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Foreword

This volume summarizes the 2007 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 all 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 in
order to facilitate scientific interchange among the Pls and to promote a sense of program
identity.

The BES/AMOS program is vigorous and forward-looking, and enjoys strong support
within the Department of Energy. This is entirely due to our scientists, the outstanding
research they perform, and its relevance to DOE missions. While the FY2007
appropriation for DOE increased overall funding for science, hoped-for new initiatives
related to AMOS were not funded. We were challenged to meet our established
commitments to researchers. Nevertheless, because of the relevance of AMOS research,
BES continued to increase its strategic investments in the national laboratory ultrafast x-
ray efforts. We were pleased also to initiate two new grants under the auspices of the
DOE EPSCoR program.

We are deeply indebted to all of 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 or on-site reviews of our multi-PI programs. These thorough
and thoughtful reviews have been central to the continued vitality the AMOS Program.

We owe special thanks to Elliot Kanter for his invaluable help in managing the AMOS
program this year. We anticipate having a new AMOS program manager in place soon —
possibly by the time of this meeting! Michael looks forward to continued association with
the AMOS program as leader for the Fundamental Interactions team. Eric is now our
Division Director with responsibility for BES Chemical Sciences, including the AMOS
program.

Thanks also to the staff of the Oak Ridge Institute for Science and Education, in
particular Sophia Kitts, and Angie Lester, and to the Airlie Conference Center for
assisting with the meeting. We thank our colleagues in the Chemical Sciences,
Biosciences, and Geosciences Division - Diane Marceau, Robin Felder, and Michaelena
Kyler-King - for indispensable behind-the-scenes efforts in support of the BES/AMOS
program.

Michael P. Casassa

Richard Hilderbrandt

Eric A. Rohlfing

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

Department of Energy
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AMO Physics at Argonne National Laboratory

R. W. Dunford, E. P. Kanter, B. Krissig, 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

Our central goal is to establish a quantitative understanding of x-ray interactions with free
atoms and molecules. During the past year we have found that qualitatively new
phenomena are accessible using strong optical fields derived from ultrafast lasers to
control x-ray processes in isolated atoms and molecules. We have explored the intensity
regime between 10'2-10"° W/cm® where the atomic and molecular response to a non-
resonant laser field evolves from perturbation of atomic energy levels to strong-field
ionization. At an intensity of 10'> W/cm” we have demonstrated control of x-ray
absorption by laser alignment of molecules. X-ray methods to detect aligned molecules
are very general — unlike the optical dissociation/ionization methods which are confined
to gas phase samples. At an intensity of 10> W/cm?, we have investigated the response of
two prototypical atoms, krypton and neon. In neon we have theoretically predicted the
phenomena of electromagnetically induced transparency (EIT) for x-rays. EIT provides
an economical route to create and shape x-ray pulses using ultrafast laser pulses and thus
may have considerable impact in ultrafast x-ray science. In both the aforementioned
situations, the effect of the laser is completely reversible. However, at an intensity of
10" W/ecm?, irreversible strong-field ionization of valence electrons occurs — enabling
measurements of x-ray absorption spectra of ions. Beyond simple spectroscopy, we have
this year used x-ray dichroism to deduce quantum state distributions of the residual ion
and thus gain insight into the strong-field ionization process. We have also used the x-
ray microprobe methodology to monitor collective response in the laser-produced
plasma as a function of density and electron temperature. 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 2008/9 pushes this merger to an extreme as the exploration of nonlinear and
strong-field phenomena in the hard x-ray regime becomes accessible for the first time. In
preparation, we are investigating phenomena such as multiphoton hollow atom
production and assisting in the design of first experiments. Finally, we are strongly
engaged in the Short Pulse X-ray Project to produce tunable, polarized 1-ps hard x-ray
pulses at Argonne’s Advanced Photon Source. Recent progress and future plans are
described below.

Resonant x-ray absorption by laser-aligned molecules
S.H. Southworth, E.R. Peterson, C. Buth, D.A. Arms', R.W. Dunford, C. Héhr,
E. P. Kanter, B. Krissig, E.C. Landahl', S.T. Pratt, R. Santra, 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 spectroscopic probe of molecular alignment.

This year, we used tunable, polarized, microfocused x-ray pulses at Argonne's
Advanced Photon Source to probe laser-aligned CF;Br. The alignment was observed
using the Br 1s — o* x-ray absorption resonance at 13.476 keV. Since the absorption
dipole moment is parallel to the C—Br axis, the absorption probability is sensitive to the
angle between the molecular figure axis and the linear polarization vector of the x rays.
CF;Br was chosen because the x-ray beamline works well at the Br K edge, the pre-edge
resonance is strong, and a rotationally-cooled molecular beam could be produced by
expansion of a 5%-CF;B1/95%-He mixture through a pinhole nozzle. The molecules
were aligned by 2 mJ, 95 ps, 1 kHz pulses from a 800-nm Ti:sapphire laser. A lens
focused the laser pulses to 40 um FWHM within the molecular beam at a spatially-
averaged peak intensity of ~9 x 10" W/cm®. A half-wave plate controlled the angle
between the linear polarization vectors of the laser and x rays. Narrow band (~0.7 eV
FWHM), 150 ps, 272 kHz x-ray pulses tuned to the o* resonance were focused to ~10
um FWHM within the laser focal volume. Relative x-ray absorption rates were measured
by recording 11.9-keV Br Ko x-rays with Si drift detectors positioned perpendicular to
the beams. For timing control, the laser oscillator and Pockels' cell trigger are referenced
to the storage ring's RF system. The fluorescent x rays were tagged "laser on" or "laser
off" with timing gates.

An essential component of this project is the concurrent theoretical prediction of
the laser alignment and x-ray probe observables for specific pulse parameters and
molecular rotational temperature. A quantitative theoretical description of laser-
controlled molecular x-ray absorption experiments was developed and applied to these
experiments. Theory and experiment were compared for the cross correlation between
laser and x-ray pulses, dependence of the x-ray absorption probability on the angle
between the laser and x-ray polarization vectors, and dependence of the alignment on
laser intensity. These comparisons led us to conclude that the rotational temperature of
our molecules was ~20 K. Consequently, the observable effects were modest (~20%
variations) and the calculated (cos’0) ~ 0.40-0.45. However, the calculations also predict
that much more dramatic effects would be observed for rotational temperatures ~5 K and
below. The calculations further show that, for our temperature regime, the alignment
process can be described as essentially adiabatic, even though the 95 ps pulse duration is
smaller than the 235 ps ground state rotational period.

A computer program was written (Buth and Santra) to calculate the rotational
wave-packet dynamics of linear and symmetric-top molecules in a pulsed laser field.
Input parameters such as the components of the polarizability tensor were calculated
using the coupled-cluster method (CCSD) as implemented in the ab initio quantum
chemistry package DALTON. Right below the bromine K-edge, the x-ray absorption
spectrum of the CF;Br molecule displays a strong absorption feature associated with a
transition from Br 1s to a molecular ¢° orbital (A; symmetry in Cs,). Because the
excitation of a bromine K-shell electron probes only the immediate vicinity of the Br
nucleus, it is primarily the Br 4p, AO component of the ¢ orbital that contributes to the



absorption cross section. (Here, the C-Br axis has been referred to as the z axis of the
molecule-fixed frame.) Hence, for symmetry reasons, in the molecular frame two of the
three components of the transition dipole vector vanish. In order to determine how the x-
ray absorption anisotropy that is measured in the experiment is related to the degree of
alignment of the molecular figure axis, we transformed the x-ray polarization vector from
the laboratory frame to the instantaneous molecular frame. Currently, a central
application of our theory is the extraction of the initial rotational temperature of the
molecules from the laser-dependent x-ray absorption data. Our focus so far has been on
relatively long laser and x-ray pulses. The upcoming 1-ps source at the APS will make it
possible to study molecular alignment in the impulsive case, where the molecular frame
does not adiabatically follow the temporal evolution of the aligning laser pulse. Using
the code we have developed, it is planned to theoretically investigate x-ray absorption of
impulsively aligned molecules using 1-ps x-ray pulses. A natural extension of this work
will be the description of x-ray diffraction from laser-aligned molecules, another class of
experiments that may be carried out at the APS. Here, one can use standard angular
momentum algebra to transform the diffraction pattern from the molecular frame to the
laboratory frame. The treatment of the rotational dynamics remains unchanged, of
course.

