is already underway.

To compare HHG spectra with experiments, the macroscopic propagation effect has to be considered.
We are developing our own propagation code at this moment and it is expected to be fully tested in the
next few weeks. In the coming year, the QRS model will also be tested for combined light pulses, such
as two IR lasers or one XUV pulse and one IR laser.

Retrieving atomic and molecular structure from laser-induced HHG and photoelectrons —
dynamic chemical imaging with infrared lasers

The QRS model has established the theoretical basis for identifying the role of target structure in
laser-induced HHG and photoelectron spectra. The model shows that photoionization cross sections
and electron-ion scattering cross sections can be extracted from laser generated data. Since laser pulses
of a few femtoseconds are widely available, it is thus possible to use such lasers for probing the time-
resolved structural change of a chemical reaction in a pump-probe setting. This idea was outlined in
paper #A2 where we showed that electron scattering cross sections are very sensitive to the change of
structure of a transient molecule, such as the interatomic separations. Thus we view the problem of
chemical imaging is to extract the interatomic separations from the laser-induced data, or equivalently,
the photoionization cross sections and elastic scattering cross sections.

In a widely cited paper by Itatani et al, Nature ,432, 867 (2004), it was suggested that one can retrieve
the highest occupied molecular orbital (HOMO) by measuring the alignment dependence of laser-
generated HHG. By analyzing their model, we concluded that a number of assumptions in their paper
are not valid in general. In paper #A9 we addressed these problems, and proposed, instead, that one
should try to retrieve the interatomic separations from the HHG spectra for the purpose of retrieving
the structural change of a molecule. An iterative scheme was proposed. In paper #A6 we illustrated
that such an iterative method indeed works well and only a small subset of HHG data is needed to
retrieve the interatomic distances. Examples for O,, N, and CO, molecules were shown, using HHG
spectra calculated based on SFA in order to test the method.

Future plan

The next goal is to retrieve structure of a polyatomic molecule where the number of internuclear
separations to be retrieved is much larger. The simple method used in paper #A11 was based on
the least-square fitting which is difficult to extend to multi-parameter problems. Other methods
should be used. We are using genetic algorithm for this propose. The method is being used to
retrieve accurate model potential for atomic systems, starting with elastic scattering cross sections
calculated from an input potential. The test results show that the method works well. We are in
the process of extending the method to model polyatomic systems. We believe that this method
can be applied to reactions involving complex molecules. For transient complex molecules, the
number of atoms involved in the transformation is small in general, thus we expect that the
number of atomic position parameters to be retrieved will not be too large. We perceive this as a
big advantage compared to methods based on the Coulomb explosion of a large molecule.
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Structure and Dynamics of Atoms, 1ons, Molecules and Surfaces:
Atomic Physics with lon Beams, Lasersand Synchrotron Radiation
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COLTRIMS studies of strong-field laser-matter interactions

Program Scope. We use coincident momentum imaging technique (“reaction
microscope” or COLTRIMS) to study experimentally interactions of intensé& 1@t

Wi/cnf) ultrashort (6-60 fs) laser pulses with atoms and molecules in gas phase. In
particular, we are interested in such aspects of laser-matter interactions as (i)
mechanisms of strong-field double ionization of atoms and molecules; (ii) ultrafast
coherent nuclear dynamics induced in molecules by few-cycle laser pulses; and (iii)
imaging molecular structure using intense laser pulses. To explore these aspects we (i)
measure wavelength dependence of various strong-field processes; (i) conduct pump-
probe studies with short intense pulses; (iii) employ rotational wavepacket technology to
produce strongly anisotropic ensembles of molecules to interrogate; and (iv) perform
electron-ion coincidence momentum imaging experiments at longer laser wavelength
(1600 — 2000 nm).

1. Mechanisms of strong-field double ionization of atoms and molecules studied by
ion recoil momentum spectroscopy at Advanced Laser Light Source (ALLYS)

This international collaboration is directed towards understanding dynamics and
mechanisms of multiple ionization of atoms and molecules by intense laser pulses. To
achieve that, we measure momentum spectra of resulting ion fragments for a series of
different laser intensities, polarizations and wavelengths using high power OPA beamline
at ALLS.

Recent progress.

la. 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 and 1.V. Litvinyuk

Strong-field doubldonization of atoms in non-sequential regime produces longitudinal
ion momentum distributions with a characteristic double-peak structure. At 800 nm laser
wavelength in N& the structure is very pronounced with a well resolved dip at zero
momentum, while for A¥ the dip is very shallow, possibly indicating different
mechanisms in the two atoms. We investigated the source of this difference by measuring
longitudinal momentum distributions of Reand AF* ions at different laser wavelengths
(485, 800, 1313 and 2000 nm) and intensities. The shapesefgeamental momentum
distributions for he two atoms exhibit strong dependence on laser wavelength: for both
the dip becomes more pronounced at longer wavelengths. At 1300 nm longitudinal
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momentum spectrum for Atis similarto that of Né" at 800 nm. On the other hand,

Ne** spectrum measured at 485 nm has the same shape as that af 200 nm. This
observation indicates that the difference between Ne and Ar observed at 800 nm should
not be attributedolelyto differences in relative electron impact ionization and excitation
cross-sections of the two atoms. It is, to larger extent, due to interplay between the
ponderomotive energy of electron and the ionization potentials of the target atom. We
found that the momentum distribution for Nand A" ions exhibit similar wavelength
dependence with universal scaling parameter (Ip3/a/2), wherel, is the ionization
potential andwis the laser frequency. The results of this study were recently published
(see Pub. 4).

1b. Wavelength-dependent study of strong-field Coulomb explosion of hydrogen,
l.V. Litvinyuk, A.S. Alnaser, D. Comtois, D. Ray, A.T. Hasan, J.-C. Kieffer and D.M.
Villeneuve.

We conduted the first systematic wavelength-dependent study of laser Coulomb
explosion of deuterium molecules at various peak intensities and polarizations. We
measured the kinetic energy spectra &ff@r laser wavelengths in the range of 480 -
2000 nm. In addition to the well-known enhanced ionization channel present for all
wavelengths, we observe a new high-energy band at short wavelengths. This new band
exhibits wavelength dependence, with fragment’'s energy decreasing with increasing
wavelengths until it merges with the enhanced ionization band for 800 nm and longer.
We attribute the emergence of this band to a new pathway that involves resonant three-
photon coupling to the first excited electronic state of the molecular ion during the
Coulomb explosion process. This pathway should be accounted for in controlling
molecular dynamics of hydrogen by intense laser pulses. The article presenting the results
of this study will appear soon in New Journal of Physics (see Pub. 1).

Future plans. We are planning to continue studying non-sequential double ionization of
atoms by measuring its ellipticity dependence at longer wavelengths (1300 — 2200 nm).
We will also study wavelength dependence of dissociative ionization for larger molecules
(N2 and Q).

2. Ultrafast nuclear dynamicsinduced in molecules by few-cycle laser pulses

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.

43



2a. Direct Coulomb explosion imaging of coherent nuclear dynamics induced by
few-cycle laser pulses in light and heavy hydrogen, I. Bocharova, H. Mashiko, M.
Magrakvelidze, D. Ray, P. Ranitovic, C.L. Cocke and I.V. Litvinyuk

We followed fast evolution of coherent nuclear wavepackets inadd B molecules after

their interaction with 8 fs 800 nm laser pulses. The molecules were probed by another
few-cycle pulse time-delayed for up to 10 ps in respect to the pump. For neutral
molecules we observed coherent rotational dynamics characterized by periodic revivals
without noticeable decoherence within the 10 ps time-scale. For heavy hydrogen up to 4
rotational states were involved in the wavepackets for each of the two spin isomers. In
light hydrogen the resulting dynamics was dominated by beating of just two rotational
states. For neutral molecules the experimental results are in excellent agreement with our
numerical simulations obtained by solving time-dependent Schrbédinger equation. By
measuring time-dependent yields for singly ionized rotatingnblecules we conclude

that for an 8 fs 3¥0™ W/cn? pulse ionization probability is nearly independent of the
angle between molecular axis and electric field — we put an upper limit of 1.25 on the
ratio of ionization probabilities for molecules aligned parallel and perpendicular to the
electric field . For those molecules that were ionized by the pump pulse we observed both
vibrational and rotational dynamics. In molecular ions coherent vibrational wavepackets
evolving on the boundy potential surface also exhibit revivals. Time-dependent angular
distributions for the molecular ions exhibit transient alignment only soon after the pulse
(18 fs for B and 35 fs for B") with no consequent revivals within the next 10 ps due to
broad distribution of active vibrational states with different rotational constants. The
results of this study were recently published (see Pub. 2).

2b. Pump-probe studies of nuclear dynamics in N, excited and probed with few-
cycle laser pulses, I. Bocharova, S. De, M. Magrakvelidze, D. Ray, P. Ranitovic, C.L.
Cocke and 1.V. Litvinyuk

We completed geries of pump-probe experiments op iing a pair of few-cycle (8fs)

laser pulses of linear and circular polarizations with variable time delay (up to 1000 fs).
The pump produces a range of molecular ions’,(NL**, N,**) which exhibit fast
vibrational, rotational and dissociative dynamics. The dynamics was observed in real
time by further ionizing the molecules with the probe pulse to reach even higher charged
very repulsive states @RI, N>, N,°). The resulting fragments were detected in
coincidence and their full 3D momenta were measured. In addition to time-dependent
yields for each channel, the fragment momenta contain information on time dependent
internuclear separation and orientation of molecular axes. The results of these
experiments are currently being analyzed and prepared for publication.

Future plans: First, we are planning to conduct a series of pump probe experiments on
O, and compare the results with those for Next, we will study the dynamics of linear
tri-atomic molecules (C® CS). As a triple coincidence COLTRIMS experiment
requires higher laser repetition rates (multi-kHz) than those available at JRML, we have
established collaboration with group of Prof. Francois Legare at INRS Quebec, with
experiments to be conducted at ALLS.
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Structure and Dynamics of Atoms, 1ons, M olecules and Surfaces:
Atomic Physicswith lon Beams, Lasers and Synchrotron Radiation

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

1. Laser-moleculeinter actions*

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

Recent progress. We continued our investigations of the dissociation and ionization of H,™ and
D,™ in short intense laser pulses by applying wave-packet propagation methods. 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 at
minimal dissociative loss. We introduced a harmonic 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. Strong-field modulated diffraction effects in the correlated electronic-nuclear motion
in dissociating molecular ions (with Feng He and Andreas Becker). The electronic dynamics in a
molecule driven by a strong laser field is complex and in part even counterintuitive. As a
prototype example, 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 (Fig.1). Depending on the IR laser intensity,
the direction of the electronic motion can follow or oppose the IR laser electric force.

I — : Fig.l.  Electron  momentum
' ‘ distribution along the laser
polarization during the

dissociation of H," in a 5.3 fs IR
laser pulse with a time delay of 5.8
fs and intensities of 3x10% (a),
2x10" (b), and 10" W/cm? (c).
Dashed lines indicate the classical
free-electron momentum in the IR
field with zero initial momentum.
The dissociating wave packet was
launched from the initial 1sc4 onto
the 2po, state of H,"in a resonant
single-photon transition, induced
M35 7 91113 13 5 7 91113 357 91113 by a 2-cycle, 106 nm, 10" W/cm?
Time (fs) attosecond Gaussian pump pulse.

p,(a.u)

Our interpretation of this effect in terms of a Wigner phase-space distribution [1] 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.
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Future plans: We intend to further investigate the control - at a sub-fs time scale - of the
internuclear electronic dynamics by tuning (IR) laser parameters.

Example 2: Imaging the ro-vibrational nuclear dynamics of small molecules in strong laser fields
(with Maia Magrakvelidze, Thomas Niederhausen, Bernold Feuerstein, Martin Winter, and
Ridiger Schmidt). We investigated the extent to which measured time-dependent fragment
kinetic energy release (KER) spectra and calculated nuclear probability densities can reveal 1)
transition frequencies between stationary vibrational states [2,3], 2) stationary rotational states
and ro-vibrational couplings [4], 3) the nodal structure of stationary rotational and vibrational
states [2-4], 4) field-free and laser-field-dressed adiabatic electronic potential curves of the
molecular ion [2-4], and 5) the progression of decoherence induced by random interactions with
the environment [3].
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Fig. 2. Power spectra, |w(R,0,f), for D, as
a function of the beat frequency f and the
internuclear distance R, based on the
propagation of an initial Franck-Condon
vibrational wave packet for probe-pulse
pedestals with peak intensities of 10
W/cm? (top) and 5x10*° W/cm? (bottom)
and pulse lengths (FWHM) of 50 fs. The
wave packet is sampled at the center of the
probe pedestal. The sampling time is 10 ps.
Both graphs are plotted with the same
logarithmic color scale.

Both graphs show i) bond hardening in the
transient leo adiabatic Floquet potential
well, ii) bond softening across the lo
adiabatic Floquet barrier, iii) the R-
dependent nodal structure of pairs of beating
vibrational states of D,", and iv) (weakly)
“intruder lines” from quantum beats
between more distant vibrational states with
Av>1. The bottom graph also shows the
onset of bond softening across the 3w

fTHz] Floquet barrier.

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. Applied to numerically propagated D," ro-
vibrational 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 for0 <t <T.

We performed simulations for different initial nuclear wave packets in D,", corresponding to
different models for the rapid ionization of D, in a short and intense IR pump laser pulse [5]. Our
numerical results for vibrational wave packets demonstrate that the obtained two-dimensional R-
dependent power spectra enable the comprehensive characterization of the wave-packet dynamics
and directly visualize the field-modified molecular potential curves in intense, ultra-short laser
pulses, including “bond softening' and “bond hardening' processes (Fig. 2). Further, the harmonic
time-series analysis leads to a general scheme for the full reconstruction, up to an overall phase
factor, of the initial wave packet based on measured KER spectra [3]. This reconstruction enables
the clear distinction between commonly assumed stationary (ro-) vibrational state distributions of
the initial nuclear wave packet in the molecular ion.
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Including rotation of the molecular ion, beat frequencies that correspond to a vibrational
transition v—v’ are split into multiple lines due to rotational-vibrational coupling [4]. These lines
represent individual angular-momentum contributions to the ro-vibrational wave packet (Fig. 3).

v=1_y=2 j: 0 Fig. 3. Angle-integrated power spectra for D,",
"‘*Tﬁ' iy ldo w(R,0,f)>, as a function of the beat

3 : L;?t iﬂ 1 frequency f and the internuclear distance R.

| |

i . “ | Due to ro-vibrational couplings, lines for the
i " same Vvibrational transition and different
, angular momenta L, do not coincide.
| ——— e s s, \/ibrrational transitions at larger L, appear at

4 45 46 a7 48 lower frequencies.
f/THz

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 [3].

Example 3: Controlling bound vibrational wave packets and the dissociation dynamics of D,"
with intense infrared laser pulses (with Thomas Niederhausen). lonization of neutral D,
molecules by a short and intense pump laser pulse may create a vibrational wave packet on the
lowest (1sc4") adiabatic potential curve of the D,” molecular ion. We showed numerically that
ultra—short intense near-IR control pulses with appropriate time delays can strongly quench the
vibrational-state distribution of the nuclear wave packet by increasing the contribution of selected
stationary vibrational states of D, [5]. Quenching (that is “stopping”) the wave packet into a
stationary vibrational state offers the possibility to experimentally asses the quality of this
Raman—control mechanism by Coulomb-explosion imaging, i.e., by fragmenting the molecular
ion with a probe pulse and by identifying the nodal structure of the surviving (excited) vibrational
state in the KER spectrum of the molecular fragments.