In related experiments, the Ti:sapphire laser alone was used both to align and
probe CF;Br. A fraction of the pulse energy was compressed to 50 fs to strong-field
ionize and dissociate the aligned molecules. The ion fragments were projected onto a
position-sensitive detector, and the alignment was observed from the angular patterns of
energetic Br' fragments. Since the strong-field laser ionization and fragmentation
process is not well known in this case, the data analysis is more complicated than for the
relatively simple x-ray probe experiments.

A near-term goal of future work is to attain lower rotational temperatures of the
target molecules in order to observe stronger alignment and probe signatures. A major
effort is underway at the APS to produce x-ray pulse durations of one or a few ps using
RF deflection cavities on the stored electron bunches. Short x-ray pulses will enable use
of more flexible laser-alignment parameters and, more generally, of coherent control
techniques. We are also planning to develop x-ray diffraction probes of aligned
molecules for direct determination of molecular geometries.

X-ray absorption by laser-dressed atoms
R. Santra, C. Buth, A. Belkacem’, R.W. Dunford, D.L. Ederer®, T.E. Glover’,
P. Heimann’, E.P. Kanter, B. Krissig, R.W. Schoenlein®, S. H. Southworth, L. Young

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?) [4]. 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. We use the
Hartree-Fock-Slater approximation to describe the atomic many-body problem in



conjunction with a non-relativistic quantum-electrodynamic approach to treat the photon-
electron interaction. The continuum wave functions of ejected electrons are treated with
a complex absorbing potential that is derived from smooth exterior complex scaling. The
interaction with the laser is treated non-perturbatively by numerical diagonalization of the
complex symmetric matrix representation of the x-ray-free part of the Hamiltonian. The
coupling to the x-rays is treated perturbatively. We have used the theory to study the x-
ray photoabsorption cross section of krypton atoms near the K edge [4]. A noticeable
modification of the cross section is found in the presence of the optical laser. It may be
possible to study this effect at the APS.

When we applied our theory of x-ray absorption by laser-dressed atoms to neon [1],
we discovered that the dressing effect on the near-K-edge spectrum is much more
pronounced than in the case of Kr. A reason for this is that the lifetime of a K-shell hole
in Ne is longer by a factor of ten in comparison to Kr. The amazing result of our ab initio
studies is that we see a strong signature of electromagnetically induced transparency
(EIT) in laser-dressed neon gas. This is the first example of EIT in the x-ray domain.
We would like to mention that the EIT effect enabled researchers to slow light down to
the speed of a bicycle. In the optical domain, where the decay widths are relatively
small, one can use relatively weak lasers to induce EIT. Here, however, the minimum
laser intensity required to observe EIT is of the order of 10'> W/cm?, requiring short-
pulse lasers. Since the binding energy of the Rydberg states populated via x-ray
absorption is only of the order of 1 eV, the laser-electron interaction is highly
nonperturbative. Our theory is suitable for describing this challenging situation, shown in
Fig. 1. As discussed in Ref. [1], this work will open new opportunities for research with
ultrafast x-ray sources. In particular, EIT can be used to produce ultrashort x-ray pulses
using existing synchrotron radiation facilities. The disadvantage is that such pulses are
not easily tunable. The research published in Ref. [1] is the subject of media coverage by
AIP Physics News Update, PhysOrg.Com, and Argonne News. By exploiting EIT in Ne,
tailored x-ray pulses near 870 eV can be produced, as shown in Fig. 2. We plan to use
our code to study EIT near the K edge of argon. We hope to demonstrate that efficient x-
ray pulse shaping near 3.2 keV is possible.
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We plan to experimentally 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 in neon. Overlap with an 800 nm dressing beam at an
intensity of 10" W/cm? is predicted to produce a dramatic change in the ls—3p
absorption cross section. An apparatus to detect the near K-edge absorption spectrum of
laser-dressed neon, via both absorption and fluorescence signatures, was commissioned
during a run in February 2007. Another beamtime is scheduled for October 2007.

X-ray spectroscopy of optical-field-ionized atoms
R.W. Dunford, C. Buth, E. P. Kanter, B. Krissig, R. Santra,
S. H. Southworth, L. Young

The strong electric fields produced by focused pulses of ultrafast optical lasers interact
with atoms nonperturbatively and remove an outer-shell electron by multi-photon or
tunnel ionization. Strong-field laser-atom interactions underlie current efforts to push
high-harmonic generation into the soft x-ray regime and to generate and utilize
attosecond light pulses. Theoretical models of laser ionization and high-harmonic
generation are usually tested by comparison with measurements of ion charge-state
yields, photoelectron spectra, or high-harmonic radiation. We have developed a
spectroscopic probe of atoms and molecules in intense laser fields that uses tunable,
polarized, microfocused x-ray pulses to record the associated x-ray absorption spectra
[16]. Going beyond our initial observation that spin-orbit coupling was required to
explain the ion alignment, this year we have developed methods to deduce the full
quantum state distribution resulting from the strong-field ionization process using
resonant polarized spectroscopic probes [2, 8]

Reference [16] by Argonne’s AMOP group inspired Prof. Leone in Berkeley to
perform a similar experiment [2]. Drs. Buth and Santra performed the theoretical
analysis of the data. In the Berkeley experiment, it was demonstrated that high-order
harmonic absorption spectroscopy allows one to resolve the complete | j,m) quantum state
distribution of Xe" generated via optical strong-field ionization of Xe atoms. The laser-
produced extreme ultraviolet (EUV) radiation probes the transition from the 4d core level
to the 5p valence level of the Xe" photoion. The extracted population distribution pjm| is
P32.12: P21z P332 =T715+6:13 £ 6: 12 = 3 %, where the quantization axis is parallel
to the polarization vector of the pump beam. A tunnel ionization calculation with the
inclusion of spin-orbit coupling yields 83 : 14 : 3 % for the above ratio. Good agreement
between experiment and theory for the ps.12: pi2.12 ratio highlights the importance of
including spin-orbit coupling in tunnel ionization calculations. On the other hand, the
measured P3232 : P32.12 ratio is ~ 4 times larger than the theoretical value and suggests
the onset of nonadiabatic behavior in the strong-field ionization.

In our previous work on x-ray absorption spectroscopy of krypton ions produced in
a strong optical field [16], we observed that when x-ray and laser polarizations are
parallel, the resonant absorption associated with the 1s — 4p transition is stronger by a
factor of two than in the case when the two polarization vectors are perpendicular. We
were able to explain [19] that the primary reason why the ratio between the two cases is
not nearly as large as expected in conventional strong-field ionization theories is the



impact of spin-orbit interaction in the cation. However, it was originally not attempted to
use the experimental data to determine the pjm quantum-state distribution of the Kr ions.
Inspired by the successful extraction of the p;m populations of laser-generated Xe ions
(see above), it was realized that a similar procedure could be applied to the krypton data.
The situation is more challenging because of the large decay width of the K-shell excited
states observed in the Kr experiment carried out at the Advanced Photon Source.
Therefore, more care is needed to separate the individual fine-structure components of
the 1s — 4p transition. New experimental data with a higher resolution x-ray
monochromator (AE/E ~ 0.5 x 107) were combined with newly formulated theoretical
tools to extract the pjm populations [8]. Using the accurate reduced matrix elements
calculated previously by Don Beck’s group, we determined the experimental pjm|
quantum-state distribution and compared them with theory [8]. Theory and experiment
agree that the majority of Kr'ions produced are in the j = 3/2 state. Theory predicts a
noticeable degree of alignment in this state: psn.32/p3n:12 = 0.056. As in the Berkeley
experiment, the observed ratio ps.32/p3:1/2 is larger than the theoretical ratio. This may
be an indication of a partial failure of the adiabatic picture. It turns out that in the Kr
experiment at the APS, the sensitivity to the spatial anisotropy of the laser-produced ion
is higher by an order of magnitude than in the Berkeley experiment on Xe.

Our adiabatic strong-field ionization theory reproduces the observed pjm with
reasonable, though definitely not perfect accuracy [2,8]. In order to identify the origin of
the remaining discrepancies, we plan to incorporate spin-orbit effects in Floquet theory.
Within the tunneling picture, it is assumed that the atomic electrons follow the time
evolution of the laser electric field instantaneously; an equivalent assumption is that the
laser field oscillates extremely slowly. This assumption of adiabaticity works best in the
infrared. But at optical wavelengths, it may not be sufficiently accurate. Nonadiabatic
effects, caused by the fact that a photon carries a finite amount of energy, are most
efficiently taken into account using Floquet theory, which may be derived from quantum
electrodynamics in the strong-field limit [4]. The Floquet code we have written [1, 4] is
based on nonrelativistic quantum mechanics. We anticipate that combining Floquet
theory with spin-orbit coupling theory, quantitative agreement of our strong-field
ionization calculations with the experiments mentioned above can be obtained.

In Refs. [2, 19], 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. This makes a full time-dependent quantum treatment
necessary. All shortcomings of the adiabatic approximation can be avoided in this way.
(The Floquet theory mentioned in the previous paragraph will not allow us to identify
effects that are due to finite pulse duration.) Therefore, we plan to extend the d-SAE
method developed in Refs. [15, 23] by including spin-orbit interaction. We will derive
the equations of motion and implement 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. 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 our 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 attosecond 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.

Nonlinear x-ray processes using a self-amplified spontaneous emission free-electron
laser
R. Santra and N. Rohringer

Radiation pulses from free-electron lasers based on the principle of self-amplified
spontaneous emission are chaotic. In general, this renders studies of multiphoton physics
challenging. This project originally focused mainly on the question of pulse
characterization. However, as we made progress, we realized that we have interesting
things to say about the specific nature of x-ray nonlinear optics [7]. We applied a
perturbative quantum electrodynamics approach to study nonlinear optical processes in
the x-ray regime and their dependence on the generalized coherence properties of the
radiation field. We focused on the parameter regime that is relevant for upcoming atomic
physics experiments at short-wavelength free-electron lasers such as the LCLS. In
contrast to the long-wavelength regime, x-ray nonlinear optical processes are
characterized in general by sequential single-photon single-electron interactions. In
principle, despite this fact, probabilities for these multiphoton processes involve higher-
order correlation functions of the radiation field. We demonstrated that double-core-hole
formation via x-ray two-photon absorption is enhanced by chaotic photon statistics.
Numerical calculations using rate equations illustrated the impact of field chaoticity on x-
ray nonlinear ionization of helium and neon for photon energies near 1 keV. In the case
of neon, processes were discussed that involve up to seven photons. Assuming an x-ray
coherence time of 2.6 fs, double-core-hole formation in neon was found to be statistically
enhanced by about 30% at an x-ray intensity of 10'® W/cm®. It also became clear during
the course of this investigation that for processes that did not require photon absorption to
take place within the lifetime of an inner-shell vacancy, the detailed x-ray pulse
properties are irrelevant, as long as one averages over a number of shots. This means that
for most experiments using LCLS, there is no need for a detailed shot-by-shot
characterization of the x-ray pulses. So far we concentrated on the p-A interaction
operator. This is the only one that matters in the optical domain. However, at short
wavelengths, this is only approximately true. The A* operator must be expected to
contribute to above-threshold ionization in the x-ray regime. We plan to look into this in
the near future.



Dynamics in laser-generated plasmas
E. P. Kanter, R. W. Dunford, D. L. Ederer’, C. Hohr, B. Kriassig, E. C. Landahl’ ,
E. R. Peterson, 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.
The densities are fairly high (~10'*/cm?®), while the laser-ionized electrons are fairly hot
(~Up = 12 eV). The Debye length is large (~2um) compared to the interparticle spacing
(~0.1pm) and the plasmas are weakly coupled (I'~0.6). As a result of these
considerations, a fraction of the hot electrons leave the volume explored by our x-ray
microprobe comparatively rapidly (typically 10-20 ns) leaving behind the colder positive
ions which then expand due to their mutual Coulomb repulsion.

In the past year, we have completed a comprehensive set of measurements
investigating the spatial- and time-dependence of the ion distributions for various
densities. This work was carried out with both circular and linearly polarized light. This
allows us to explore the dependence of the expansion on the electron velocity distribution
resulting from the initial strong-field ionization (see Fig.3). The figure shows spatial
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polarized strong-field ionization.



that code to improve the accuracy and permit the application of external fields.
Simulations have previously been carried out with a highly specialized computer code
that follows the trajectories of 10,000 particles (Kr', Kr'', and ¢’) using 4th-order Runge-
Kutta numerical integration of the equations of motion with adaptive step control based
on conservation of energy. The initial conditions were given by a Stark-ionization
calculation using Herman-Skillman wavefunctions, a complex absorbing potential and
numerical integration of rate equations. Using effective masses and charges scaled to
give the Coulomb energy and particle accelerations corresponding to the actual
experimental Kr density, we were able to deduce final kinetic energies as well as the
time-dependent spatial densities of both charge states from the simulated results. While
highly successful at computing those quantities, those computations provided only a
crude approximation and cannot be used for simulating collisional processes at higher
densities. We have now developed a new method that overcomes those shortcomings. It
is based on computing the motion in the transverse plane assuming each of the source
points to be represented by a finite line of charge. This method allows us to work at the
proper density in a thin slab and thus will permit generalizations such as external fields
and ion-electron collisions. By parallelizing the force computation, the most cpu-
intensive part of the calculation, we plan on porting this work to Argonne’s 350-node
Jazz computing cluster. Such a development would allow the generalizations discussed
above.

Picosecond x rays at Argonne’s Advanced Photon Source
B. Krissig, R.W. Dunford, E.P. Kanter, S.H. Southworth, L. Young,
Photosynthesis Group, FOCUS, APS staff

Development of a broadly tunable, polarized 1-ps x-ray source at the Sector 7 undulator
beamline has been undertaken by the Advanced Photon Source and many collaborators.
This complex project has been named the Short Pulse X ray Project (SPX). The APS
storage ring has a nominal bunchlength of 100 ps, but rf deflection methods proposed by
Zholents et al. to tilt the electron bunch can produce much shorter x-ray pulses when
viewed through a slit. The projected output is 1-ps x-ray pulses, tunable between 6-20
keV, with 10° photons/pulse in a 1% bandwidth operating at 1 kHz. While the projected
pulse length is longer than the LCLS and the photon number smaller, the easy tunability
makes this source complementary and useful for tracking many processes with
picosecond and picometer resolution. The SPX project has three main tasks: 1) additions
to the storage ring structure, 2) optimization of the x-ray optics beamline and 3)
development of experimental capabilities. The AMO group has been participating
actively in the latter two tasks. The APS accelerator group has modeled extensively the
electron trajectories in the storage ring and devised designs for the rf deflection cavities.
It is anticipated that installation of the rf cavities will be completed in September 2008.
The AMOP group is spearheading an effort to improve flux 100x, using pink beam, to
permit studies of non-periodic samples, i.e. isolated molecules in gas or solution phase.