We continued to investigate the control of the vibrational motion and the dissociation and
ionization dynamics of D," with strong infrared laser pulses in the multi-photon regime.
Extending our previous Born-Oppenheimer calculations [3,5], we explicitly included all
electronic degrees of freedom to account for non-Born-Oppenheimer effects and the detailed
electronic interaction with the intense laser field. We assumed that the molecules remain aligned
along the laser polarization and solved the 3D time-dependent Schrddinger equation on a
numerical lattice, taking advantage of the cylindrical symmetry. After launching the vibrational
wave packet from the neutral molecule, we are currently applying precisely timed control pulses
in order to explore the feasibility of manipulating the bound nuclear motion, dissociation, and the
nuclear vibrational state composition of D," nuclear wave packets.

Future plans: Coherent control schemes for quenching moving vibrational wave packets into
stationary states using one or several standardized control pulses will be further examined. Based
on our new 3D calculations, we intend to investigate the influence of control-laser parameters
(intensity, pulse shape and duration, delay relative to the pump pulse, and wave length) on the
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fragment KER spectra and the angular distribution of photoelectrons that are ejected during the
Coulomb explosion of D,".

2. Neutralization of negative hydrogen ions near flat and vicinal metal surfaces (with Boyan
Obreshkov and Himadri Chakraborty)

Project scope: We attempt to understand the transfer of a single electron, initially bound to the
projectile, during the reflection of a slow ion or atom at an arbitrarily shaped, nanostructured
metal surface as a function of the collision parameters, the surface electronic structure, and crystal
orientation of the surface.

Recent progress: We improved our density functional model of the ground-state electronic
structure for arbitrarily shaped metallic surfaces [6,7] by including linear and quadratic electronic
response terms and heuristic core potentials centered at the lattice points in order to provide
realistic, self-consistent surface potentials. We imployed these potentials to model the charge-
transfer dynamics during ion-surface collisions, based on a Newns-Anderson approach, including
image-charge interactions and electron translation factors [8]. For flat surfaces, we compared the
neutralization of H near Be, Li, Au, Cu, and Pd surfaces in order to uncover the dependence of
the ion survival on the size and position of the surface band gap and on surface and image states

[9].

Future plans: We plan to further investigate resonance formation and charge exchange near
nano-structured surfaces, in particular, with regard to lateral confinement effects (evidence for
which was found in photo-emission experiments). We plan to extend our comparative study of H°
neutralization near metal surfaces of different electronic and morphological structure.

* These research efforts have benefitted significantly from the continous exchange of ideas with
my local AMO colleagues at KSU, in particar, with |. Ben-1zhak, K. Carnes, Z. Chang, C.L.
Cocke, B. DePaola, B.Esry, C.D. Lin, and I. Litvinyuk.
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Multiparticle Processes and I nterfacial I nteractionsin Nanoscale Systems Built from Nanocrystal
Quantum Dots

Victor I. Klimov
Chemistry Division, C-PCS, MS-J567, Los Alamos National Laboratory
Los Alamos, New Mexico 87545, klimov@lanl.gov, http://quantumdot.lanl.gov

1. Program Scope

Using semiconductor nanocrystals (NCs) (known also as hanocrystal quantum dots) one can produce extremely
strong spatia confinement of electronic excitations not accessible with other types of nanostructures. Because of
spatia constraints imposed on electron and hole wavefunctions, electronic energies in 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, 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 (CM). Understanding
the fundamental physics of electronic and magnetic interactions under conditions of extreme quantum
confinement and the development of methods for controlling these interactions represents the major thrust of this
project. Research topics studied here include single-exciton optical gain using engineered exciton-exciton
interactions, tunable magnetic exchange interactions with paramagnetic ions in core/shell hetero-structures, and
Auger recombination and CM 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 NCs in areas such as low-
threshold lasing, magnetic imaging, e ectro- and magneto-optical switching, and solar-energy conversion.

2. Recent Progress

2.1 Progress summary. In FY 2007, the work in this project has concentrated on experimental and theoretical studies
of electronic and optical properties of semiconductor NCs with emphases on the spectral and dynamical properties of
single and multiexciton states, multiexciton generation via CM, and the effect of quantum confinement on radiative
decay rates of NCs of indirect-gap semiconductors. Specific research topics included:

Engineered exciton-exciton interactions and single-exciton gain in core/shell hetero-NCs
CM mechanism and competing relaxation processes

CM activation thresholds

Scaling of multiexciton lifetimes

Fine structure of NC band-edge states probed by single-dot, magnetic-field spectroscopy
Indirect- to direct-gap transformation in Si NCs

The results of this project were highlighted in several internal and external press releases. Specifically, the work on
single-exciton lasing using giant exciton-exciton repulsion was reviewed in Physics Today (Engineering the energy
levels in quantum dots leads to optical gain, July, 2007), Scientific American (Brighter prospects for cheap lasers in
rainbow colors, May 25, 2007), Nature (Laser technology: Less excitement for more gain, May 23, 2007), Technology
Reviews (Colorful lasers from Q-dots, May 29, 2007), etc.

Below we provide three representative examples that describe our work related to CM, single-exciton gain, and
fine-structure splitting of the band-edge NC exciton states.

2.2 Photogeneration of multiple excitons by single photons. A usual assumption is that absorption of a single
photon by a semiconductor produces a single e-h pair (exciton), while the photon energy in excess of the energy
gap is dissipated as heat by exciting lattice vibrations. In 2004, we reported for the first time that NCs of PbSe
could respond to absorption of a single photon by producing two or more e-h pairs with 100% efficiency via the
CM process (Phys. Rev. Lett. 92, 186601, 2004). During the past year, we have conducted experimental and
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theoretical studies with a goal to elucidate the CM mechanism and establish parameters that control the spectral
onset of this process.

In bulk materials, CM is typically explained by impact ionization, which is a process in which a high-
energy conduction-band electron (or a valence-band hole) interacts with the valence-band electron promoting it
across the energy gap. Our recent theoretical studies indicate that in NCs, CM may be dominated by a different
effect. Specifically, we have analyzed the process in which the virtual biexciton is generated from NC vacuum by
the Coulomb interaction between two valence-band electrons. This virtual state is then converted into a real,
energy-conserving biexciton by photon absorption on an intraband optical transition. The proposed mechanism is
not active in bulk semiconductors as momentum conservation suppresses intraband transitions. However, it
becomes highly efficient in the case of zero-dimensional NCs, where quantum confinement results in relaxation
of momentum conservation, which is accompanied by the development of strong intraband absorption.

We have also examined factors that control the spectral onset (7w of the CM process. Based on the

analysis of optical selection rules and energy conservation, we have derived a criterion, which relates ¢y, to the
effective carrier masses (m, and my, for electrons and holes, respectively). This criterion accurately predicts trends
previously observed for CM onsets in semiconductor NCs and indicates that the CM threshold can be reduced to
the energy-conservation-defined minimum of two energy gaps (2E,) using materials with a significant difference
between m, and my,. Using InAs NCs, for which m, << m,,, we indeed observe CM thresholds that approach the
fundamental 2E, limit. We have further considered the possibility of obtaining the CM onset of less than 2E, in
the circumstance of strong Coulomb attraction, which would decrease the energy required to produce a biexciton
compared to twice a single-exciton energy. The low threshold observed by us for CM in a III-V material indicates
that these are promising candidates for application in CM-enhanced photovoltaics and photocatalytics.

2.2 Single-exciton gain via engineered exciton-exciton (X-X) repulsion. Optical gain in ultrasmall
semiconductor nanocrystals requires that some of the nanoparticles in the ensemble are excited with multiple e-h
pairs (multiexcitons). A significant complication arising from this multiexciton nature of optical amplification is
ultrafast gain decay induced by nonradiative Auger recombination.

Potential approaches to reducing Auger rates include the use of elongated NCs (quantum rods) or core-
shell hetero-NC, which enables a decreased X-X coupling without losing the benefits of strong quantum
confinement. However, the most radical strategy to solving the Auger-decay problem is through the devel opment
of approaches that could allow realization of optical gain in the single-exciton regime, for which Auger
recombination is simply inactive. In this project, we have demonstrated one such approach, which involves the
use of type-1l core/shell hetero-NCs. Spatial separation of electrons and holes in these nanostructures produces a
significant imbalance between negative and positive charges, which results in a strong local electric field. This
field displaces the absorbing transition in singly excited NCs with respect to the emission line via the carrier-
induced Stark effect and allows optical amplification due to single excitons.

As part of these studies, we have developed a model for treating optical gain in NCs in the presence of X-
X interactions for the arbitrary degeneracy (y) of the emitting quantized states. This model shows that in the case
when the X-X interaction is repulsive and its energy (A,,) is greater than the ensemble linewidth of the emitting

transition, the optical gain threshold reduces to <N>,, = y/(y + 1) < 1. The latter expression indicates that lasing
does not require multiexcitons and, hence, can be realized without complications associated with Auger
recombination. Specifically, in the case of the two-fold degeneracy of the emitting states, the gain threshold
requires that only two thirds of the NCs in the ensemble contain single excitons, while the rest remains unexcited.
Further, we have demonstrated both theoretically and experimentally that giant X-X repulsion with energies of
more than 100 meV by can be obtained using type-Il hetero-NCs of compositions such as CdS(core)/ZnSe(shell)
and ZnTe(core)/CdSe(shell). Finally, we have performed side-by-side comparison of transient-absorption spectra
and dynamics for type-1l CdS/ZnSe NCs and traditional type-l CdSe NCs. We observe a significant differencein
optical-gain properties for these two types of the nanostructures, which points toward the single-exciton nature of
light amplification in type-Il NCs.

2.3 Exciton “fine structure” in CdSe NCsrevealed by single-dot, magnetic-field spectroscopy. In epitaxially-
grown quantum dots, in-plane anisotropy mixes the lowest optically allowed (spin £1) bright excitons, giving a
“fine structure” of two eigenstates, [X>= (|+1> + |-1>) and |Y> = (J+1> - |-1>), that are linearly and orthogonally
polarized and typically split in energy by 0.01- 0.50 meV. Despite the broad and topical interest in |[X,Y> exciton
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fine structure in epitaxially-grown dots, there were no
reported studies of a corresponding |X,Y> fine structure
in colloidal NCs.

In this project, we have conducted the first
single-NC study of the |XY>-gplitting of the emitting
exciton state. Specifically, we have used high-resolution,
polarization-resolved, low-temperature photoluminescence
(PL) of single CdSe NCs to detect and quantify this
splitting. To minimize the effects of spectral diffusion and
blinking, we simultaneously detected both orthogonal,
linearly-polarized PL components (labeled x* and y’) by
using a polarizing beamsplitter in front of an imaging
spectrometer. Using this scheme, we found that at 4 K,
approximately 10% of the surveyed NCs exhibited narrow

Energy (eV) PL lines and a well-resolved splitting between orthogonal

linearly polarized PL components. Figure 1 shows direct
spectroscopic evidence for an |X,Y> fine structure of
bright excitons in one such NC. With the x’ and y’
detection axes aligned with this NC's particular [X> and
|[Y> emission axes, two clear PL peaks are observed,
orthogonally polarized and split by Ayy = 0.8 meV. By carefully analyzing the intensities of these two emitting states
as a function of analyzer angle, we have also shown that it is possible to measure the absolute orientation of the NC
with respect to the fixed laboratory axis.

Figure 1. Polarization-resolved bright-exciton PL from a single
CdSe NC at 4K. Two 20s exposures are shown for each
orientation of the linear detection axes X' and y': a) 0, b) 40, and
c) 80 degrees with respect to the NC's intrinsic [X> and |Y>
€mission axes.

3. Future Plans

3.1 The effect of NC charging on carrier recombination and photogeneration dynamics. Understanding
properties of charged NCs is an important step toward NC-based photovoltaic and electro-optical applications. It
is also of fundamental importance as it may provide useful insights into single-NC phenomena such as PL spectral
wandering and blinking. Recently, it has been demonstrated that colloidal NCs can be charged in a controlled way
either by chemical or electrochemical methods. It was also shown that charging has a distinct effect on optical
properties of NCs including spectral shifts, bleaching of band-edge interband absorption, and the development of
new IR absorption features due to intraband transitions. Despite a number of important insights gained in these
earlier studies, the current understanding of the effect of charging on carrier recombination dynamics is still
limited. Building on our expertise in studies of Auger processes and relaxation dynamics, we will extensively
study carrier dynamics in charged NCs. We will focus on topics such as the “dark-to-bright” transformation of the
lowest-energy emitting transition induced by injected electrons, charged-exciton (trion) versus biexcion
recombination dynamics, and the effect of charging on the carrier multiplication threshold and efficiency.

3.2 Spectral and dynamical properties of single- and multiexciton states in NCs of indirect-gap
semiconductors. Electronic and optical properties of NCs of indirect-gap materials remain understood
significantly poorer than those of direct-gap semiconductors. Most of the previous research in this area has
focused on Si nanostructures. Because of highly developed processing capabilities, there is great interest in the
realization of Si-based optoelectronic devices such as light emitting diodes and lasers. However, bulk Si is an
indirect-gap semiconductor, and thus, the radiative recombination in this case can only occur via low-efficiency,
phonon-assisted processes. On the other hand, relaxation of momentum conservation in Si NCs can open an
efficient channel for radiative recombination via pseudo-direct transitions. Because of large energy separation
between direct- and indirect-gap minima in Si (~2 €V), the onset for pseudodirect recombination corresponds to
very small NCs sizes (< 4 nm) that are difficult to obtain using existing fabrication techniques. As an alternative
to Si, in this project, we will synthesize and study NCs of Ge. Electronic and optical properties of Ge offer severa
advantages over Si for photovoltaic and lasing applications. Ge possesses a harrower band gap and higher
absorption cross-sections than Si, key for photovoltaic application, especialy for carrier-multiplication-enhanced
devices. Some of the proposed research topics are “direct-to-indirect” gap transformation induced by quantum
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confinement, spectral and dynamical signatures of multiexciton states in photoluminescence and transient
absorption, multiexciton recombination and photogeneration pathways including carrier multiplication.
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Atomic, Molecular and Optical Sciences at LBNL
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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 dual approach is key to break
new ground and solve the problem of photo double-ionization of small molecules and
unravel unambiguously electron correlation effects.

The relativistic collisions part of the program has been phased out in favor of branching
into dissociative electron attachment measurements using COLTRIMS in support of the
theoretical effort in the area of electron driven chemistry. These studies make use of the
group’s expertise at performing “complete” experiments using COLTRIMS. The
theoretical project seeks to develop theoretical and computational methods for treating
electron driven processes that are important in electron-driven chemistry and that are
beyond the grasp of first principles methods.
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Inner-Shell Photoionization and Dissociative Electron
Attachment of Small Molecules

Ali Belkacem and Thorsten Weber
Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Email: abelkacem@lIbl.gov, tweber@Ibl.gov

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 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.

Ultrafast probing of core-hole localization in nitrogen molecule.