Theory of x-ray diffraction from single molecules at x-ray FELs
R. Santra

Creating an x-ray diffraction pattern from a single molecule using a single x-ray pulse
implies that more than one photon must be scattered during the collision of the x-ray
pulse with the molecule. This means that the usual description of x-ray diffraction in
terms of one-photon scattering, which is valid for experiments with existing x-ray
sources, is insufficient for the proposed single-(bio)molecule imaging experiments
planned at x-ray FELs. Standard x-ray scattering theory, which among other things
assumes a static electron distribution during the elastic collision of the molecule with the
x-ray photon, is not suited to describing this new situation. Our plan is to extend the
theory developed in Ref. [7] in connection with pure x-ray absorption to the problem of
combined x-ray absorption and scattering. This should be relatively straightforward,
because at photon energies high above all inner-shell thresholds, x-ray scattering is
mediated exclusively by individual single-point vertices with respect to the 4° operator.
Finally, using density-matrix techniques [7], we plan to explore the impact of the
longitudinal incoherence (chaoticity) of LCLS on nonlinear x-ray diffraction. The
information obtained will be important for future x-ray diffraction experiments using
free-electron lasers.

' Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439
*Tulane University
*Lawrence Berkeley National Laboratory, Berkeley, CA 94720
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OVERVIEW 2007

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 severa outside collaborations at other facilities and with other groups (ALS, ALLS,
University of Colorado, Columbia University, Weizmann Institute). Most of the work is
associated with one or more of the following themes:

1) Attosecond physics (Chang, Cocke, Lin, Ben-ltzhak, Litvinyuk): 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 for diagnosis of 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.

2) Timeresolved dynamics of heavy-particle motion in neutral molecules (Cocke,
Esry, Litvinyuk, Lin, Thumm): We continue to develop methods for following the evolution of
heavy particle motion in simple moleculesin real time, following excitation by short laser pul ses.
We have identified rotational wave packet revivalsin molecular H, and D, and have investigated
the time dependent isomerization of acetylene to vinylidene. We have identified a new resonant
mechanism for dissociative ionization of Hy(*) and Dx(*) over a range of photon wavelengths.
We have explored a number of new theoretical approaches to the analysis of the dynamics of
these few-body systems.

3) Control (Chang, Cocke, DePaola, Esry, Lin, Litvinyuk, Thumm): Methods for
controlling the motion of heavy particle motion in small molecules continue to be devel oped.
Theoretically, the ability to control the dissociation of molecules (H,", D,") into different final
channels has been investigated by the application of pulse pairs and CEP control has been
explored. The extraction of potential surfaces from experimental measurements of kinetic energy
release versus pump-probe time delay has been demonstrated. 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 KLS, which present a broad
range of frequencies whose relative phases are known, are being used to explore mechanisms for
the latter process.

4) Studies involving simultaneous use of laser and accelerator s (Ben-1tzhak, Carnes,
Chang, Cocke, DePaola, Esry): lonization and dissociation of H,", D2", N," and O," 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. Development of short
ion pulses from our Tandem accelerator continues.

5) Photons from the KLS interacting with solids and clusters (Richard, Thumm):

Electron dynamics in photo-ionization and excitation of nanotubes continues. An external
collaboration in this area with Columbia University has been established. Theoretical
investigation of neutralization of negative ions near surfaces has been carried out.

Details of the above projects are provided in the individual contributions of the above-
named PIs.
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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.

. 1
Below we give a couple of examples of our recent work .

Enhanced high-order above-threshold dissociation of a H," beam in 7 fs laser pulses, J.
McKenna, A.M. Sayler, F. Anis, B. Gaire, Nora G. Johnson, E. Parke, H. Mashiko, C.M.
Nakamura, E. Moon, Z. Chang, K.D. Carnes, B.D. Esry, 1. Ben-Itzhak

This work is the direct result of close collaboration between theory and experiment. The
control of transitions in crossings between dressed states was investigated experimentally and
theoretically. As a consequence, a new mechanism of molecular dissociation was uncovered,
above threshold dissociation of the n=2 manifold, and high-order ATD was enhanced.

Extensive laser-molecule interrogation of the hydrogen molecular ion [1] continues to unveil
new surprises, helping to generate a more complete view of molecular dynamics. Most recently
this has been evidenced by new structure in the kinetic energy release (KER) spectra of this
molecule following intense-field ionization [2,Pub. #10].

Our recent molecular-ion beam work, using coincidence 3D momentum imaging [Pub
#5,11], was focused on the fragmentation of H,", HD", and D, induced by intense few-cycle (7
fs) 790 nm laser pulses. Pulses of this duration open the exciting prospect of dynamically
studying sub-vibrational period (< 14 fs) processes. In particular, we set our goal to enhance
high-order (> 3-photon) above-threshold dissociation (ATD) by closing the routes to lower
photon-number channels. This is conceptually demonstrated in Fig. 1(left), where the 3-photon
ATD leads to either a higher KER if the dissociating wave packet stays on the 2pc,-3® curve or
a lower KER if a transition to the 1sc,-2m dressed state occurs at the next crossing. If the laser
intensity falls fast enough between the moment ATD was initiated and the time the wave packet
passes through the next crossing, then the transition probability to the 1sc,-2m state will be
significantly reduced, i.e. this channel will be closed. The successful control of the latter
transition will manifest itself as an enhancement of high-KER dissociation. It is important to note
that in most measurements only net 2-photon ATD (i.e. 1sc,-2m final state) is observed, thus
indicating how impressive the first observation of ATD [3] was.

Numerical solution of the full-dimensional Schrodinger equation (including vibration,
rotation, and electronic excitation — see Esry’s abstract for details) shows that high-order ATD
from the lowest H(n=1) manifold yields high-KER dissociation as expected from the simple
argument above. In addition, however, the calculations show that ATD from the excited H(n=2)
manifold can be equally important. These exciting findings are indeed evidenced in our
experimental results, shown in Fig. 1(right). Note that the slower dissociating D, yields higher
KER than H," indicating a more efficient channel closing. This assertion is supported by our
calculations that predict less excitation to the #n=2 manifold for the more massive D, In
contrast, most of the high KER observed for H," is due to ATD from the n=2 excited states.

'Some of our studies are done in collaboration with Z. Chang’s group, C.W. Fehrenbach, and others.
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Figure 1. Left: The diabatic Floquet potentials for H,". Besides the molecular quantum numbers, each
curve carries a photon number label. Right: (a) and (b) computed KER-cos@ distributions for 2x10" and
1x10'* W/em?, respectively. (c) and (d) measured KER-cos# distributions for H," at 2x10" and 2.5x10"
W/em?, respectively. () and (f) measured KER-cosé distributions for D," at the same intensities.
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Intense short pulse laser-induced ionization and dissociation of O," and N," beams — 4. M.
Sayler, P.Q. Wang, B. Gaire, Nora G. Johnson, E. Parke, K.D. Carnes, B.D. Esry, 1. Ben-Itzhak

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

The laser induced dissociation and ionization of multi-electron molecular ions yields a
structure-rich KER and angular spectrum [1,Pub. #16], as shown in Fig. 2(left). However, the
interpretation of these spectra is much more complex than for H," due to the plethora of potential
energy curves available (i.e. possible electronic states). Recently, we have presented a method to
identify the dissociation pathways of O," in 45 fs laser pulses [Pub. #13]. The method takes
advantage of the shape of the measured KER distribution of each feature in the KER-cosfd
spectra (e.g. channels a and B in Fig. 2), the angular distribution — separating parallel and
perpendicular transitions, the intensity slices — helping identify the number of photons involved,
as well as all the knowledge we have gained from our H," studies. For example, channel f that
dominates the lower intensities measured has an angular distribution matching well the decay of
the metastable a *TI, state [4] through the pathway a'll, » f 4Hg o — Yyt - 2, as shown in
Fig. 2(right). The two consequent parallel and perpendicular transitions (i.e. AA=0,1) can be
viewed as a “double bond softening” dissociation mechanism.

At present we are studying the dissociation and ionization of N, and O, by 7 fs intense laser
pulses (up to ~10"> W/em?). The N, molecular-ion beam, produced in an electron impact ion
source, is a unique system to study as its initial state is mostly in the lowest vibrational levels
(mostly v=0 and 1). Thus, in contrast to other molecular-ion beams, contributions from a broad
range of vibrational states are eliminated. Furthermore, since the v=0 state of N,  is deeply
bound by an energy of more than 5 photons, all breakup channels are in the many-photon regime,
and dissociation and ionization rates are comparable. We observed several intriguing features,
including low (~1eV) and unusually high (~8eV) kinetic energy release (KER) many-photon
dissociation of N,". This is in contrast to our O,  data, which displays significantly different
dynamics as it is initially in a wide vibrational distribution of both the doublet ground state and
lowest-lying quartet state [4]. Similarly, the ionization of N, shows a high-KER distribution
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about 7 eV above the more common distribution centered around 8 eV. The latter is the only
peak in our O," data.

We have also measured the angular distributions of O," and N," ionization. The angular
distributions for the respective neutral molecules are significantly different from each other,
reflecting the difference between the “electron clouds™” [5]. Our data is consistent with previous
findings indicating that the assumptions about electron rescattering in the previous study, which
are not needed in our case, were valid. Furthermore, our data indicates that post-ionization
rotation is important as suggested by Tong et al. [6].
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Figure 2. Left: KER-cosf distributions for O,", where 6 is the angle between the molecular axis and the
laser polarization. The four panels represent the distributions for different intensity slices obtained using
the intensity difference spectrum method [Pub. #3], where [;=1.3x10'"> W/cm®. Right: cos@ distributions
for the channel labeled £ in the KER-cosf distribution. This is a particularly interesting dissociation
channel as the angular distribution is not aligned along the laser polarization.

In addition to the projects described in some detail above, we have studied a few other
molecular-ion beams with our short-pulse laser and extended our studies to include few-cycle
pulses. Furthermore, we have conducted a few ion-molecule collision experiments [see, for
example, Pub. #9,14]. In parallel, we are upgrading our molecular dissociation imaging setup for
upcoming studies of collisions of a few keV molecular ion beams with atomic targets.

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 attempt to measure the predicted effects of the carrier envelop phase (CEP) on HD"
laser induced dissociation [7]. Further improvements are required to bring this project to
completion. Progress has been made on the understanding of the dissociation and ionization of
more complex diatomic molecules, such as O, and N,", and we will continue our efforts in this
direction. Finally, we hope to finish the upgrade of our new experimental setup, which will
enable kinematically complete studies of dissociative capture at keV energies.

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

2. A. Staudte et al., Phys. Rev. Lett. 98, 073003 (2007).

3. P.H. Bucksbaum, A. Zavriyev, H.G. Muller, and D.W. Schumacher, Phys. Rev. Lett. 64, 1883 (1990);
A. Zavriyev, P.H. Bucksbaum, H.G. Muller, and D.W. Schumacher, Phys. Rev. A 42, 5500 (1990).

4. A. Tabche-Fouhaille, et al., Chem. Phys. 17, 81 (1976).

5. A.S. Alnaser, Phys. Rev. Lett. 93, 113003 (2004).

6. X. M. Tong et al., J. Phys. B 38, 333 (2005).

7. V. Roudnev, B.D. Esry, and 1. Ben-Itzhak, Phys. Rev. Lett. 93, 163601 (2004).

16



Publications of DOE sponsored research in the last 3 years:

16.

15.

14.

13.

12.

11.

10.

“Molecular ion beams interrogated with ultrashort intense laser pulses”, 1. Ben-Itzhak, Progress in
Ultrafast Intense Laser Science, edited by Kaoru Yamanouchi and Andreas Becker (Springer Book
Series Chemical Physics 2007) (accepted) (2007).

“Picosecond Ion pulses from an EN tandem created by a femtosecond Ti:sapphire laser”, K.D. Carnes,
C.L. Cocke, Z. Chang, 1. Ben-Itzhak, H.V. Needham, and A. Rankin, Nucl. Instrum. Methods B 261,
106 (2007).

“Systematic study of charge state and energy dependence of TI to SC ratios for F?" ions incident on
He”, R. Unal, P. Richard, I. Ben-Itzhak, C.L. Cocke, M.J. Singh, H. Tawara, and N. Woody, Phys.
Rev. A 76, 012710 (2007).

“Determining laser-induced dissociation pathways of multi-electron diatomic molecules: application
to the dissociation of O," by high intensity ultrashort pulses”, A.M. Sayler, P.Q. Wang, K.D. Carnes,
B.D. Esry, and 1. Ben-Itzhak, Phys. Rev. A 75, 063420 (2007).

“Determining the absolute efficiency of a delay line microchannel-plate detector using molecular
dissociation”, B. Gaire, A.M. Sayler, P.Q. Wang, Nora G. Johnson, M. Leonard, E. Parke, K.D.
Carnes, and 1. Ben-Itzhak, Rev. Sci. Instrum. 78, 024503 (2007).

“Dissociation of H," in intense femtosecond laser fields studied by coincidence three-dimensional
momentum imaging”, P.Q. Wang, A.M. Sayler, K.D. Carnes, J.F. Xia, M.A. Smith, B.D. Esry, and I.
Ben-Itzhak, Phys. Rev. A 74, 043411 (2006).

“Above threshold Coulomb explosion of molecules in intense laser pulses”, B.D. Esry, A.M. Sayler,
P.Q. Wang, K.D. Carnes, and 1. Ben-Itzhak, Phys. Rev. Lett. 97, 013003 (2006).

. “Preference for breaking the O-H bond over the O-D bond following HDO ionization by fast ions”,

A.M. Sayler, M. Leonard, K.D. Carnes, R. Cabrera-Trujillo, B.D. Esry, and 1. Ben-Itzhak, J. Phys. B
39, 1701 (2006).

. “Measurement of alignment dependence in single ionization of hydrogen molecules by fast protons”,

Nora G. Johnson, R.N. Mello, Michael E. Lundy, J. Kapplinger, Eli Parke, K.D. Carnes, 1. Ben-
Itzhak, and E. Wells, Phys. Rev. A 72, 052711 (2005).

. “One- and two-electron processes in collisions between hydrogen molecules and slow highly charged

ions”, E. Wells, K.D. Carnes, H. Tawara R. Ali, E.Y. Sidky, C. Illescas, and I. Ben-Itzhak, Nucl.
Instrum. and Methods B 241, 101 (2005).

. “Proton-carbon monoxide collisions from 10 keV to 14 MeV”, 1. Ben-Itzhak, E. Wells, Vidhya

Krishnamurthi, K.D. Carnes, N.G. Johnson, H.D. Baxter, D. Moore, K.M. Bloom, B.M. Barnes, and
H. Tawara, Phys. Rev. A 72, 022726 (2005).

. “Dissociation and ionization of H," by ultrashort intense laser pulses probed by coincidence 3D

momentum imaging”, 1. Ben-Itzhak, P.Q. Wang, J.F. Xia, A.M. Sayler, M.A. Smith, K.D. Carnes,
and B.D. Esry, Phys. Rev. Lett. 95, 073002 (2005).

. “Highlighting the angular dependence of bond softening and bond hardening of H," in an ultrashort

intense laser pulse”, P.Q. Wang, A.M. Sayler, K.D. Carnes, J.F. Xia, M.A. Smith, B.D. Esry and I.
Ben-Itzhak, J. Phys. B 38, L251 (2005). Chosen to appear in the J. Phys. B. Highlights of 2005
http://herald.iop.org/jphysb-highlights2005/m51/crk/164563/link/211.

. “Intensity-selective differential spectrum: Application to laser-induced dissociation of H,™, P.Q.

Wang, A.M. Sayler, K.D. Carnes, B.D. Esry, and 1. Ben-Itzhak, Opt. Lett. 30, 664 (2005).

. “Dissociation and ionization of molecular ions by ultra-short intense laser pulses probed by

coincidence 3D momentum imaging”, I. Ben-Itzhak, P.Q. Wang, J.F. Xia, A.M. Sayler, M.A. Smith,
K.D. Carnes, and B.D. Esry, Nucl. Instrum. and Methods B 233, 56 (2005).