K-shell photo-ionization of a many-electron atom in a molecule yields a photo-electron
followed by emission of at least one Auger electron and the fragmentation of the
molecule. It has been generally believed that the photo-emission and Auger processes
are independent so that, e.g. the Auger electron angular distribution in the molecular
frame should not depend on the photon energy or the orientation of the photon's linear
polarization with respect to the molecular axis. In this work we investigate the
entanglement between the photo-electron and the Auger electron in the photo double
ionization of N, molecules. Valence electrons in molecules owe their binding forces to
delocalization over two or more sites. For inner-shell electrons in contrast the wave
function is rather confined at the nuclei. The overlap of these wave functions from
neighboring atoms is almost negligible. Still the electronic structure of molecules with
equivalent sites is generally calculated by using symmetry adapted delocalized wave
functions also for inner-shell electrons. For N,, as a show case example, the innermost
electrons are usually described by a 1o, and 1o, molecular orbital, which are delocalized
over two atoms. This has led to very controversial questions about core-hole localization
and numerous papers can be found in the literature arguing for or against the veracity of
the core-hole localization concept: The question posed is “does the photo-ionization
process create a localized hole, or does it create a delocalized hole that preserves the
symmetry of the target molecule?”. A puzzling topic throughout this controversy is what
kind of physical process could possibly break the symmetry of the system: For larger
molecules with equivalent sites asymmetric vibrational modes can be excited and the
vibrational excitation breaks the original symmetry of the molecule and allows
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localization of the core hole. For diatomic molecules such as N, this is not possible.
Does that mean that the symmetry has to be conserved? In this present work we used a
completely new approach to address this question. A core ionized molecule is not stable
and decays by Auger electron emission. The Auger electron carries information (energy
and angle) about the hole which was filled and we seek this information in coincidence
with the photoelectron emission angle. Thus in the break up process one needs to detect
the momenta of four particles (€pnotoelectrons €augers N* + N). In reality it is sufficient to
detect the momentum vector of only three particles since the fourth 3d-momentum
vector (Auger electron in this case) can be calculated via momentum conservation. By
measuring the photoelectron and deducing the 7 fsec delayed Auger electron, we find
that whether the hole is better thought of as localized or delocalized depends on the
emission angle of the photoelectron: The angular distribution of the Auger electrons
show a strong symmetry breaking for certain directions of the emitted photoelectron.
Thus the photoelectron and Auger electron are in an entangled Bell state, and their
coincident measurement disentangles this state, demonstrating that in some cases the
K-hole behaves like a localized state while in others it acts like a delocalized one. This
work was published in Science.

Interference and decoherence in the photo-double ionization of molecular
hydrogen.

At high photon energies electrons with de Broglie wavelengths A, close to the size (0.72
A) of the H, (or D,) molecule can be expected to show angular distributions similar to
Young’s double slit diffraction of light. The idea of using a homonuclear molecule as a
slit-scattering center of a photoelectron goes back to a paper published by Cohen and
Fano [H. Cohen, U. Fano, Phys. Rev. 150, 30 (1966)]. Due to the coherence in the initial
molecular state, the absorption of one photon by the homonuclear molecule launches
two coherent electron waves at each of the protons of the molecule. The interference
pattern of these waves should be visible in the angular distribution of the electron with
respect to the molecular axis. In this work we extended the idea of Cohen and Fano from
single ionization to double ionization to study the two body interference of an electron
pair. The two electrons are distinguishable by their energy, which allows us to study the
interference pattern as a function of the interaction strength or momentum exchanged
between the two particles. One of the fundamental problems we set to investigate in this
experiment is to reveal why wave properties of particles are rarely seen in nature. One of
the more fundamental causes is that particles couple to their surrounding environment
that alter their phase, thus inducing decoherence. Decoherence is thought to be a main
cause of the transition from quantum to classical behavior. In our experiment the slow
electron acts as an inactive (0 to 5eV) or active (>5eV) observer of the interference
process of the fast electron and thus represents a controllable environment, which is
responsible for decoherence. Although the coherence of the fast electron gets lost, the
correlated momenta of the entangled electron pair continue to exhibit quantum
interference. We published the results of this work in Science.

Fragmentation pathways for selected electronic states of the acetylene dication.

Acetylene is an important prototypical small hydrocarbon for the study of photo initiated
processes. Of particular interest are the yields into symmetric (CH*/CH"), deprotonation
(HCC*/H") and quasi-symmetric (HHC*/C") channels, the latter involving isomerization
from the neutral acetylene structure to the vinylidene configuration prior to break up. One
expects that the products of dissociation, their Kinetic Energy Releases (KER) and the
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isomerization times will depend on the particular initial electronics states. While the
fragmentation and the isomerization of the acetylene dication have been studied for a
number of years, the only experimental information previously available on the energetic
pathways are the measurements of appearance energies. In this work we used the
COLTRIMS set up modified with a detection technique based on the deceleration of the
Auger electron to achieve high energy resolution. The dication is prepared by Auger
decay following core-hole level x-ray photoionization at 310 eV. The energy and angular
distribution of the Auger electron is measured in coincidence with the kinetic energy of
the fragments. This experimental approach, in combination with ab initio quantum
mechanical calculations by T.N. Rescigno, yield a comprehensive map of the two-body
dissociation pathways including the transition through different electronic energy
surfaces and transitions through barriers to direct dissociation and the associated
rearrangement channels. This work was published in J. Phys. B.

Dissociative electron attachment of small molecules.

A COLTRIMS method is developed for measuring the angular distribution of fragment
negative ions arising from dissociative electron attachment of molecules. A low energy
pulsed electron gun is used in combination with pulsing the extraction plates of the
COLTRIMS spectrometer. The emission pattern of the fragments is influenced by
selection rules, which connect the states of the neutral molecule to the negative ion
resonant states, and the orientation of the neutral molecule with respect to the
momentum vector of the incoming electron. Thus the angular distribution contains
information on the symmetry of the negative ion state and the angular momentum of the
captured electron. Therefore the angular distribution measurements are of particular
importantance for the understanding of dissociative electron attachment. The formation
of the resonant dissociative negative molecular states typically peak at electron energies
below 10 eV. A major technical problem is the production of a controlled and defined low
energy electron beam that can strike the molecular jet within the uniform electric field of
the COLTRIMS spectrometer. Our approach uses a uniform electric field and an
orthogonal uniform magnetic field. This ExB field steers the electrons along the
directions of the gas jet without (or minimally) affecting their energy. Earlier studies of
DEA found in the literature measured angular distributions of negative ion products as
well, however the COLTRIMS approach will result in higher sensitivity and simultaneous
coverage of a wide range of negative ion final momenta. We applied this modified
COLTRIMS technique to the the measurement of dissociative electron attachment of O,.
The formation of O" from O, is known to appear as a broad peak centered at 6.5 eV in
the kinetic energy spectrum and thus can be used as a calibration of our apparatus. The
angular distribution of O changes as the energy of the electrons is swept across the
broad resonance. At the maximum of cross section (6.5 eV) the distribution shows clear
minima when the O, molecule is aligned parallel or perpendicular to the electron beam
direction. The maximum vyield is observed at 45° degree angles which is interpreted as
astrong signature of a IT contribution.

Future Plans

We plan to continue the application of the COLTRIMS approach to achieve complete
descriptions of the single photon double ionization of CO and its analogs. New
measurements will be made close to the double ionization threshold and approaching
the regime where the outgoing electrons and the ions have nearly the same velocities.
Our earlier observations of the isomerization of acetylene to the vinylidene configuration
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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.
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Program Scope: This project seeks to develop theoretical and computational methods for
treating electron processes that are important in electron-driven chemistry and physics 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 mgjor focus is the devel opment
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 polyatomic 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. We report progress in two areas covered under this project,
namely photo-double ionization and el ectron-polyatomic molecule collisions.

1. Photo-Double lonization

Our theoretica AMO program continues to focus on the
study of strongly correlated atomic and molecular processes
that involve several electrons in the continuum. Using the
exterior complex scaling (ECS) approach, we have extended
our earlier studies of double ionization in helium by single
photon absorption to the more difficult case of two-photon
double ionization. Our initial studies, published as a Rapid
Communication in Phys. Rev. A (ref. 18) focused on total
and singly differential cross sections and showed that even
below the threshold for sequential ionization (54.4 €V), there
is a striking change in the magnitude and shape of the cross
section — a process we termed “virtual sequential ionization”.
We have since extended these studies to include the fully
differential cross sections (TDCS) (refs. 24, 26) and have
discovered that the signature of sequential ionization is also
be visible in the nuclear recoil cross sections, even when
integrated over al photoelectron energy sharings. The
energy-integrated nuclear recoil can be measured using the
COLTRIMS technique and does not require detection of the
electrons at al, making such a determination an attractive
target for future experiments. We intend to extend this work
on two-photon double ionization to molecular hydrogen. A
key physica feature that makes H, potentialy more
interesting than helium is the fact that with hydrogen, thereis
arange of energies below the sequential threshold where the
first photon can excite an autoionizing state which can then
either absorb a second photon or autoionize before double
ionization is possible. In the atomic case, the autoionizing
states lie above the sequential threshold and the sequential

Two-photon double ionization of helium at
44,52 and 58 eV . ionization (54,4 eV). The
energy-integrated nuclear recoil cross
sections show a characteristic changein
shape asthe Sl threshold is approached.
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double ionization process is so dominant that the role of autoionizing states become less

important.
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We have made substantial progress on implementing exterior complex scaling with a hybrid
method that combines a grid-based discrete variable representation (DVR) with Gaussian
functions. To test the method on a redlistic case where a purely grid-based, single-center
approach would be infeasible, we used a frozen-core model to calculate differential cross sections
for ionization of Li", which has a large equilibrium bond distance at R=5.86 bohr (ref . 25).

This large bond distance has several novel conseguences: a dominance of f-wave scattering, even
close to threshold, and diffraction-like patterns in the photoelectron angular distributions at low
energies. We expect this program of research to take us al the way to the first calculations of
double photo-ionization of many-electron molecules.

Recent COLTRIMS experiments on H, using circularly polarized light at 160 and 240 eV
have suggested that two-dlit interference effects can aso be found in the double ionization, when
one electron is much faster than the other and the slow electron is not observed. We have carried
out precise quantum mechanical calculations that reproduce the experimental findings, but show
that the interpretation in terms of classical diffraction is only appropriate at substantialy higher
photon energies (o > 375 €V). At the energies considered in the experiment, the angular
distributions simply reflect the mixing of two nondiffractive contributions by circularly polarized
light. Thiswork has been submitted to Physical Review Letters (ref. 27).

160 eV, Efrac:[0.95-0.99)

—— Circuiar

Doubly differential cross section for H, double ionization
at 160 eV. Measured electron has 95-99% of the total
energy. Cross sections using linear polarization are
compared with circular polarization results.

Treating ionization with the inclusion of nuclear motion beyond the Born-Oppenheimer
approximation is a central challenge for ab initio theory. It is also relevant to ultrafast
experiments on molecules using X-ray pulses. To test the feasibility of such calculations and to
pave the way for future studies in the ultrafast program, we have undertaken a study of intense
field ionization of H," using grid-based methods. Exterior complex scaling can be employed to
remove the effects of reflection from the end of a finite grid by applying correct outgoing
boundary conditions at its edges, but only if the problem is formulated in the radiation gauge,
where the perturbation is A(t)-p . We have also found that a proper choice of coordinate systems
can impact the feasibility of the calculations. Prolate spheroidal coordinates present unique
advantages for diatomic targets, can be used in connection with finite elements and the discrete
variable representation and will be applicable to many-electron diatomic targets. We intend to

pursue these initial studies with the goal of an essentialy exact treatment of H2+ strong field
ionization beyond the Born-Oppenhei mer approximation.

2. Electron-Molecule Collisions

Since resonance processes in electron-molecule collisions play a key role in the channeling of
electronic energy into vibrational excitation and dissociation, we have spent some time examining
the underpinnings of various complex potential models. Our earlier study of the local complex
potential model (ref. 6) has been extended to include the non-local complex potential model for
resonance collisions of electrons with diatomic molecules and was published in Phys. Rev. A (ref.
20). We plan to extend this work to study the role of non-Born-Oppenheimer effects in threshold
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vibrational excitation of polar molecules as well as direct- and non-direct mechanisms in
dissociative recombination of electrons with molecular ions.

Our benchmark study of dissociative electron attachment (DEA) to water (refs. 8, 14, 15)
succeeded in explaining most of the experimentally observed phenomena, with two notable
exceptions. We found no production of O+H, through, although this minor channel has been seen
in previous experiments and we significantly underestimated the cross section for O production
through the 2B, resonance. To address these problems, we are studying the role of three-body
breakup into O+H+H, which was not treated in our earlier study, as the Jacobi coordinate
systems we used are only appropriate for two-body channels. New calculations in hyperspherical
coordinates enable us to compute the total reactive flux into all channels. Subtracting the known
two-body components from the total would then give a result for the three-body cross section.
The studies will complete the picture for DEA to water and will complement ongoing
COLTRIMS measurements of DEA angular distributions in the AMO experimental program at
LBNL.

Previously, we unraveled the mechanism for dissociative electron attachment to formic acid
(HCOQH), which involves a complex symmetry-breaking process to produce a formate anion

(HCOO) plus a hydrogen atom (ref. 7). We have initiated a new study the hydroxy!l formyl anion

HOCO , another isomeric form of the formate anion, since it has been the focus of a number of
recent experimental studies using angular resolved laser photodetachment techniques. These
studies have reveaed several striking features, namely, a sharp threshold peak that produces an
apparently isotropic distribution of photoelectrons and a second low-energy peak that produces a
dipole pattern of photoelectrons aligned along the polarization direction of the laser. To
understand these features, we are carrying out electron scattering studies on the HOCO radical
using the fixed-nuclei, complex Kohn variational method. We plan to use the scattering wave
functions from these initia studies to compute the photodetachment cross sections and

photoelectron angular distributions from fixed-in-space HOCO anions.
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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 electrons in intense
short pulses, and the development of tractable theoretical methods for treating molecular
excited states of large molecules to elucidate their ultrafast dynamics.

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

This part of the laboratory is based on a unique high repetition rate femtosecond VUV
pulse source. 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 source will be
complemented by state-of-the-art photoelectron and photoion detection schemes. It is
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 mJ. 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 and first femtosecond
VUV pump - femtosecond IR probe photoelectron images have been recorded with an
estimated apparatus-limited time resolution of <40 fs (FWHM).

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, have 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. We are currently using a
femtosecond VUV pump - femtosecond IR probe scheme in order to directly probe the
poorly understood decay dynamics of the VUV-excited helium droplets in the time
domain. First pump-probe time-delay dependent photoelectron images have been
recorded, which show evidence for a short-lived neutral intermediate droplet state and
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possibly the emergence of neutral atomic fragments in highly excited Rydberg states as
observed before in synchrotron-based energy-domain studies.

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
Sour ce 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. The soft x-ray beamline is operational. The hard
x-ray beamline has been commissioned, and will soon be operational. 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 SisN4 cell design with controllable thickness <1 um.

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 1.6 eV dynamic shift in the Fe-Ls 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. Femtosecond x-ray studies of these dynamics are now underway.

A second area of focus during this past year has been 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).  Preliminary time-resolved results at the O K-
edge show distinct changes in the near-edge spectral region that are consistent with a
weakening of the hydrogen bonds and increased disorder of the hydrogen bond network
upon vibrational excitation. Experiments are underway to understand new unexplained
features in the picosecond spectra. Femtosecond XANES measurements will elucidate
the dynamics of vibrational energy redistribution and its effects on the hydrogen bonding.
An important goal is to apply time-resolved X-ray techniques to understand the structural
dynamics of more complicated reactions in a solvent environment. Of current interest is
the photochemical reaction dynamics of aqueous chlorine dioxide (O-CI-O) which exists
in stratospheric polar clouds and plays a significant role in sunlight-induced atmospheric
chemistry due to its ability to produce atomic ClI.