. “Bond rearrangement caused by sudden single and multiple ionization of water molecules”, 1. Ben-

Itzhak, A.M. Sayler, M. Leonard, J.W. Maseberg, D. Hathiramani, E. Wells, M.A. Smith, J.F. Xia,
P.Q. Wang, K.D. Carnes, and B.D. Esry, Nucl. Instrum. and Methods B 233, 284 (2005).

17


http://herald.iop.org/jphysb-highlights2005/m51/crk/164563/link/211

Controlling attosecond pulse spectra with carrier-envelope phase

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

The goals of this aspect of the JRML program are (1) to study new gating methods for generating
attosecond pulses with higher photon flux, (2) to develop carrier-envelope phase stabilization
and control technologies for few-cycle, high power lasers and (3) to apply ultrafast x-ray streak
camera in x-ray laser and picoseconds ion beam studies.

1. Double optical gating: a new attosecond switch. H. Mashiko, S. Gilbertson, C. Li, E. Moon.
S. Khan, M. Shakya, and Zenghu Chang. Previously we generated XUV supercontinua by
polarization gating of high harmonic generation (HHG) process. Recently we proposed and
demonstrated a new gating method called double optical gating for generating single isolated
attosecond pulses. The polarization gating pulse can be considered to be a combination of two
orthogonally polarized fields, where one serves as a driving field while the other acts as a gating
field. When a linearly polarized second harmonic field is added to the driving field, the time
interval between adjacent attosecond pulses becomes one full optical cycle of the fundamental
wave. To allow one attosecond pulse emission, the width of the polarization gating should be
close to one full cycle of the driving field, which is two times what is required by the
conventional polarization gating. Consequently, the delay between the two circular pulses can be
reduced by a factor of two. Since the ratio between the field strengths inside and outside of the
polarization gate depends strongly on the delay, adding the second harmonic field allows the
effective polarization gating to occur with lower field amplitude in the leading edge, which
reduces the ground state population depletion. Hence the higher laser intensity or longer lasers
pulses can be used. Our simulation shows that for lasers between 5 fs and 10 fs, the single
attosecond pulses generated by the double optical gating is always stronger than that from the
conventional polarization gating, due to the reduced depletion of the ground state population,
weak plasma induced beam defocusing and less phase mismatch. Techniquely, 10fs laser pulses
are much easier to generate, propagate and manipulate than the 5 fs pulses used in the past for
polarization gating. The double optical gating can be applied to gases with larger ionization
potential to generate isolated attosecond pulses with durations approaching one atomic unit.

2. Development of Carrier-envelope phase control technology on Kansas Light Source

2.1 Carrier-envelope phase stabilized 5.6 fs, 1.2 mJ pulses, H. Mashiko, C. M. Nakamura, C.
Li, E. Moon, H. Wang, J. Tackett, and Zenghu Chang. To obtain attosecond pulses from high
harmonic generation (HHG), a driving laser with duration close to one laser cycle is desirable.
To reduce the pulses to few-cycle duration, additional spectral broadening is achieved via self-
phase modulation using a hollow waveguide filled with a noble gas. The field strengths of few-
cycle pulses depend strongly on the carrier-envelope (CE) phase. Therefore, the CE phase is a
critical parameter for strong-field interactions with atoms and molecules such as HHG, and
therefore for attosecond pulse generation as well. For increasing attosecond pulse photon flux
and reducing the attosecond pulse duration, the energy of the CE phase stabilized few-cycle
pulse should be as high as possible. Previously, the energy of CE phase stabilized few-cycle
pulses was limited to ~0.5 mJ. The major limitation is posed by the energy of the seeding pulses
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to the hollow-core fiber, which were produced from a CPA system that uses a glass block and
prism pairs to stretch and compress pulses in a single stage multi-pass amplifier. We generated
1.2 mJ pulses with duration of 5.6 fs from a neon filled hollow-core fiber seeded with carrier-
envelope phase stabilized 2.2 mJ, 25 fs pulses. The high energy seed pulse was generated by a
grating-based CPA system (Kansas Light Sourec) whose CE phase was stabilized by stabilizing
the carrier-envelope frequency and by controlling the separation of the gratings in the stretcher
[1-5]. The pulse shape and phase are shown in Fig. 1, which were measured by a Frequency
Resolved Optical Gating apparatus. The carrier-envelope phase after the fiber was measured by a
second, out-loop f-to-2f interferometer. With seed pulse power locked, the carrier-envelope
phase of the two-cycle pulses is controlled to a standard deviation of 370 mrad, as shown in Fig.
2. The peak power of the carrier-envelope phase stabilized pulses, 0.2 TW, is twice that
previously generated. The grating based CPA system should be able to produce CE phase
locked pulses with much higher energy than demonstrated here (2.2 mJ), thus it is anticipated
that the energy of the CE phase stabilized few-cycle pulses be scaled to even higher values.
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2.2 Determining phase-energy coupling coefficient in carrier-envelope phase
measurements, C. Li, E. Moon, H. Wang, H. Mashiko, C. M. Nakamura, J. Tackett, and Zenghu
Chang. For f-to-2f interferometers based on white-light generation in sapphire plates, the
accuracy of the carrier-envelope phase measurement and stabilization is affected by the laser
energy fluctuation. We demonstrated a new method to determine the value of the coupling
coefficient between the carrier-envelop phase and the laser energy. In our experiments, the
coefficent is determined by modulating the pulse energy in the in-loop f-to-2f interferometer
while measuring the carrier-envelope phase variation with an out-loop interferometer. When the
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total spectral phase measured by the in-loop interferometer is locked, a 1% laser energy
changes causes a 160 mrad shift in carrier-envelope phase of the output pulses [7].

Our measured value C.. =160mrad /1% of energy change is two times of that previous

value measured using linear interferometers. This new value should be more accurate because
the measurements took into account the effects of more factors.  This result is important for the
measurement and stabilization of the carrier envelope phases of high power laser pulses. It was
discovered that group delay between the f pulse and the 2f pulses changes significantly with laser
energy but its effects on CE phase measurement is canceled out by other energy dependent phase
terms. This finding is useful for understanding filament formation in solid materials.

2.3. Power locking for improving carrier-envelope phase stability, H. Wang, C. Li, J. Tackett,
H. Mashiko, C. M. Nakamura, E. Moon and Zenghu Chang. Recently the rapid development of
the ultrafast laser has drawn a lot of at-tention in various areas because of its ultrashort pulse
duration, high peak intensity, and broad spectrum properties. One important parameter to
evaluate the laser performance is the average power stability between pulses, which is important
not only in the nonlinear laser-atom interaction, but also in femtosecond laser micro/nano
machining. We have shown that the effect of power fluctuation on carrier-envelope (CE) phase
stability is the major error in CE phase control and measurement.

Typical diode pumped kilohertz femtosecond laser systems is 1.5% RMS. The long term energy
drift is also close to this value. Previously, a stabilization scheme making use of a
photoconductive switch to drive Pockels cell discharge was introduced. Although the energy
fluctuation was suppressed from 7% to 0.64%, 50% of the total energy was lost during the
stabilization process. Moreover, since the added Pockels cell is located after the amplifier, the
high power pulses may cause nonlinear effects or even damage the device. We demonstrated a
method to improve the laser power stability of multi-pass amplifiers by using the Pockels cell
located before the amplification. It is easier to produce shorter pulses from multipass amplifiers
because the dispersion and gain narrowing effect is much less as compared to that of the
regenerative amplifiers.

We developed a feedback scheme that minimizes the energy fluctuation of the high power
femtosecond pulses from a 1 kHz laser amplifier. The pulse energy variation in the frequency
bandwidth 0-500 Hz is obtained by a photodiode and a low pass filter. The measured signal is
fed to a proportional-integral-derivative controller that changes the amplitude of the high voltage
pulses applied on a Pockels cell. The variation of average power was reduced from 1.33% RMS
to 0.28% RMS, which improved the carrier—envelop phase stability from 500 mrad to 200 mrad
measured by two f-to-2f interferometers. This new power locking scheme has been demonstrated
in many strong field atomic physics experiments using the Kansas Light Source.