3. Time-resolved studies and non-linear interaction of femtosecond x-rayswith
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 laser system consists of a mode locked
laser oscillator, pulse stretcher, regenerative amplifier operating at 1 kHz, a home built 4-
pass amplifier and a pulse compressor. The pulse energy output of the system is 30 mJ at
10 Hz and 35 fs pulse width. The high harmonics are focused by a 5-cm focal length
spherical mirror into a pulsed molecular beam over an ion time of flight mass
spectrometer. Peaks in the time of flight spectrum due to non-linear ionization are
distinguished from linear ionization from intensity dependence. We clearly achieved the
intensity regime where two-photon double-ionization of Ar can be produced. We are also
able to produce Ne** and Xe** through multiphoton ionization at a rate of 0.2 events per
XUV pulse. We have attained a regime where the XUV beam ionizes almost every atom
in the interaction region.

The design and ordering phase of the Momentum Imaging Spectroscopy for TimE
Resovled Studies (MISTERS) apparatus consisting of an ultrahigh vacuum COLTRIMS
system, capable to measure 3d momenta of electrons and ions in coincidence, is almost
complete. By now several components are manufactured in and out of LBNL; the
assembling and testing phase will start in the second half of 2008. In the beginning 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.

4. Theory and computation

An initial focus of our work is the development of 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. A central challenge for
the theory of time-dependent multiple ionization processes, that we have recently solved
[10], is the rigorous extraction of the amplitudes for ionization from these wave packets,
and the separation of single and double ionization probabilities. These developments
have been applied to short pulse single and double ionization of helium [11] in initial
tests. Applications to pump/probe investigation 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 these methods to many-
electron atoms is being accomplished by the construction of orbitals from the DVR basis
functions in the first finite element of our grids.
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We are developing tractable theories for molecular excited states, including bright

and dark states and their intersections. A new quasi-degenerate perturbation theory
building upon single excitation Cl has been, formulated, implemented and tested [12]. It
is self-interaction-free, and efficient enough to apply to systems in the 50-100 atom
regime. Work is in progress on the formulation of its analytical gradient to permit the
exploration of excited potential surfaces. Additionally, we have formulated new spin-flip
model that can properly treat low-lying dark excited states that have large double
excitation contributions [13], with computational cost that is proportional to single
excitation CI.
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The OBES atomic physics program at ORNL has as its overarching goal the understanding
of states and interactions of atomic-scale matter. These atomic-scale systems are composed
of multiply charged ions, charged and neutral molecules, atoms, atomic ions, electrons, solids,
and surfaces. Particular species and interactions are chosen for study based on their relevance
to gaseous or plasma environments of basic energy science interest such as those in fusion
energy, gas phase chemistry, and plasma processing. Towards this end, the program
has developed and operates the Multicharged lon Research Facility (MIRF) which has
recently undergone a broad, multi-year upgrade. Work is also performed as needed at
other facilities such as ORNL’s Holifield Radioactive lon Beam Facility (HRIBF) and the
CRYRING heavy-ion storage ring in Stockholm. Closely coordinated theoretical activities
support this work as well as provide leadership in complementary or synergistic research.

Low-Energy lon-Surface Interactions — F. W. Meyer, H. F. Krause, M. J. Lance, H. M. Meyer
I11, and H. Zhang

lon-surface interactions play an essential role in many applications ranging from
semiconductor device technology to thermonuclear fusion physics, since many physicochemical
reactions occur on and near the surface during plasma exposure. In the case of present and future
fusion experiments, the choice of the plasma-facing material is critical due to high heat and
particles fluxes arriving on the walls, in particular atomic and molecular ions of deuterium (D)
and tritium (T). Carbon materials are good plasma-facing materials (PFM’s) because of their
thermo-mechanical properties and low atomic number." However, one of the main difficulties to
overcome in fusion experiments that employ graphite as PFM is the negative consequences of the
plasma—wall interaction, namely, chemical erosion and H-species retention.>*

We recently initiated an experimental research program to study the interactions of slow ions
with surfaces underlying chemical sputtering of fusion-relevant graphite surfaces. Our
measurements concentrated on the region of very low impact energies (i.e., below 10 eV/D),
where there is currently no available experimental data, and which is the anticipated regime of
operation of the ITER divertor.* Due to the high D* currents obtainable with our ECR ion source,
and the highly efficient beam deceleration optics employed at the entrance to our floating
scattering chamber, comparison between same velocity atomic and molecular ion impact was
possible with our apparatus at energies as low as 10 eV/D. These measurements permitted a test
of the commonly made assumption that atomic and molecular species of the same velocity lead to
identical sputtering yields when normalized to the number of D atoms in the incident projectiles.’
We found projectile dependent yields below ~60 eV/D, where the D* projectile had the smallest
yields and Ds" projectiles had the largest yields. A similar enhancement was found in molecular
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dynamics (MD) simulations carried out in parallel with our measurements.> ® At higher energies,
where immediate dissociation of incident molecular projectiles is highly probable, the observed
yields7for equivelocity incident atomic and molecular ions are the same, as was noted in previous
work.

During the past year, we have obtained production yields of methane and heavier
hydrocarbons for hydrogen and deuterium atomic and molecular ions incident on ATJ graphite,
HOPG, and a-C:D thin films in the energy range 5 — 250 eV/H(D). The yields were determined at
sufficient accumulated ion beam fluences that steady-state conditions were reached. By summing
the different hydrocarbon yields, estimates could be obtained of the total erosion of graphite by
chemical sputtering processes, which dominate at low energies, i.e., below the physical sputtering
threshold. These estimates also permitted comparison with ellipsometry measurements of D* ion
beam induced crater volumes in a:C-D thin films, work performed in collaboration with
Wolfgang Jacob’s Reactive Plasma Group at IPP Garching.

In addition to steady-state chemical sputtering yields, we have studied® transient hydrocarbon
production and hydrogen (deuterium) re-emission from pre-loaded graphite surfaces immediately
after the start of beam irradiation. When the surfaces were prepared by irradiation to saturation
with lower energy hydrogen (deuterium) beams, transient hydrocarbon and re-emission yields
significantly larger than steady-state values were observed, which exponentially decayed as a
function of beam fluence. The initial yield values are related to the starting hydrocarbon and
hydrogen (deuterium) densities in the prepared sample, while the exponential decay constants
provide information on the hydrocarbon kinetic release and hydrogen (deuterium) detrapping
Cross sections.

To obtain further insights into the chemical sputtering process, we have continued in-
vestigations of the graphite surface morphology, and chemical/structural modifications occurring
during H and D beam exposure using Scanning Electron Microscopy (SEM), and Raman and
Auger Electron Spectroscopy (AES) diagnostics.” For example, we have performed Raman
spectroscopy of graphite samples exposed to high fluences of D* and D;* beams at high and low
energies, to compare damage production by isovelocity atomic and molecular deuterium ion
beams. While the two high-energy beam-exposed spots showed similar damage, the low-energy
molecular-beam-exposed spot showed slightly more damage than the corresponding D* beam
exposed spot.™
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Production of D, in Grazing Alkali Halide Surface Scattering — F. W. Meyer, C. C. Havener,
H. Zhang, and D. G. Seely

From previous studies, it is known that grazing ion alkali halide surface collisions can lead to
very high negative scattered projectile charge fractions."* We have continued our investigation of
molecular hydrogen and deuterium anion production in grazing collisions of H,", Hs", D,H", D,",
and D" ions with alkali halide surfaces. Such molecular anions are one of the most fundamental
metastable molecular ions and are important intermediate states in processes such as dissociative
attachment, vibrational excitation, associative detachment, and collisional detachment.® While the
predicted short-lived molecular ion was suspected to exist for many years, only recently was there
direct, conclusive evidence for the anion’s production with ps lifetimes in a sputter ion source.”

In addition to the KCI single crystal surface investigated last year, we have extended our
measurements this year to KBr and LiF single crystal surfaces. With the latter alkali halides, we
were able to measure the ratio of molecular to atomic anions down to 1.25 keV/u.” Within the
scatter of the data, all three alkali halide surfaces lead to the same negative ion yields over the
investigated energy range. For all three surfaces, both the atomic and molecular anion yields
increase with decreasing energy. At the lowest energy investigated, we found D, /D" ratios as high
as 10™, about an order of magnitude higher than that obtained by Golser et al. * using a sputter ion
source. This indicates that grazing ion alkali halide surface collisions provide an efficient means
for production of such molecular anions.

For production of H, from incident H," or Hs" ions, we found that D contamination in the
incident beams (in the form of D* and DH", respectively) gave H, yields that were too large by
factors of two to an order of magnitude due to varying levels of D" in the scattered H,” component.
The D contamination arose not only from the .015% natural abundance of D, in H, source gas,
but also from source memory effects, and further depended on source tuning conditions. For
production of D, from incident D,", D,H", and D", He is a possible contaminant (in the form of
He®, HeH", and HeD", respectively). However, auxiliary measurements using an incident He"
beam showed negligible He production in the grazing He ion alkali halide collisions.
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Low-Energy Callisions Using Merged-Beams —C. C. Havener, D. G. Seely, and C. R. Vane

An upgraded merged-beams apparatus, together with the intense molecular and atomic ion
beams, made available from ECR ion sources provides a unique opportunity at ORNL to provide
benchmark measurements to test our understanding of low-energy (meV/u — keV/u) collision
processes. The higher velocity, more intense, and less divergent beams from the new MIRF
High-Voltage (HV) platform enable a new class of measurements*? exploring charge transfer and
(for molecular ions) dissociative charge transfer for atomic and molecular ions with neutrals. Our
first successful merged-beams experiment ® using the higher velocity beams was for Ne?* + D,
extending our previous merged-beams measurements below 200 eV/u and resolving discrepancies
with previous measurements.

Measurements completed during last year extend the merged-beam technique to a variety of
atomic and molecular ions. Measurements® for Si** + H (40-2500 eV/u) span an energy range in

70



which both molecular orbital close coupling (MOCC) and classical trajectory Monte Carlo
(CTMC) calculations are available. The influence of the quantum mechanical effects of the ionic
core as predicted by MOCC is clearly seen in our results. However, discrepancies between our
experiment and the MOCC results toward higher collision energies are observed. At energies
above 1000 eV/u, good agreement is found with CTMC calculations.

The higher velocity ion beams now available from the platform have permitted charge-
exchange measurements with both H and D at eV/u energies and below to directly observe
isotope effects.” Isotopic differences in the charge-exchange cross section are the result of
trajectory effects caused by the ion-induced dipole potential. Our measurements now benchmark
the strong isotope effect predicted® for the Si** + H(D) system (a factor of two at meV/u
energies), while our measurements for N?* + H(D) show no isotope effect at low energies. A
recent theoretical investigation of the He?" + H(D) system by Stolterfoht et al.® predicts unusually
large isotope effects for this fundamental system where rotational coupling is the dominant
process for charge transfer. However, our current investigation of C** + H(D), where rotational
coupling is also dominant, shows no difference in the cross section for H and D. In addition,
structure observed in our previous measurements’ of C** + D, not understood by current theory,
has also been seen in the current C** + H measurements. These results are being prepared for
publication.  Measurements have now expanded to molecular ions; charge transfer and
dissociative charge transfer measurements for the fundamental system H," + H are underway.
Required low signal/noise levels have necessitated additional H, pumping, which has been
accomplished with the addition of titanium sublimators and getter pumps.

The intense beams from the HV platform will also be used to perform a benchmark study of
low-energy charge exchange for fully stripped and H-like ions on atomic hydrogen. While there
have been numerous studies at keV/u energies, there is a real lack of total and state-selective data
and appropriate quantal theory at eV/u energies and below. X-ray emission measurements
are planned for a variety of bare and H-like ions (e.g., C, N, O) + H. For charge transfer at low
energies, capture to non-statistical angular momentum states leads to observable signatures in the
subsequent X-ray emission. Such measurements are possible using a high efficiency detector
mounted directly above the merge path. The sounding rocket X-ray calorimeter at the University
of Wisconsin’ is being considered for these measurements. The X-ray detector is characterized
by a high-energy resolution (5 — 12 eV FWHM) along with high throughput (1000 times greater
than dispersive X-ray detectors).
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Electron-Molecular 1on Interactions— M. E. Bannister, C. R. Vane, and M. Fogle

Electron-molecular ion recombination, dissociation, and excitation and ionization processes
are fundamentally important, especially in that they provide a testable platform for investigating
and fully developing our understanding of the mechanisms involved in electronic energy
redistribution in fragmenting many-body quantum mechanical systems. These processes are also
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important practically in that electron-ion collisions are in general ubiquitous in plasmas and
molecular ions can represent significant populations in low to moderate temperature plasmas.
Neutral and charged radicals formed in dissociation of molecules in these plasmas represent some
of the most highly reactive components in initiating and driving further chemical reaction
pathways. Thus electron-molecular ion collisions are important in determining populations of
some of the most reactive species in a wide variety of environments, such as the divertor and edge
regions in fusion reactors, plasma enhanced chemical vapor deposition reactors, environments
where chemistries are driven by secondary electron cascades, for example in mixed radioactive
waste, the upper atmospheres of planets, and cooler regions of the solar or other stellar
atmospheres. To correctly model these environments it is absolutely essential to know the
strengths (cross sections and rates), branching fractions, and other kinematical parameters of the
various possible relevant collision processes.

Dissociative Excitation and lonization: Measurements of cross sections for electron-impact
dissociative excitation (DE) and dissociative ionization (DI) of molecular ions have continued
using the MIRF crossed-beams apparatus.® In coordination with our dissociative recombination
(DR) investigations of di-hydride ions, we have continued a systematic study of the DE and DI
channels for these ions. Experiments during this period included measurements on heavy-
fragment ion channels of FD,". Above the DI threshold, the cross sections for dissociation of
FD," ions forming FD* fragments are nearly identical to those measured previously for the XD*
fragment produced by dissociation of XD," (X=N,0). In the DE-only portion of the cross
section, a small peak is observed near 20 eV, similar to that seen for the OD,” — OD" cross
section.  For the XH/XD" fragment channel in DE/DI of di-hydrides XH,"/XD," (X=C,N,O,F),
it was found that for energies above four times the dissociation threshold E, the cross sections
follow the scaling® given by o(E/Ey,) o (1/Ey) f(E/Ey,) for a smooth function f(x). This scaling
does not hold as well for the X* fragment channel. However, the FD," — F" results did continue
the trend that the cross section decreases for the XD," — X" channel as the electronegativity of X
increases for X =C, N, O, and F.

Preliminary measurements have also been completed for the dissociation of CDs" producing
the CD," fragment ion. Above the DI threshold, the cross section for this channel was found to
follow the scaling noted above. At lower energies, a large peak was measured in the 10-15 eV
range, reminiscent of the peaks observed in the DCO* — CO* and CH," — CH" data.®*
However, further measurements are needed to map out the details of this cross section feature.

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 electronic and ro-vibrational excited states. A second ion source, a hot-filament
Colutron ion source, is presently online and expected to produce fewer excited molecular ions.
An even colder pulsed supersonic expansion ion source, very similar to the one used for
measurements® on the dissociative recombination of rotationally cold Hs" ions at CRYRING, is
under development for use at the ORNL MIRF. Additionally, work continues on a similar
supersonic source that uses a piezoelectric mechanism for more reliable pulsed valve operation.
With this range of molecular ion sources, one can study dissociation with both well-characterized
cold sources and with hotter sources that better approximate the excited state populations in
plasma environments found in applications such as fusion, plasma processing, and aeronomy.
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Dissociative Recombination: The process of dissociative recombination (DR) of relatively
simple three-body molecular ions is being studied in our ongoing collaboration with Prof. Mats
Larsson and colleagues at the Manne Siegbahn Laboratory (MSL), Stockholm University.
Absolute cross sections, branching fractions, and detailed measurements of the dissociation
kinematics, especially of the three-body breakup channel, are being investigated at zero relative
energy for a variety of light and heavy vibrationally-cold triatomic di-hydrides and other
molecular ions with three-body channels. This research is carried out using the MSL CRYRING
heavy ion storage ring facility, which will continue to be available for our electron-molecular ion
measurements at least through calendar year 20009.

In the last year, we have performed studies of the di-hydride system BH,". These experiments
are a continuation of previous measurements concerning the DR of similar molecules, such as
H,O", NH,", CH,", SD,", and Os" that have all revealed three-body break-up as the dominant
reaction channel.>® In order to study the three body break-up dynamics in detail, a high-resolution
imaging technique is used to measure the displacement of the fragments from the center of mass
of the molecule.” The displacements are related to the kinetic energies of the fragments and
therefore information on the dynamics involved in the process can be obtained, e.g., the internal
state distribution of the fragments. These event-by-event measurements yield information about
how the kinetic energy made available by neutralization through electron capture is distributed
between the two light fragments and the angular distribution of the dissociating molecules. In all
of the covalently bonded triatomic di-hydride systems previously studied, the branching fractions
showed very roughly (7:2:1) ratios for (X + H + H; XH + H: X + H;), while the observed energy
sharing and angular distributions of the three-body breakup product channel could depend heavily
on the structure, bonding and charge center of the parent molecular ion. Experiments during this
review period concentrated on measurements of cross sections, branching fractions, and three-
body breakup dynamics of BH," undergoing dissociative recombination (DR) with zero-eV
electrons. Interestingly, it was found that this ion dissociates preferentially (56%) into BH + H.
Surprisingly, about a third (35%) proceeds through three-body decay to B + H + H, which for
almost all other tri-atomic dihydrides is the dominant channel. The two-body B + H, channel
contributes less than 9%. Despite the relatively small fraction of fragmentation leading to three-
body breakup, this channel was investigated with the imaging technique described above. The
dynamics were observed to be very similar to the other covalently bonded di-hydride ions, with
the kinetic energy almost randomly distributed between the H atoms while the dissociation occurs
predominantly from open- and closed-geometry states, that is, with the angle between the bonds
at the time of dissociation near 180 or O degrees, respectively. Recently, results have been
accepted for eight publications.

Investigations of DR of molecular ions have also continued on the merged electron-ion beams
energy-loss (MEIBEL) apparatus® at ORNL. The fragment imaging technique for MEIBEL has
been refined by the addition of a segmented photomultiplier tube (PMT) to trigger the image-
intensified camera only when a two-particle event is detected on the phosphor screen of the
detector by two segments of the PMT. Subsequent measurements on the DR of H," indicate that
the vibrational distribution for these ions follows essentially a Franck-Condon one and peaks at
about v=1 or 2. The dissociation of H," near zero energy was also investigated using both a solid-
state surface-barrier detector as well as a discrete-dynode detector to count the neutrals produced.
Because of the non-negligible contribution of DE at low energies for H," ions with a “hot” initial
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vibrational distribution, the measured rates using discrete dynode detector included the sum of the
DR and DE channels. However, using the energy-sensitive solid-state detector, we were able to
separate the DE (one H atom) and DR (two H atoms) contributions. The measured DR rate
coefficients are in excellent agreement with previously measured ones'®** for “hot” H," ions with
a Franck-Condon vibrational distribution. Good agreement is also found between the measured
DE rate coefficients and those published by Yousif and Mitchell*? for energies above 50 meV.
These studies are made possible by the 250-kV high voltage platform with an all-permanent
magnet ECR ion source at the ORNL MIRF. The cold molecular ion sources being
commissioned on the HV platform as discussed above are also being adapted for possible use in
these DR studies at MEIBEL.
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Molecular lon Interactions (COLTRIMS and I CCE Trap Developments) —C. R. Vane, M. E.
Bannister, C. C. Havener, H. F. Krause, F. Meyer, and M. Fogle

Dissociative Electron Capture (COLTRIMS): Using both warm and cold target aspects of the
MIRF Cold Target Recoil lon Momentum Spectroscopy (COLTRIMS)® endstation, we are
performing studies involving electron capture by molecular projectile ions from atomic targets,
leading to molecular dissociation that yields neutral and/or ionic fragments. The process, labeled
Dissociative Electron Capture (DEC) or Electron Capture Dissociation (ECD) has been
previously investigated using a number of experimental techniques,®’ and is technically
important in the field of mass spectroscopy of heavy molecules, where it is used as a method of
fragmenting gas phase ions for tandem mass spectrometric analysis, giving unique structural
information for complex species up to biomolecules.® DEC studies also give information
complementary to our MIRF and CRYRING measurements of dissociative ionization, excitation,
and recombination (DI, DE, and DR) occurring in molecular ion interactions with free electrons
for the same molecular ion species. In cool, dense regions of any plasmas, there may be
significant populations of all the available components necessary for DEC; i.e., localized high
constituent densities of neutral atoms, molecules, and their ions, as well as a variety of their
neutral and ionic fragments. Such environments naturally arise in a number of plasma-to-gas or
plasma-to-surface transition regions, such as in plasma processing reactors and at the diverter
edges of fusion plasma containment devices where the neutral components can present significant
target densities for collisions with electrons and/or atomic and molecular ions. Dissociative
fragmentation of molecular ions through DEC processes provides channels for significant
production of a variety of highly reactive neutral and ionic species.

The ORNL COLTRIMS endstation has been fitted with fragment analysis detectors including
a special, energy sensitive detector for determination of chemical branching fractions, and a 3-D
(2-D spatial + time) imaging detector system permitting multi-hit coincident detection and
position sensitive capability for studies of the dynamics of energy sharing in DEC.
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Measurements have been performed for DEC by diatomic and simple triatomic molecular ions in
static gas targets and the results compared with branching fractions and kinematics observed for
dissociative recombination, dissociative excitation and dissociative ionization measured at
CRYRING and at the MIRF electron-ion crossed beams apparatus for similar ion species.
Chemical branching fractions resulting from DEC by H,", HD", Hs*, and O," from the HV
platform ECR ion source interacting with H,, He, N,, and argon targets have been measured using
the partial transmission grid method,’ and a special ultra-thin window, energy sensitive silicon
detector. These 100% detection efficiency measurements are made possible by the higher
available energies per unit mass afforded by the MIRF high voltage platform and beamlines.
Future DEC studies, especially for triatomic dihydrides XH," for which we have extensive DR,
DE, and DI data, will be carried out with rotationally cold ions from Cold Molecular lon Sources
(CMIS) mounted on the HV platform, and also using the COLTRIMS technique in coincidence
with fragment imaging measurements to permit identification of the specific Q-value channels of
electron capture leading to dissociation. Integration of the recoil ion COLTRIMS data and the
DEC neutral fragment imaging detector data is being assisted by collaboration with Dr. Richard
Thomas from Stockholm University, who has developed the multi-hit imaging data analysis
software. Neutral atomic beam targets will also be added later in 2009-2010 to permit studies of
DEC by molecular ions interacting with highly collimated beams of H, Li, Na, and Cs.
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Development of the lon Cooling and Characterization Endstation (ICCE Trap): A significant
portion of our effort this last year has been devoted to development and implementation of a
number of enhanced experimental capabilities designed specifically to enable expanded, more
sophisticated molecular ion research at the MIRF. Measurements with more complex systems
require increased levels of control over internal state populations of the reacting partners, as well
as more detailed information from analysis and detection systems for rational interpretation
of results. To this end we have developed and installed a new electrostatic reflecting ion
trap endstation on the MIRF high energy beamline that permits storage, cooling, and
characterization of molecular cations, effectively independent of the mass of the ion. These ion
beams are produced in several molecular ion sources being mounted on the high voltage
platform, including the permanent magnet ECR ion source for ‘hot” atomic and molecular ions,
and pulsed, supersonic expansion discharge sources for internally ‘cold” molecular ions. A first
version of the supersonic expansion CMIS is presently undergoing commissioning, being tested
for production of rotationally cold molecular ions (e.g., H,*, O,", and Os") for use in studies of
dissociative electron capture (DEC) and electron impact dissociation using 3-D fragment imaging
analysis on the COLTRIMS, MEIBEL, and TRAP endstations. As previously noted, this CMIS
is a similar design to that used recently for cold H;" dissociative recombination studies at
CRYRING.!

The complete ion cooling and characterization endstation (ICCE trap) as shown in Fig. 1
consists of a new ultra-high vacuum transport beamline and chambers with computer controlled,
fast-reaction electrostatic deflection and focusing elements, a fully electrostatic mirror trapping
system,? and a newly developed high-current, low-energy (5-100 eV) crossed electron beam
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target located between the trap mirrors.® The apparatus is instrumented with a number of beam
diagnostic and product characterization components, including two imaging detectors for
analysis of neutral fragments arising from fragmentation of the trapped molecular ions, either by
collisions with gas (collisional dissociation (CD) and dissociative electron capture (DEC)) or with
the electrons (dissociative excitation or ionization (DE, DI), and less likely, dissociative
recombination (DR)). Presently, the trap region operates at room temperature with vacuum at
~10™ Torr and ion internal state cooling proceeding through radiative decay is limited to 300°K.
We plan to lower the beam exposed surfaces of the trap region to less than 70°K through
installation next year of an overall copper liner cooled to <70°K with stirling cryocoolers,* and
connection of one of the mirrors and its shroud (‘cold’ mirror in Fig. 1) to a 4°K helium
cryocooler.® Development of the ICCE trap apparatus is in direct support of our mission goal of
establishing experimental capabilities necessary for state-selectively producing and manipulating
atomic and molecular ions to implement studies of a broad range of plasma relevant ion-
interactions in as controlled a manner as possible.

In initial commissioning, relatively intense beams of 10-keV O," ions from the high-voltage
platform ECR ion source were produced, transported, and tuned through the ICCE trap, and
neutral O and O, products were imaged in the detectors. Lower intensity beams of O;" have also
been extracted from the ECR and development is proceeding on enhancing intensity from
the ECR, as well as producing ‘cold’ O;" ions from the supersonic expansion source. Initial
work will concentrate on trapping and cooling of these 0zone ions and on measurements of DEC
from background gas (primarily H,) and electron impact dissociation (DE, DI, and DR) as
a function of electron energy for various trapping/cooling times. These measurements will be
compared with our prior O;F DR measurements at CRYRING,® that somewhat surprisingly
indicated almost complete (94%) 3-body dissociation at zero electron energy, forming
predominantly electronically excited O(°P and 'D) fragment atoms.
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Figure 1. Schematic of the MIRF lon Cooling and Characterization Endstation (ICCE trap)
showing the beamline layout including 20° extraction and 45° injection (32° + 13°) electrodes,
crossed low-energy electron target, warm and cold (4°K) trap mirrors, and imaging detectors for
analysis of neutral fragments escaping from dissociated ions.
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Manipulation and Decoher ence of Rydberg Wavepackets— C. O. Reinhold

Engineering the quantum states of microscopic and mesoscopic objects is a long sought after
goal in many current fields of research. Atoms in Rydberg states with large values of principal
guantum number (n>300) provide a valuable laboratory in which to manipulate quantum states of
mesoscopic size (~micrometers). This is achieved using commercially available-pulse generators
whose strengths are comparable to the Coulomb electric fields (~mV/cm) and whose time scales
(picoseconds) are shorter than the classical orbital period of the atom (~nanoseconds). Such giant
atoms can be manipulated using tailored sequences of half-cycle pulses (HCPs) and field steps.
These are relative recent additions to the arsenal of short electromagnetic pulses now available in
several laboratories and their effect is quite different from that of laser or microwave pulses. Our
recent work demonstrates the remarkable level of time-resolved control and imaging of the
electronic states that can be achieved." One practical limitation for manipulating Rydberg atoms
is that these are extremely fragile objects and can be easily altered by their environment.® This
has opened up new challenges that can be profitably explored to study the quantum-to-classical
crossover and decoherence at a level of detail difficult to achieve in other systems. Study of
decoherence of the internal state of atoms and ions has been a second focus our work and has
been intimately related to our simulations of the time evolution of the internal state of fast ions
traversing solids.® Rydberg wavepackets provide a partially controlled laboratory to study
decoherence. A controlled “amount” of noise can be added to the system in the form of random
fluctuations of the electromagnetic pulses to study the rate of decoherence as a function of the
“amount” or “color” of noise.” Noise might also be introduced experimentally by adding a dilute
gas of particles into the experimental chamber. 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. Dunning (Rice University) and J. Burgddrfer and S. Yoshida (Vienna University
of Technology).
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Molecular Dynamics Simulations of Chemical Sputtering — C.O. Reinhold and P.S Krstic

Physical and chemical processes resulting from the interaction of hydrogen isotopes with
carbon surfaces are of significant importance within the fusion community. These interactions
lead to surface erosion and particle deposition, which degrades fusion performance and produce
long-term particle retention. Considerable information is available in the literature at high impact
energies (above ~50eV) 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 energies where chemical
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processes dominate, thereby increasing the complexity of the interactions. These can be modeled
by large scale molecular dynamics (MD) simulations using many-body reactive potentials. We
have recently undertaken a series of such MD simulations for 1-30 eV D and D, impact of
carbon®® in parallel to experiments at ORNL by Fred Meyer and co-workers. We have shown
that the large yields of saturated hydrocarbons typically observed in experiments are not the result
of single impacts but rather the consequence of multiple cumulative impacts. We are currently
investigating the isotope dependence of surface erosion (i.e., H, D, or T impact). We are also
studying the sensitivity of the results with respect to the many-body interaction potentials used in
the simulations. We use two types of reactive bond-order potentials: REBO and AIREBO. Most
of our simulations have been performed using the first potential that is the simplest and provides a
good empirical description of covalent bonds for nonpolar systems. The second potential,
AIREBO, is more advanced and includes better descriptions of non-bonded interactions,
including torsions and van der Waals. Our work is performed in collaboration with S. Stuart
(Clemson University) who is one of the developers of these potentials. In the longer term, we
plan to extend our simulations to address the interest within the Fusion community to study
materials different from pure carbon.
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Development of Theoretical Methods for Atomic and Molecular Collisions — D. R. Schultz,
T. Minami, T.-G. Lee, M. S. Pindzola, J. H. Macek, and S. Yu. Ovchinnikov

Plasma science applications, such as fusion energy, material processing, and the chemistry of
the upper atmosphere, continue to drive the study of atomic and molecular collisions.
Furthermore, control of atomic-scale dynamics, ultrafast phenomena, and complex behavior
provide increasingly strong fundamental motivation to study such atomic and molecular
interactions. These research areas in turn demand the development of theoretical methods to
either reach new levels of accuracy for fundamental systems or novel completeness for complex
systems. Over the past year projects have been undertaken along both these lines.

To begin with, the ongoing quest for more accurate methods, which has motivated
development of computational approaches such as the lattice, time-dependent Schrodinger
equation (LTDSE) method over the past decade, has enabled the completion of several projects
aimed at providing benchmark atomic collision data required in plasma modeling.! In addition,
collaborations have led to a new computational approach incorporating LTDSE (see the section
by Macek and Ovchinnikov) that has led to the surprising observation of vortices in the electronic
probability distribution in atomic collisions, which play a significant role in the dynamics of
angular momentum transfer not previously appreciated.®

Along different lines, work was initiated using a molecular dynamics approach to treat much
more complex atomic-scale interactions such as the fragmentation of molecular ions. This work
is aimed at providing physical interpretation of experimental measurements ongoing in the
Multicharged/Molecular lon Research Facility. Rather than treating a small number of electrons
and nuclei with a fine-grained computational approach solving an ab initio equation of motion, a
much larger number of electrons and nuclei are treated more approximately with an emphasis on
description of the dynamics resulting from the interaction of many more particles.