3. Femtosecond x-ray streak camera application. We will continue the collaboration with
Prof. J. Rocca at Colorado State University. The x-ray streak camera is an idea too for studying
the dynamics of the x-ray laser [8]. Progress is also made on applying the camera to the pico-
pulse project, i.e., accelerating the ultrashort ion pulses producing by intense laser pulses in a
tandem accelerator [9]. We will work closely with other JRM groups on dynamic studies using
the Kansas Light Source laser facility [10, 11].
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Structure and Dynamics of Atoms, lons, Molecules and Surfaces:
Atomic Physicswith lon Beams, L asers and Synchrotron Radiation

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

We continue to explore the ionization of atoms, ions and small molecules by intense laser
pulses. During the past year we have concentrated on electron emission from aligned
molecules, on devel oping X-ray-pump/IR probe experiments, on developing short reliable CEP
stabilized pulses for use in COLTRIMS experiments and on exploring to what extent laser
induced electron scattering can be analyzed in terms of free- el ectron-ion scattering. We have
also pursued collaborative experiments on related topics at the ALS and the Univ. of Colorado.

Recent progress:

1) Electron emission from aligned molecules, C. M. Maharjan, D. Ray, P. Ranitovic, B.
Gramkow, |. Bocharova, M. Magrakevildze, B. Ulrich, I. V. Litvinyuk, and C. L. Cocke. The
emission of electrons from a neutral molecule by short intense laser pulses is known to have
angular structure which isinfluenced by the laser polarization and resonant structure of high
lying states of the molecule. During the past year we have been investigating to what extent the
angular distribution can also influenced by the structure of the outermost orbital of the
molecule from which the electron is being removed. We have previously reported evidence
that the structure of this orbital isrevealed in multistep processes involving rescattering
excitation of the molecule followed by dissociation. The latter process provided a posteriori
alignment of the molecule. The more direct approach we use here requires that the molecule be
aligned prior to ionization. We have done this for oxygen using rotational revivals. A weak
linearly polarized pump pulseis used to launch a rotational wave packet of the molecule
without ionizing it. The molecule isthen ionized by a strong probe pulse at a chosen later time
during the rotational revival structure. We use momentum imaging techniques to record the full
energy and angular structure of the electrons emitted by the probe as afunction of the delay
time between pump and probe. The images display the following features: a) The influence of
the alignment of the molecule on the raw imagesis very small. (b) However, when the images
are normalized to those obtained from unaligned molecules, a clear alignment influence on the
emissions patterns is observed; (c) This alignment structure in the case of oxygen can be
associated with the my structure of the most loosely bound orbital of this molecule. A sample
spectrum is shown in figure 1.

Figure 1.: Electron momentum spectrum from aligned
oxygen. The graph shows the ratio between aligned and
non-aligned oxygen, where the aignment isin the
vertical direction and the ionizing pulseis directed out

of the page. The momentum scale is 4 a.u. across on each
side of the figure. The “cloverlike” shape is evidence of
the my structure of the outermost orbital of the neutral
oxygen molecule.
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2) Pump-probe experimentsusing EUV-IR: P. Ranitovic, B. Gramkow, |. Bocharova, M.
Magrakevildze 1. V. Litvinyuk, and C. L. Cocke. A long-range goal of ultrafast science, and
attoscience, is to be able to pump and probe atomic and molecular systems on an electronic
time scale. Such a process requires atime resolution in at least the tens-of-attoseconds region
and a corresponding band width of at least tens of eV. Asabeginning in this direction, we have
been developing a system to allow us to pump atomic and molecular targets with attosecond
pulse trains and pulses, generated using the 800 nm IR beam from the JRML KLS, and to
probe them using the IR beam itself. A time resolution of approximately 6-8 fsis achieved
from the length of the pulse trains and the IR pulse. Shorter time scales can be addressed using
single attosecond pulses and the phase relationship between this pulse and the IR. Our origina
attempts to construct a COLTRIMS apparatus suitable for these experiments was successful
two years ago in producing photoel ectron spectra with EUV pulses up to 40 eV, but further
development showed that this apparatus was situated too far from the KL S to be sufficiently
stable for the pump-probe experiments. During the past year we have rebuilt and considerably
improved this apparatus, and expect to be doing experiments with it by the time this abstract
appears in the proceedings of this workshop. In the meantime we have pursued collaborative
experiments with the group of M. Murnane and H. Kapteyn at the University of Colorado, and
thefirst results on EUV/IR pump probe experiments on N, have been submitted for
publication. Seethelr abstract, and publication 5, for further details. A similar study of
oxygen in underway.

3) Development of reliable short CEP stabilized pulsesfor COLTRIM S experiments. D.
Ray, P. Ranitovic, C. M. Maharjan, B. Gramkow, |. Bocharova, M. Magrakevildze, I. V.
Litvinyuk, G. Paulus (Texas A&M Univ.) and C. L. Cocke. During the past year we have
worked to deliver to our COLTRIMS apparatus short (6 fs or less) CEP stabilized pulses
suitable for pump/probe experiments with CEP control. During the past two years we have
reported a number of experimental results on pump/probe manipulations of molecular breakup
in molecular hydrogen (deuterium), oxygen and nitrogen. The goal of the present work isto
allow us better control over the shape of both the pump and probe pulses in these experiments
and in particular to be able to remove the right-left asymmetry of the pulses using CEP
stabilized pulses. Although CEP stabilized pulses from the KL S are available, we have not yet
been able to achieve sufficiently stable phase locking and sufficiently short pulses to see left-
right asymmetry in COLTRIMS experiments. As part of this program, we have entered a
collaboration with Prof. G. Paulus of Texas A& M University, and have now in the laboratory a
“Paulus Phasemeter” which we use to analyze the length and phase of the pulse just prior to its
entering our COLTRIMS arrangement. We have been able to demonstrate phase |ocked pulses
in the phasemeter, but the pulse length has not yet been sufficiently short to allow strong CEP
effectsin the COLRTIMS system to be observed. We are continuing this collaboration in
severa directions to both improve the pul se characteristics and to extend the work to
polarization-gated pul ses.

4) Towhat extent can electron rescattering processesin short laser pulses be described as

free-electron-ion scattering? D. Ray, B. Ulrich, C. M. Maharjan, P. Ranitovic, B. Gramkow,
I. Bocharova, M. Magrakevildze, 1. V. Litvinyuk, G. Paulus(Texas A& M Univ.), C.D.Lin and

23



C. L. Cocke. The removal of an electron from an atom or molecule by a short laser pulseis
quickly followed by the re-visitation of the parent ion by that electron. Many processes,
including harmonic generation and non-sequential multiple ionization, take place through this
rescattering. Over the years many treatments of rescattering have been based on treating this
rescattering as a free-electron-ion scattering. C.D.Lin and collaborators have recently shown
that the angular distribution of the elastically back-scattered electrons in ashort laser pulse are
expected to quite accurately reflect the differential scattering cross sections for free electron
ion scattering (See contribution of C.D.Lin, section 1 and publication B1). They predict awell
defined backscattering “ring” in momentum space corresponding to electrons returning to the
target with a maximum return energy and then being re-boosted by the vector potentia at the
time of the rescattering. Thisring is predicted to be a quite visible feature in the momentum
images of the continuum electrons in the plateau region and to have an angular structure which
IS quite target-dependent, as would be predicted from backscattering of €lectrons from ions.
We have sought experimental evidence for this feature. We have recorded momentum-space
images of electrons rescattered from argon targets with both COLTRIM S and phasemeter (see
section 3 above) apparatuses. We observe clear ring structures. The structures are centered on
displaced centers as would be expected from the vector potential boost which they gain from
the field subsequent to the rescattering. However, the structures we observe appear to be
attributable not to the highest energy electron returns but to electrons emitted at other phases of
the cycle. A preliminary imageis shownin figure 2. Analysisof thisdatais still under way.