1. T.Minami, M. S. Pindzola, T.-G. Lee, and D. R. Schultz, J. Phys. B 40, 3629 (2007).
2. T.Minami, T.-G. Lee, M. S. Pindzola, and D. R. Schultz, J. Phys. B 41, 134201 (2008).
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3. J. H. Macek, J. S. Sternberg, S. Yu. Ovchinnikov, T.-G. Lee, and D. R. Schultz (2008), in
preparation.

Computation of lonization in lon-Atom Coallisions—J. H. Macek and S. Yu. Ovchinnikov

Benchmark computations of ionization in ion-atom atom collisions applicable to plasma
diagnostics are needed over a wide energy range, namely, from 1 keV to tens of MeV. For some
purposes cross sections accurate to 1% are desired. It is impossible, at the present time, to
measure ion-atom-ionization cross sections to that accuracy, however calculations can aspire it.
This level of accuracy is normally not a goal of atomic collision calculations since it is not needed
for comparison with experiment; however, the steady increase of computer speed and memory
makes it feasible to design such computational methods for one-electron species.

We are collaborating with D. R. Schultz to adapt the Lattice Time Dependent Schrédinger
Equation method (LTDSE) for the calculation of ionization cross sections for proton-hydrogen
collisions at the 1% level. The method adapted to ionization is called the Regularized Lattice
Time-Dependent Schrédinger Equation method (RLTDSE). Our first computations use unitarity
to extract the ionization component. For this purpose it is necessary to compute elastic scattering
cross sections accurate to 0.1%. The main accomplishment in the past year is that some proof-of-
principal calculations have achieved this accuracy.

We will compute total ionization cross sections using the new RLTDSE method for one-
electron model systems over a broad energy range. Total ionization will be computed using
unitarity and integration over the electron momentum distribution. Different methods to extract
the momentum distribution will be tested for accuracy.
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PUL SE: The Stanford Photon Ultrafast Laser Scienceand Engineering I nstitue

PULSE Primary Investigators: Y. Acremann, P.H. Bucksbaum, M. Fayer, D. Fritz, J. Hgjdu,
B. Hedman, K. Hodgson, K. Gaffney, A. Lindenberg, H. Siegmann, J. Stohr

PULSE mission: The Stanford PUL SE Institute conducts research in areas of
ultrafast science at SLAC that support the research program of the LCLS. PULSE has
initiated research in ultrafast materials science, condensed matter physics, molecular
physics, physical chemistry, atomic physics, structural biology, electron beams and x-ray
laser physics. PULSE also maintains close linksto areas of ultrafast science that are
critically served by LCLS, but which lie outside the scope of mission activitiesin BES.
These include plasma physics and high energy density physics.

BES funding of PULSE research: PULSE BES activities have divided funding.
Four tasks are funded by Chemical Sciences. Attosecond and femtosecond vuv
spectroscopy; strong-field molecular wave packet dynamics and quantum control;
ultrafast x-ray studies of chemical processes; and coherent x-ray imaging. Other PULSE
programs are funded by the Materials Science Division, in the areas of ultrafast magnetic
materials and THz-induced materials science. High energy density science and ultrafast
source science are pursued with funding outside of these two research divisions of BES.
This abstract book will only summarize the AMOS-funded activities. Kelly Gaffney is
the coordinator for those activities. Thetask PI’s are Bucksbaum for the atomic and
molecular projects E.2.aand E.2.b, Gaffney for chemistry E.3, and Hodgson (acting) for
biomolecular imaging E.4.

PULSE laboratory renovation in FY08: PULSE was originally to have been
housed in the LCL S Central Laboratory and Office Complex, but plans for this building
were removed from the LCL S project in 2006. An alternative location was found in the
SLAC Central Laboratory. Partial funds for renovation were approved by Congressin
the FY 08 budget, and the remainder are in the FY 09 Presidential Budget Request for the
Department of Energy. The renovation is now underway, and will be completed in about
thirty months from now, at the end of CY 10. Aninitial phase will be completed in early
CY 09, which will enable the establishment of some biomolecular imaging laboratories
and some materials science |laboratories.

PULSE facilities: PUL SE occupies temporary space at SSRL, until our |aboratory
renovation at SLAC is completed. PULSE also hasresearchin laboratoriesin the
Varian Physics Building and in the Durand Materials Science Engineering Building on
the Stanford main campus. PUL SE plans to occupy some space in the LCLS Near
Experimental Hall on atemporary basis aswell. PULSE maintains a number of ultrafast
sources and capabilities, including a CEP stabilized laser, a high harmonics source of
ultrafast vuv, and laboratories for ultrafast chemistry, materials science, magnetic
materials studies, and atomic physics. Immediate future plansinclude adding a
biochemistry laboratory, a cluster computer for computational chemistry, and a
laboratory e-beam-based x-ray source, to be located initially in the Near Experimental
Hall.
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PUL SE Institute received itsinitial funding just one year ago, in July 2007. The
initial funding of four programsin Chemical Sciences will be described in abstracts
following this general summary. Thisis summarized in the organization chart (Fig. 1).

P. Bucksbaum
Director
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Fig. 1. PUL SE organization chart. Tasks funded under DOE/CSGB are shaded red.
Other areas:

Ultrafast source science: Thisareais presently unfunded, but there are plans to
collaborate with the accelerator group at SLAC to compete for future advanced
accelerator R&D funding, as well as any future LDRD program, should one be
established at SLAC. A third important group for collaboration is LCLS operations.

The LCLS operations budget line will not receive full funding until FY 09, and at that
time we will pursuejoint funding inthisarea. The Hastings project on ultrafast
electron diffraction was rejected by BES for budget reasons after there were earlier
indications that it might be funded, but there is still strong interest in pursuing it in future
years. PULSE aso intends to build atable-top ultrafast x-ray source.

High Energy Density Science: BESwill not fund this, so we are establishing an
international collaborative program in this area, with magjor funding from Europe, and
utilization of LCL S governed by the LCL S access policy devised by their management.
US partnersinclude LLNL and U.C. Berkeley. We hope to establish an experimental
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program on LCLS, which will complement other research on materials in extreme
environments.

Ultrafast Materials Science: PULSE hassix tasksin thisarea, al funded by the
BES Division of Materials Science. These were described in abstractsin the DOE x-ray
and neutron scattering contractor’ s meeting last year. The tasks cover investigations of
ultrafast magnetic and dielectric properties of materials.

Fig. 2: 2008 PUL SE Ultrafast X-ray Summer School during a break.

PULSE Central Activities Central management of the PUL SE Institute pays for an
administrator, shared safety coordinator, shared I T support, and a visitors program.

PULSE Summer School: The Stanford Dean of Research sponsored our second
annual Ultrafast X-ray Summer School at the Kavli Institute on the SLAC campusin
June. Professor Kelly Gaffney of PUL SE was the Summer School Chair. The school
was attended by approximately 100 students and postdocs. Information is on the
following website: http://www-conf.slac.stanford.edu/uxss/2008/.

PULSE Visitors Program: PULSE maintains avisitors program to enable
researchers from around the world to work in our center. Visitors next year will include
Ken Schafer, Mette Gaarde, and Jon Marangos, as well as others.

PULSE plans for LCLS: PULSE encouraged and assisted LCL S in the formation of
a strong user access policy, and we also participated in the proposal writing workshops,
which were held in June 2008. PUL SE has now formed three teams to write proposals
for LCSL general user time, in the areas of AMO Physics, Soft X-ray Physics, and
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Ultrafast X-ray Scattering, and we will continue to form more groups for LCLS in the
future.

PULSE priorities for the coming year. PUL SE has two areas that must be
established in the coming year: theory; and ultrafast x-ray scattering. We have been
working with Stanford to recruit two faculty in these areas. They will be appointed
jointly in Photon Science, and in either Chemistry or Applied Physics. Stanford is
making major commitments to their startup, and we have been discussing with DOE
their role in the PUL SE mission.
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ULTRA-FAST COHERENT IMAGING OF NON-PERIODIC STRUCTURE

Janos Hajdu™ and Mike Bogan®
1. Stanford PULSE Center, Stanford Linear Accelerator Center, Menlo Park, CA 94025
2. Laboratory of Molecular Biophysics, Department of Cell and Molecular Biology, Uppsala
University, Husargatan 3 (Box 596), SE-751 24 Uppsala, Sweden.
Email: janos@xray.bmc.uu.se, mbogan@s ac.stanford.edu

PROGRAM SCOPE

Our ultra-fast imaging program at PULSE is part of an international collaboration whose goal is to
perform coherent X-ray imaging of non-periodic structures using X-ray Free Electron Lasers
(XFELSs), such as the Linac Coherent Light Source (LCLS). Coherent diffraction imaging overcomes
the restrictions of limited-resolution X-ray lenses, offering a means to produce images of general non-
crystalline objects at a resolution only limited in principle by the X-ray wavelength and by radiation-
induced changes of the sample during exposure. The use of this imaging technique with X-ray pulses
from an FEL will allow structures of biological and other materials to be determined at atomic
resolution, with ultrafast time resolution and represent a breakthrough for many areas of science.
While we are primarily motivated to image biological macromolecules, the genera imaging
techniques, diagnostics and optics, sample manipulation, and understanding of materials in intense X-
ray fields, are of fundamental importance to ultrafast x-ray science and cut across all areas of research
of the PUL SE Center. We propose to continue development of the high-resolution imaging techniques
with emphasis on imaging single cells, nanomaterials and viruses in the first period. We aso plan to
undertake time-resolved imaging studies of the LCL S-matter interaction, investigate the fundamentals
of biological sample manipulation to enable substrate-free imaging and other diagnostics, and perform
LCLS imaging of aligned nanoparticles.

Coherent diffraction imaging is elegant in its experimental simplicity: a coherent x-ray beam
illuminates the sample and the far-field diffraction pattern of the object is recorded on an area
detector. These measured diffraction intensities are proportional to the modulus squared of the Fourier
transform of the wave exiting the object. An inversion of the diffraction pattern to an image in rea
space requires the retrieval of the phases of the diffraction pattern. This can be achieved by iterative
transform algorithms if the object is isolated and the diffraction pattern intensities are adequately
sampled (an approach known as oversampling). Our shrinkwrap agorithm is particularly 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. This lensless imaging technique can
be scaled al the way to atomic resolution, but in practice the resolution of the image of a single object
isrestricted by x-ray damage to the sample.

With a quasi-continuous synchrotron source it should be possible to image frozen biologica cellsto a
resolution of about 10 nm, and perhaps 1 nm for radiation-tolerant inorganic materials. Ultrashort
hard X-ray pulses from LCLS offer a means of vastly increasing the dose that can be applied to a
specimen before damage effects the measurement. Simulations based on molecular dynamics and
hydrodynamic models indicate that a few Angstrém resolution could be achieved in single pulse X-
ray diffraction experiments. The success of the technique requires the scattering measurement to be
completed before the X-ray ionized protein undergoes a Coulomb explosion.

Achieving the goal of coherent diffractive imaging of a single particle requires extensive technica
and theoretical advances. This will be achieved through a combination of simulation and experiments.
The experiments will be carried out at synchrotron sources, the currently operational soft-X-ray FEL
at DESY called FLASH, and the LCLS asit becomes operational in 2009. Our technical experiencein
coherent imaging experiments and FLASH results currently guide the development of the coherent X-
ray imaging (CXI) endstation at LCLS as well as other experiments where high-resolution structural
information is acquired. The theoreticall models and ssimulations of the interaction of particles in
intense XFEL beams will be compared and tested with short-pulse coherent imaging, holographic,
and scattering experiments at FLASH and eventually the LCLS. This program will be complemented
with the experimental investigation of aerosol nano-engineering methods and nanoscale template
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design to deliver encapsulated biomolecules to the FEL and optimize diffraction pattern acquisition. A
third component of the project is the development of laser alignment of molecules and particles using
intense near-IR lasers which will be done in conjunction with other effortsin the Center.

RECENT PROGRESS
Our main focus has been continuing our program of coherent diffraction imaging at FLASH. We have
produced rapid innovations of imaging instrumentation that have defined unforeseen new classes of
imaging experiments. We continue to establish the modeling, simulations, and image reconstruction
algorithms necessary for a robust imaging program. We succeeded in testing a second prototype
single-particle injector system, co-designed by current PUL SE staff, to place single cells and various
nanoparticles in the path of the FEL beam, and collected diffraction patterns from which the objects
could be reconstructed. We performed the first ultrafast optical pump-FEL probe experiments and
hel ped implement a new form of pump-probe experiment called time-delay X-ray holography. Below
isasubset of recent results.

Femtosecond time-delay X-ray holography to monitor Bstacion R -
sample explosion: Conventional time-resolved optical

methods require highly synchronized photon pulses to 17 'f.'.'_',',-.....
initiate a transition and then probe it at a precisely defined '

time delay. In the X-ray regime, these methods are o i L
challenging since they require complex optical systems and & et G

diagnostics. We have helped develop a holographic ation

measurement scheme, inspired by Newton's “dusty mirror” Mutiayer
experiment to monitor the X-ray-induced explosion of Mirror

microscopic objects. The time delay is encoded in the

diffraction pattern to an accuracy of better than one  Fig 1. Schematic of afemtosecond time-
femtosecond, and the sample depth is holographically — delay x-ray holography experiment
recorded to sub-wavelength accuracy. We applied this

technique to follow the X-ray induced explosion of a sample irradiated by an intense pulse from
FLASH, and observed that sample explosion occurs picoseconds after the femtosecond X-ray pulse
traversed the sample. By varying the distance between the reflecting multilayer and the object,
different time delays can be set (a new sample is needed for each shot). The current time resolution of
this holographic diffraction method is better than one femtosecond. These results gave the first
glimpses into early steps of plasmaformation by X-rays.

Ultrafast single-shot diffraction imaging of nanoscale dynamics - Studies on light-induced periodic
structures: Optical pump and FEL probe experlments were used to follow laser-induced structural

changes in a silicon nitride membrane, into which a small
=5ps
Ia.

pattern was etched. For each shot, a new sample was used.
10ps corresponding to loss of mesoscale order as the sample
15ps

The diffraction patterns show measured single shot X-ray
- disintegrates due to the laser pulse. At the same time, new
u. .

excitation laser pulse at optical frequencies. Immediately
visible is the loss of information at high scattering angles,
excitation photon pulse. The evolution of this structure
produces additional speckles, primarily in the direction of the
pump laser polarisation. Additionally, a pair of strong
diffraction peaks emerged at longer delays, indicative of a
light-induced periodic structure in the foil. Each image was
also reconstructed, enabling high spatial and tempora
resolution visualization of the dynamics of the nanoscale

object. We plan to extend this technique to near atomic
resolution using LCLS.

Fig 2 a—f, Measured single-shot diffraction patterns at -5 ps
(a), the object just before the laser pulse, and diffraction
patterns from the same object at 10 ps (b), 15 ps(c), 20 ps(d),
5 0 5 0 5 1w 1 } v voion e 40 ps (€) and 140 ps (f) after the laser pulse. Gradual

Spatial frequency, g (um-1)

patterns at 10, 15, 20, 40, and 140 ps after irradiation with an
structure is induced in the silicon nitride material by the
40ps 140ps
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Single Particle X-ray Diffractive
Imaging — Sugar encapsulated
DNA injected into the FEL pulse:
When the number of atoms in a
substrate becomes much larger than
the number of aoms in the
supported sample itself, such as in
the case of isolated biomolecules on
a membrane, the background SIgNal & o o o o o e

is expected to dominate the CCD

detector. This motivates the development of sample handling systems free of supporting membranes,
such as particle beams, for introducing particles and biomolecules into the X-ray beam. We have
demonstrated for the first time that particles can be injected into the FEL beam 'on the fly' to perform
substrate-free imaging. We used electrospray-based aerosol nano-engineering to create hybrid
particles composed of a megadalton DNA complex encapsulated by sucrose. To deliver the particles
into the FEL we used an aerodynamic lens system designed and tested at LLNL that can create
narrow particle beams of awide range of particle sizes (1 nm to 10 #m). We demonstrated an imaging
resolution of better than 40 nm by diffractive imaging with the single X-ray pulse and further
characterized the interaction by mass spectrometry. In the example above, two particles were hit by a
single FEL pulse. The structure of the two particles was reconstructed from this pattern and showed
that the two particles were in contact and had likely agglomerated during the particle injection
process. This method can be used to image any aerosol particles created at atmospheric pressure.

First diffraction experiments on live cells injected into the FEL pulse: We have successfully
injected live picoplankton and other cellsinto the FEL beam under conditions where they were aive.
The quality of the diffraction patterns permits reconstruction, and the reconstructed images show no
signs of damage (work in progress, manuscripts in preparation). We intend to drive these experiments
to near atomic resolutions when short wavelength FEL pulses become available from the LCLS.
Picoplankton samples used in the present studies came from fresh water lakes and from the Arctic and
Antarctic Polar Oceans where we have a research programme on photosynthetic carbon fixation by
picoplankton. We have aso studied marine viruses. Viruses are eminently suitable for first
experiments on reproducible samples in biology; they are big and can give rise to strong diffraction
patterns. We proposed to use viruses for first LCLS experiments (LCLS - The First Experiments,
2000). This work has now started at FLASH where we have successfully obtained the very first
d!ffrmtlon pattern_s from ||Ve marine FIRST FLASH DIFFRACTION IMAGE OF A LIVING CELL
viruses. These viruses were chosen KUl

because they infect the picoplankton [EEScatE

that we study. The combined system
will give us the opportunity to follow
the infection process later. We
electrosprayed virus particles into the
FEL beam, and collected single shot
diffraction images. The diffraction
signal is strong and reasonably clean.
Initial attempts at image
reconstruction gave surprisingly good  reconstruction of single living marine microorganisms injected
results (work in progress). into the FLASH beam

FUTURE PLANS

Expected Progress in FY2009: We will continue our efforts at FLASH and plan to perform the first
single particle x-ray diffractive imaging experiments at LCLS in mid-2009. We will utilize our
experience from FLASH and work in conjunction with LCLS staff to design the LCLS CXI
instrument. We will continue to develop the particle beam generation and diagnostics instrumentation
necessary to perform any experiments utilizing laser interactions with single particles. We plan to
recruit, train, and retain outstanding young talent necessary to support the rapidly growing coherent
diffraction imaging of non-periodic structures program at PUL SE.

Expected Progress in FY2010: Our efforts will concentrate on completing, commissioning and
performing first experiments on single particles and biomolecules on LCLS. We will aso provide the

—mm——m——== '--—-1't plgrimspeayed W LT e
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Single virus
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scientific conduit to any imaging experiments at the CXI other end stations. We will interface with
beamline/end station scientists and users/collaborators to ensure highly successful experimental
campaignsat LCLS.

COLLABORATIONS: This work is done with colleagues from Uppsala, LLNL, SLAC, LBNL,
Berlin, and DESY (Hamburg).
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PUL SE Task E.3.a: High harmonic generation in molecules

Markus Guhr and Philip H. Bucksbaum
Sanford PULSE Institute, Sanford Linear Accelerator Center, Menlo Park, CA 94025
and
Physics Department, Stanford University, Stanford, CA 94305

Scope

The goal of this project is the understanding of high harmonic generation (HHG) in molecules.
We explore not only the amplitude of the emitted light but also its phase by applying
interferometric techniques. We find multiple orbital contributions to HHG in N». Not only the
highest occupied molecular orbital (HOMO) contributes to HHG but also alower bound HOMO-
1 orbital. This opens the way for molecular electronic dynamics imaging with sub-angstrom
precision on a sub-femtosecond time scale.

Recent Progress
B. K. McFarland, J. P. Farrdll, P. H. Bucksbaum and Markus Guhr

a) Phase measurementsin N, moleculesand Ar atoms

In the three step model of high harmonic generation (HHG) [1,2], a portion of the highest
occupied orbital of an atom or molecule tunnels into the continuum and is accelerated in a strong
oscillating optical field. This continuum part of the wave function is treated as a free electron
wave packet which interferes coherently with the bound part of the highest occupied orbital when
it returns to the molecule, thus creating a time varying dipole that radiates the harmonic light.
Depending on the orbital symmetry, characteristic maxima or minima appear in the harmonic
spectrum due to interference effects, whereas the minimum is accompanied by a phase jump.
Amplitude minima are known from the reverse process of photoelectron emission [3] whereas the
phase jumps in the harmonic light have been predicted recently for atoms [4] and molecules [5].
In particular, a = phase jJump has been predicted at the harmonic with minimal amplitude of the
H, molecule.

We measured the relative phase between the harmonics emitted by N, and Ar. We mixed Ar
with N2 in aratio of 1:1 and expanded it out of a small nozzle to reach a vibrational cooling for
N2. An ultrashort laser pulse from a Ti:Sapphire amplifier interacts with the anisotropic
polarizability of N, moleculesin a supersonic jet and creates a rotational wave packet that results
in molecular alignment at wave packet revivals. At 4.1 ps after the alignment pulse, the molecular
ensemble is aligned along the pulse polarization with a prolate distribution and a second laser
pulse with a higher intensity generates high harmonics in the aligned molecules. The HHG beam
passes through a thin Al filter and aperture which regject the fundamental as well as harmonics
from long electron trgectories. The remaining harmonics are dispersed by aflat-field grating and
detected by a M CP-phosphor screen unit. The intensity | mix for aparticular harmonic is given by

IMix= par lar + Prz Inz + 2 (Par Prz |ar In2)*cosp, (1)
where par, pn2 are the partial pressures of the respective species and 14, In2 their respective
intensities. Perfoming experiments with the pure gases at the partial pressures and with the gas
mixtures allows for the determination of the relative phase between the Ar and N, harmonic from
harmonic intensities.
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Figure 1 @) shows the measured harmonic intensities for pure Ar (solid grey), pure N, (solid
black) and the 1:1 mixture (dashed grey). From the intensities, we deduce the relative phase
plotted as the circles in Fig. 1b). The sign of the phase is not determined since it’s the argument
of the even cos function in Eq. 1. Since we expect a phase jump at the 35" harmonic for Ar, we
plot the phase negative for higher harmonics. The phase jump for Ar is expected at the minimum
of the spectrum, lying at harmonic 35. The N2 minimum lies at harmonic 25. Since the expected
positions of the phase jumps are well separated, we decompose the relative phase in Ar and N
contributions. We fit the relative phase by a sum of two atan functions, one for Ar (dashed grey)
and a second for N (dashed black). The sum is given as the solid black line and fits the relative
phase well. The magnitude of the Ar phase jump at the 35™ harmonic is 7 in agreement with the
expectations from the literature, it reflects a sign change of the transition dipole. The phase jump
of N around the 25™ harmonic is 0.4 r, which does not agree with the prediction for asimple H,
molecule [5]. However, the actual molecular axis distribution needs to be taken into account in
the model, which can pissibly reduce the theoretical phase shift.

b) High harmonic generation from multiple orbitals

Tomographic imaging of molecules using high harmonic generation has attracted wide interest
since its inception [6]. The high temporal and spatial resolution of the method may enable
ultrafast movies of molecular orbital dynamics; however to date, only stationary highest occupied
molecular orbital (HOMO) states have been imaged. Observing electron dynamics would require
the participation of multiple stationary states in HHG. We find first direct experimental evidence
for the participation of more deeply bound electronsin the HHG process.

We excite a rotational wave packet leading to field free alignment as above under a). The
evolving molecular ensemble of N, takes a prolate shape after 4.1 ps and an oblate shape after 4.3
ps (see top of Fig. 2a). The generation laser pulse is polarized orthogonally to the generation
polarization, denoted on top of Fig. 2a). For the lower harmonics from 15-25, the harmonic
intensity is weak at 4.1 ps, when most of the molecules are standing parallel to the generation
polarization. At 4.3 ps, when some molecules of the oblate ensemble are standing parallel to the
generation polarization, the signal is strengthened. We analyze the signal with the help of the
orbital shape. Figure 2b) shows the orbital shape of the HOMO and HOMO-1 with respect to the
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internuclear axis. The first step of HHG, namely the tunnelling ionization, is sensitive on the
parts of the wave function being far away from the nuclei [7]. The HOMO extends far out from
the nuclei in the direction parallel to the internuclear axis and will therefore ionize easily if the
field is polarized in that direction. Recombination to the HOMO gives rise to a large dipole since
the expectation value of d=er can vary all along the long axis of the HOMO. This explains the
signal enhancement at 4.3 ps, when some of the molecules are standing parallel to the generation
laser polarization. If the electric field of the generation laser is polarized perpendicular to the
molecular axis, the HOMO givesrise to areduced signal because of reduced tunnelling ionization
and recombination in the squeezed direction of the orbital. We thus associate the features at
harmonics 15-25 to HHG from the HOMO.

For harmonics 25 and greater a peak grows out of the minimum at 4.1 ps and the revival
character seen in the lower harmonics begins to vanish with increasing harmonic order. This
transformation is most pronounced in the cut off at harmonic 39 where the reviva structure is
inverted compared to harmonic 15, resulting in a peak at 4.1 ps for perpendicular HHG laser
polarization and molecular alignment and a slight minimum at 4.3 ps for molecules aligned in the
oblate shape. The peak is indicative of HHG from the HOMO-1 since both ionization and
recombination are stronger for the molecular ensemble oriented 90° to the HHG laser polarization
than for the HOMO. The HOMO-1 extends much further out than the HOMO in the direction
perpendicular to the internuclear axis. The revival structures in harmonics 25-35 show attributes
of both HOMO and HOMO-1 harmonic generation where the HOMO contribution is strongest
for the low harmonics and the contribution from the HOMO-1 becomes prominent in the high
harmonics.
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Future Plans
M. Gihr and P. H. Bucksbaum

a) Chemical imaging

Electron dynamics involves several coherently coupled electronic states. As shown above, we
can now monitor several electronic orbitals of a molecule and thus have access to electronic
dynamics with a high temporal resolution due to the sub-cycle timescale of HHG and a high
gpatial resolution determined by the shortest de Broglie wavelength of the recolliding electron
wave packet.

We plan to use this ability to look at coherently coupled orbitals where the coupling is either
introduced during HHG or by a different laser pulse that is advanced in time. Of specia
importance in this context are so called conical intersections (Cl) [8]. The conical intersections
are crucia for biological processes such as light harvesting, primary visual processes and UV
stabilization of DNA and for chemical processes in the earth’s atmosphere. A wave packet
excited by an ultrafast laser pulse explores the potential landscape of the excited state and reaches
the conical intersection, where it can change its electronic state very quickly. We want to monitor
this multiple state electronic dynamics using high harmonic generation on the photoexcited
molecul es.

Apart from this, we also want to utilize our knowledge of molecular HHG and our expertisein
measuring the harmonic phase for attosecond pulse shaping. The interferences between returning
electron wave and molecular electronic states shape the amplitude and phase of the harmonics,
which in case of afew cycle laser pulses unite to one attosecond pulse.
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PULSE Task E.3.b: Laser Control of Molecular Alignment and Bond Strength
Philip H. Bucksbaum and Ryan N. Coffee
Sanford PULSE Center, Sanford Linear Accelerator Center, Menlo Park, CA 94025

Scope:

This project investigates coherent processes in atoms and molecules that are of value as
either LCL S experiments or ultrafast x-ray diagnostics. One of our immediate goalsisto
obtain and study ro-vibrational control in small moleculesin preparation for one of the
first experimentsin the AMO hutch of the LCLS. ThisLCLS experiment will focus on
the laser induced alignment of molecular gases at densities conducive to x-ray absorption
and scattering. To enhance this effort, we are currently in collaboration with LBNL and
CEA Saclay to investigate angle resolved soft x-ray absorption and photo-electron
spectroscopy. Inthe VUV regime, we are pursuing selective nonlinear absorbers as a
possible means for LCL S beam conditioning. We are currently collaborating with the
PUL SE E2a project to use the HHG source as a probe of ultrafast resonant EIT. Also, in
collaboration with project E2a, we are pursuing the natural molecular alignment produced
in apoled polymer environment. We have performed preliminary x-ray scattering
experiments and plan to use the scheme for studying chemical dynamics viatime-
resolved x-ray scattering at the LCLS.

Recent Progress:

Molecular Alignment
Doug Broege. James Cryan, Ryan N. Coffee, and Phil H. Bucksbaum

We investigated impulsive laser alignment of molecular iodine at a density of ~10™
molecules/cm® and a temperature of 120 C using a 1.5 mJ 40 fs 800 nm laser system [1].
In this experiment, we split the 1.5mJ beam into two arms. One arm is sent through a
250mm BBO crystal and produces ~20uJ of 400nm light. A polarizer ensures that this
beam is horizontally polarized. The other arm serves as the laser alignment pulse. The
alignment arm is polarization rotated to 45 degrees to the horizontal. Thisinducesa
transient birefringencein the gascell. We observe this transient birefringence by
measuring the amount of 400 nm light exiting the cell with vertical polarization. In
Figure 1 we show the half- and full-revivalsfor iodine. The oscillatory signal isdueto
the strong effect of centrifugal distortion that exists for such athermally hot ensemble of
rotors.

Figure 1Transient birefringence 12
following impulsive excitation with 800
nm, 40 fs pulses. Data are represented by
gray circles and the semi-classical
simulation is represented by the solid line.
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We have aso begun a program to produce and detect impulsive molecular alignment
along the direction of laser propagation. We have constructed an interferometric
technique that is capable of detecting molecular alignment in a gas cell that does not
produce a birefringence signal. Thistechniqueisrun in parallel to the previously
developed birefringence technique of Ref. [1] and alows us to measure and distinguish
molecular alignment along any of the lab-fixed directions with only one, co-propagating,
probe beam. This experiment is nearing completion. Upon final development of this
technique, it will be used to produce laser aligned molecules at the LCLS where the
alignment axis can be switched in real time from X to Y to Z for scattering experiments.

We have recently purchased and installed a 3.5 mJ 35fs laser amplifier inthe E2b lab in
building 130 at SLAC. inthislab we are currently constructing a pulse stacking scheme
that will be used for improved molecular alignment by atrain of off resonant pulses. We
are working to develop a 16 pulse analog of Ref [4] for usein a proposed LCLS
experiment that aims to measure the angular distribution for photo-electrons by
measuring many PE events per shot for |ab-fixed molecules (see below).

XFEL Cleaningwith EIT
Mike Glownia, Markus Guehr, Hamed Merdji, Ryan N. Coffee and Phil H. Bucksbaum

Monochromator

60.45 eV
(39th harmonic)

x-ray focussing

High Harmonics

650 nm

A40fs He cell

electron
multiplier
tube

Figure 2 Use of the E2a HHG beam, monochromatized, for EIT in He.
We are currently pursuing electromagnetically induced transparency (EIT) in atomic He.
We will conduct a proof of principle experiment using an existing high harmonic light
source of sub-task E2ato evaluate the scalability to high intensity and hard x-ray sources
such the LCLS. A new multi-pass amplifier is currently under construction in the E2alab
in Varian Physics. Upon completion of the multi-pass we will construct a high power
visible NOPA to pump the EIT system on resonance. We will then investigate the effects
of driving the transparency with strong resonant fields, with strong fields detuned from
resonance, and with driving fields that have a shorter duration than the probe pulse. This
last test isin the spirit of cleaning the LCL S pulses that span many tens of femtoseconds
with a~10fsEIT field gasin acell.

I3 in polymer matrix —joint with E2a,.
Limor Spector, Ryan Coffee, Markus Guehr, David Reis (University of Michigan), Phil
Bucksbaum

In this study, we will combine ultrafast x-ray measurements with femtosecond pump-
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probe spectroscopy of 15° embedded in a polymer matrix. The tri-iodide moleculeisa
prototypical reactive system for photoinduced fragmentation. 13 is particularly interesting
because its gas and condensed phase photofragmentation differ dramatically. This makes
the system well-suited for a study of the effects of the environment in photochemistry.
For the case of x-ray diffraction, I3~ has several advantages. Low frequency motions are
well-suited to the anticipated x-ray pulse durations. A large number of electronsin the
iodine atomic core enhances the x-ray scattering signal and provides a high contrast
between the chromophore and the surrounding polymer matrix. Finally, this system
provides an opportunity for a high density of isolated and aligned chromophores, in
which alignment is achieved ssmply by stretching the polymer.

In arecent run on the SPEAR3 Beamline 11.3 WAXS instrument, we investigated both
liquid and polymer solutions of the I3” anion in preparation for hard x-ray scattering of
polymer based aligned molecular systems.

Figure 3 Typical WAXSimage of |3” doped to
333mM concentration in a stretched PVDF

polymer.

Future Prospects:

Angle Resolved photo-electron Spectroscopy of Aligned Molecules

Hamed Merdji, Ryan N. Coffee, and Phil H. Bucksbaum

We are working in collaboration with the group of Hamed Merdji from Saclay and Ali
Belkacem from (LBNL) to perform angle resolved photo-electron spectroscopy to image
the electron orbitals of ssmple molecules. This experiment will serve as a preliminary
experiment for the angle resolved photo-electron spectroscopy experiment we are
currently proposing for the initial phase of the LCLS.

An LCLSProposal

Ryan Coffee, John Bozek, Linda Young, Robin Santra, Christian Buth, Seve Southworth,
Nora Berrah, Lou DiMauro, Ali Belkacem, Marcus Hertein, Hamed Merdji, Markus
guehr, Janos Hajdu, and Phil Bucksbaum

The goal of this proposal isto develop laser alignment techniques for molecular gas-

phase experiments at LCLS. The ability to spatially align target molecules provides
benefits for x-ray-based techniques such as (a) measurement of photoel ectron angular
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distributions with respect to the molecular frame and (b) electronically elastic x-ray
diffraction. The advantage of laser alignment in both cases liesin the suppression of
rotational averaging. While (b) is sensitive to molecular geometry, (a) is sensitive to the
molecular electronic structure as well its configuration.

LCLSisthefirst x-ray source that will allow one to exploit impulsive alignment for gas-
phase x-ray applications. Transient alignment persists for atime that is prohibitively short
for the x-ray pulses available at third-generation synchrotron sources . In order to take x-
ray snapshots of transiently aligned molecules, a pulse duration of 1 psor shorter is
required. Currently, the only synchrotron-based sources that provide such short pulses
exploit laser dlicing. However, gas-phase exPeri ments using slicing sources are generally
photon-starved. At LCLS, we will have ~10™ photons per pulse at a repetition rate of
120 Hz, making it feasible to measure photoel ectron angular distributions for transiently
aligned molecules.

Wave-packet interferometry
James Cryan, Ryan N. Coffee and Phil H. Bucksbaum

An amplitude shaped visible spectrum NOPA is currently under construction in the E2b
lab in building 130 at SLAC. This NOPA will be used to perform molecular wave-packet
interferometry (WPI) in systems where de-coherence or dissociation prohibit the more
traditional WPI technique of Ref. [5] by using pulses separated in frequency rather than
time. It has been shown that WPI can be used to completely reconstruct both the
amplitude and the phase of amolecular vibrational wave-packet. This new scheme
would allow the reconstruction of dissociating wave-packets or those with fast
decoherence. Although theinitial experiment will use white light absorption as a probe
to prove the principle, the ultimate goal is to use the hard x-ray end station of the LCLS
as aprobe.
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Structural Dynamicsin Chemical Systems
Stanford Synchrotron Radiation Laboratory
Stanford Linear Accelerator Center

Principal | nvestigator
Kelly J. Gaffney, PULSE Institute, Photon Science, SLAC,
Stanford University, Menlo Park, CA 94025
Telephone: (650) 926-2382
Fax: (650) 926-4100
Email: kgaffney@s ac.stanford.edu

I. Program Scope: The research funded by this grant will focus on understanding the
fundamental structural and dynamical properties that influence light harvesting efficiency and
solar energy conversion in photo-catalysis. A natural connection exists between ultrafast
experimental techniques with sub-picosecond resolution and photochemical reactivity because the
initial events in molecular light harvesting invariably occur on the ultrafast time scale. Acquiring
a better understanding of the fundamental events that shape photochemical reaction mechanisms
will assist in the acquisition of affordable and renewable energy sources.

Developing and utilizing ultrafast x-ray pulses for the study of chemical dynamics represents
a core objective of this research program. Our efforts had focused on the Sub-Picosecond Pulse
Source (SPPS), a linear accelerator derived femtosecond hard x-ray source at SLAC. With the
decommissioning of the SPPS, our efforts turn to preparing for the arrival of the Linac Coherent
Light Source (LCLS), an x-ray free electron laser being built at SLAC. These ultrafast x-ray
studies will be complemented by ultrafast vibrational and electronic spectroscopic studies of
electron transfer dynamics, as well as ground state x-ray absorption and emission studies of
electronic structure. These combined efforts will address fundamental questions regarding the
interplay of electronic and molecular structure and dynamics in electron transfer complexes.

The current research being conducting in my research group extends beyond the areas
currently funded from DOE to the PULSE Institute. These efforts have been supported by non-
DOE funding sources, and primarily have paid for postdoctora and graduate student salaries.
These additional funds have supplemented and utilized equipment purchased with DOE funding,
and rely of SLAC infrastructure supported by DOE. I11.A. in the Scientific Progress Section,
represents the primary DOE supported activity in my research group.

1. Infrastructure development: The past year has seen significant development of the
infrastructure necessary for conducting experimental studies of chemical dynamics at the
Stanford Synchrotron Radiation Laboratory (SSRL) and the Stanford Linear Accelerator Center
(SLAC). SLAC completed the laboratory space and building infrastructure for an ultrafast
chemical dynamics laboratory in March 2007. During the past 18 months we have established
two independent experiments based on a single Ti:sapphire regeneratively amplified femtosecond
laser. One experiment uses tuneable UV/visible light to excite chemical dynamics, and probe
these dynamics with white light. The other experiment is designed for multidimensional
vibrational correlation spectroscopy, and for probing photochemical dynamics with vibrational
spectroscopy. The first experimental set-up has just begun collecting preliminary data as the final
stage of commissioning, while the vibrational spectroscopy experimental set-up is fully
commissioned and we are currently writing our first paper on data collected with this system.

I11. Scientific Progress. The successful achievement of the scientific objectives of the * Structural
Dynamics in Chemical Systems grant requires the development of experimental techniques and
tools applicable to a wide range of ultrafast x-ray science. The LCLS will produce intense
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femtosecond x-ray pulses with afirst harmonic upper energy range up to 8 keV, anarrow spectral
width of ~20 eV FWHM, and limited frequency tuning capability in the beginning. All of these
attributes make x-ray emission spectroscopy (XES), x-ray absorption near edge spectroscopy
(XANES), and resonant inelastic x-ray scattering (RIXS) the preferred spectroscopic techniques
for the LCLS. These techniques are ideally suited to studying electron transfer in organometallic
compounds because they provide easily interpretable information about the oxidation state, spin
multiplicity, and the local coordination of the metal centersin these complexes.

[11.A. X-ray spectroscopy studies of electron dynamics in organometallic chemistry: A key
component of our research will be utilizing x-ray spectroscopy to probe the charge, spin, and
covalency dynamics in photoexcited organometallic complexes. Organometallic structures
catalyze a wide range of chemical reactions, most prominently in metallo-enzymes, but the time
evolution of the electronic structure during photochemical reactions cannot be robustly
determined with standard UV /visible spectroscopy. We have decided to emphasize manganese
and iron based complexes given their prominence and diversity in metallo-enzymatic systems, as
well as the compatibility of their x-ray absorption K-edges with the energy range of the LCLS.

This project has been focusing on two key developments. Firstly, the construction of an
ultrafast laser system for probing photochemical dynamics with time resolved electronic and
vibrational spectroscopy. As discussed in the Infrastructure Development section, we are
finalizing the commissioning of the UV /visible pump-probe set-up with our first test experiment,
and we have already begun collecting data with our ultrafast vibrational spectroscopy set-up.
Secondly, developing the ability to perform and interpret x-ray emission and resonant inelastic x-
ray scattering (RIXS) experiments. We have made significant progressin this area as well, having
submitted our first x-ray spectroscopy manuscript in 2008.

Our initial RIXS studies have investigated RbMnFe(CN)e, a model photoelectron transfer
system for developing time resolved XES spectroscopy. RbMnFe(CN)s undergoes a thermal
phase transition from the Mn®*(S=5/2)-NC-Fe**(S=1/2) cubic high temperature (HT) phase to the
Mn**(S=2)-NC-Fe**(S=0) tetragonal low temperature (LT) phase caused by the electron transfer
between Mn to Fe and a Jahn-Teller distortion around the Mn*" ion. The high temperature phase
can also be transiently photo-excited to the high temperature phase well below the phase
transition temperature. This photo-induced phase transition has been attributed to a metal-to-
metal photoelectron transfer from Fe** to Mn**. We have chosen a solid state photoinduced phase
transition sytem, rather than a solution phase chemical system, to investigate initially because it
will optimize the concentration of excited states and consequently the transient changes in the
XES spectrum. At the LCLS, where the laser coincident x-ray flux greatly exceeded that
achievable at current synchrotrons, solution phase studies will be possible and we will be able to
observe the time evolution of the spin multiplicity of photon induced spin crossover complexes.

We have completed our steady state XES and RIXS measurements of the high and low
temperature phases in RbMnFe(CN)e. This detailed characterization of the electronic structure in
this compound paves the way for our studies of the photo-induced phase transition. to study the
thermal phase transition, and will be initiating optical transient absorption measurements
following the construction of our laser laboratory. The equilibrium and photoexcited phases have
distinct spectra in the visible and the mid-IR, making these promising measurements that will
effectively complement the time resolved x-ray studies. By combining a variety of time resolved
techniques and methods, including time resolved powder diffraction, we have the potential to
track structural and electronic degrees of freedom, making it possible to investigate their
interdependence.

I11.B. Vibrational spectroscopy studies of dynamics in ionic solutions: Aqueous ionic solutions
lubricate the chemical machinery of natural and biological systems and electrical energy storage
devices currently rely on organic solvents with high concentrations of dissolved salts. We utilize
time resolved vibrational spectroscopy to study the dynamics on these ionic solutions.
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We initiated our investigations with aqueous sodium perchlorate solutions. In these studies
we have utilized multidimensiona vibrational correlation spectroscopy (MVCYS) to study the
exchange between water-water hydrogen bonds and water-ion hydrogen bonds. Aqueous
perchlorate solutions have a hydroxyl stretch absorption spectrum that has a peak that originates
from hydroxy! groups that donate a hydrogen bond to a perchlorate ion and a peak that originates
from hydroxyl groups that donate a hydrogen bond to another water molecule. With MV CS we
can characterize the dynamics of each of these sub-ensembles separately, as well as determine
how quickly these sub-ensembles interconvert. These studies have demonstrated that water
molecules equilibrate within there local hydrogen bond structure before exchanging hydrogen
bond environments. We have established a collaboration with Micheal Odelius of Stocklholm
University to conduct ab initio molecular dynamics simulations of the system aqueous sodium
perchlorate. We are currently writing a manuscript describing our first results in this system.

I11.C. Carrier dynamics in photovoltaic materials: We have also initiated studies of carrier
dynamics in photovoltaic systems. We have initiated collaborations with Professors Mike
McGehee and Yi Cui at Stanford University to study carrier dynamics in organic and nano-
structured inorganic semiconductors. Our initial studies have focused on determining the
magnitude of the carrier multiplication that occurs in low band gap nanocrystalline materials
when excited with UV light. If more than one exciton can be generated from a single UV photon
this has significant potential to enhance the efficiency of photovoltaic devices. Klimov and
Nozik have both reported high efficiencies, but these claims have been highly controversial. Our
first goal has been to investigate the magnitude of the carrier multiplication by probing excitons
with the excited state absorption in the mid-IR. This parallels work performed by Nozik, but we
will be spectrally resolving the mid-IR signal. We believe this to be a critical aspect to the
measurement, because prior investigations have shown that the mid-IR absorption depends upon
the number of excitons present in a single nanocrystal. Our longer term goal is to investigate and
understand the exciton-exciton interactions that lead to carrier multiplication and how these
interactions depend upon the size and shape of the nano-structured semiconductor.

In addition to optical laser based probes of carrier dynamics in photovoltaics, we are
using ultrafast soft x-ray spectroscopy to study excited state dynamics in photovoltaic materials.
These studies will use the laser dicing source at the Advanced Light Source (ALS). We have
conducted initial experiments on laser generated carriers in Cu,O, where we photo-excited the
sample with 400 nm pulses from a femtosecond laser source synchronized to the ALS storage
ring and then probed the changes in the x-ray absorption at both the Cu Lz-edge and the O K-
edge. Ultrafast core hole spectroscopy provides the opportunity to map the excited-state
electronic structure with atomic resolution. Performing time resolved measurements at absorption
edges for al the atomic species involved in the laser excited state represents a hovel approach to
characterizing excited state structure that we will be pursuing.

[11.D. Carrier induced crystal instabilities in semiconductor crystals: We have continued to
investigate the role of carrier induced vibrational softening as a mechanism for crystal disordering
and melting. This research project started at the SPPS, and we have conducted theoretical studies
to clarify how electronic excitation changes the potential energy surface in semiconductor
crystals. We have also initiated studies of carrier dynamics in photovoltaic systems. We have
initiated collaborations with Professors Mike McGehee and Yi Cui at Stanford University to
study carrier dynamics in organic and nano-structured inorganic semiconductors. Our initial
studies have focused on determining the magnitude of the carrier multiplication that occursin low
band gap nanocrystalline materials when excited with UV light. If more than one exciton can be
generated from a single UV photon this has significant potential to enhance the efficiency of
photovoltaic devices. Klimov and Nozik have both reported high efficiencies, but these claims
have been highly controversial. Our first goal has been to investigate the magnitude of the carrier
multiplication by probing excitons with the excited state absorption in the mid-IR. This parallels
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work performed by Nozik, but we will be spectrally resolving the mid-IR signal. We believe this
to be a critical aspect to the measurement, because prior investigations have shown that the mid-
IR absorption depends upon the number of excitons present in a single nanocrystal. Our longer
term goal is to investigate and understand the exciton-exciton interactions that lead to carrier
multiplication and how these interactions depend upon the size and shape of the nano-structured
semiconductor.
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