Figure 2. Momentum space image of
electrons from argon ionized by a » 25
2.2 x 10 14 w/cm2 30 fs 800 nm pulse.
The polarization vector is horizontal
and lies in the plane of the page.
Electrons with energies below 6.5 eV g T
are suppressed by aretarding grid. . & N
Electrons with momentum above
1 au. are dueto rescattering. The
data have been normalized so asto
emphasize higher energy electrons.
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5) Synchrotron radiation experiments, T. Osipov, P.Ranitovic, C.Marhajan, B.Ulrich, C.L.
Cocke (KQU), A. Landers (Auburn Univ.), R. Dorner, Th. Weber, L. Schmidt,A. Saudte, 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 the measurement of the
Auger/photoionization dynamics when neon isionized near the K shell threshold, on the
identification of localized K holes from K shell ionization of nitrogen using the continuum
photoel ectron angular distributions to adjust the parities of the hole states, on symmetry
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breaking in photodoubl e ionization of hydrogen molecules and on control of two dlit patternsin
single photon double photoionization of molecular hydrogen, using the momenta of the two
electrons to dissect the entangled final two-electron wave.

Future plans:
Projects 2-4 listed above are all in progress, and work will proceed on all three of these. We
will continue the collaboration in 5.

Publications 2006-2007:

1.” Attosecond Strobing of Two-Surface Population dynamicsin dissociating Hy",
A.Staudte, D.Pavicic, S.Chelkowski, D.Zeidler, M.Meckel, H.Niikura, M.Schoffler,
S.Schhossler, B.UIrigh, P.P.Rgjeev, Th.Weber, T.Jahnke, D.M.Villeneuve,
A.D.Bandrauk, C.L.Cocke, P.B.Corkum and R.Ddrner, Phys.Rev. Lett 98, 07003(2007).

2. “Single Photon-Induced Symmetry Breaking of H, Dissociation”, F.Martin,
J.Fernandez, T.Havemeier, L.Foucar, Th. Weber, K.Kreidi, M.Schoffler, L.Schmidt,
T.Jahnke, O.Jagutzki, A.Czasch, E.P.Benis, T.Osipov, A.L.Landers, A.Belkacem,
H.H.Prior, H.Schmidt-Bocking and C.L.Cocke and R.Ddrner, Science 315, 629 (2007).

3. “Wavelength dependence of momentum-space images of low-energy electrons
generated by short intense laser pulses at high intensities,” C. M. Maharjan, A. S.
Alnaser, I. Litvinyuk, P. Ranitovic, and C. L. Cocke, J. Phys. B: At. Mol. Opt. Phys. 39
1955 (2006).

4. “Momentum-imaging investigations of the dissociation of D," and the isomerization of
acetylene to vinylidene by intense short laser pulses,” A.S.Alnaser, |.Litvinyuk,
T.Osipov, B.Ulrich,A. Landers, E.WEells, C.M.Maharjan, P.Ranitovic, |.Bocharova,
D.Ray and C.L.Cocke, J. Phys. B: At. Moal. Opt. Phys. 39, S485(2006).

5. “Soft x-ray driven femtosecond molecular dynamics’, Etienne Gagnon, Predrag

Ranitovic, Xiao-Min Tong, C.L.Cocke, Margaret M. Murnane, Henry C. Kapteyn and
Arvinder S. Sandhu, Science (submitted, 2007).
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Photo-Association and Coherent Excitation of Cold Atoms

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

Program Scope

MOTRIMS, or magneto optical trap recoil ion momentum spectroscopy, combines the technology of
cold atom trapping with that of ultra-high resolution time of flight (TOF) spectroscopy. Originally
developed for the study of ion-atom or photon-atom collisions, MOTRIMS has more recently been
used as a probe of population dynamics in cold, trapped atomic samples. For example, we have
recently published results in which the population dynamics in a system undergoing the coherent
excitation scheme referred to as STIRAP are measured on the nanosecond time scale. Another
example of population dynamics is in a recent publication in which we use MOTRIMS to measure
the excited fraction in a MOT under a range of trapping parameter values.

In a more recent application, we use MOTRIMS as a diagnostic of cold collisions in the present
of optical radiation. In the following sections, we describe experiments which focus on the process
of photo-association followed by excitation, followed by autoionization. In these experiments, we
use light from quasi-cw and/or ultra-fast lasers to control the association and excitation.

Recent Progress 1: Photo-Association with Quasi-CW Lasers

Photo-association (PA) occurs when very slow atoms collide in the presence of an optical field
that is resonant with a transition to an excited molecular state. True PA then occurs if, after
this free-bound transition, the excited molecule decays to a bound electronic ground state. In
nearly all experimental and theoretical studies, efforts are focussed on enhancing decay to a bound
state of the molecule. In some cases, these studies attempt to improve decay rates to a low-lying
vibrational state in the electronic ground state of the molecule. In contrast, our work follows a
complementary track in which the first step in PA is followed by two color, two photon excitation to
an autoionizing state of the molecule. We then detect the molecular ions. This line of experiments
has some potential advantages over the usual studies that focus on the simpler PA process. First, it
gives us the opportunity to do high resolution spectroscopy on multiply excited molecular states at
internuclear separations that are otherwise inaccessible. More importantly, it adds to the number
of states through which we can coherently move populations in an effort to obtain a large Franck-
Condon overlap with a vibrationally cold electronic ground state. Thus, in principle one may
be able to “stall for time” through the use of longer lived excited molecular states, allowing the
internuclear separation to become small enough for efficient transfer of population to the desired
final state. We can track our progress in moving populations by using the autoionizing molecular
state as a sort of probe of the efficiency with which we move the populations.
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Using tunable CW lasers to study the process of photo-association and excitation has the advan-
tage that one has complete control over the frequencies, and therefore the levels through which the
population moves. This has been used with great advantage in photo-association spectroscopy [1]
on the manifold of molecular levels associated with the Rb(5s)-Rb(5p) system. In our experiments,
two external cavity diode lasers are used in the association, excitation, and ionization of the cold Rb
in our MOT. These lasers, as well as the optical radiation coming from them are referred to as L1
and L2, and have wavelengths of about 780 nm and 1529 nm, respectively. L1 was detuned 53 MHz
to the red of the 5sy /o,(F= 2)— 5p3/5(F' = 3) atomic transition while L2 was locked 53 MHz to the
blue of the 5p; /Q(F: 3)— 4ds /o atomic transition, with unresolved hyperfine structure in the 4d
state. Using acousto-optic modulators (AOMs), 50 ns pulses are extracted from both L1 and L2;
these are superimposed both spatially and temporally on a cloud of cold (~ 150pK) 8"Rb atoms in
the MOT.

In the process we are studying, before any spectroscopic studies can be meaningful, we must
first determine the excitation path. Thus, the major question is, by what mechanism(s) are the
Rby ions produced. We have proposed the excitation/ionization paths expressed by:

Rbo(551/2,5812) + hw1 — Rba(5s1/2,5p32)
Rby (5512, 5p3/2) + hwa  — Rba (5819, 4ds5/2)
Rb2<581/2, 4d5/2) -+ hLdl — Rbg(5p3/2, 4d5/2) — Rb;_ +e . (1)

Here, hwy and hws refer to photons from L1 and L2, respectively.

A photon from L1 first excites a state in the Rba(5s1/2,5p3/2) manifold of molecular states,
the same starting point seen in other PAI experiments [2]. A photon is then absorbed from L2,
exciting the molecule to a level in the Rba(5s; /9, 4d5/2) manifold. A second photon from L1 is then
absorbed, bringing the system to a level in the Rba(5p3 /25 4d5/5) molecular manifold. The atoms
move together along this bound potential curve until autoionization can occur at a curve crossing
with a Rb;r potential curve, leading to the final product.

From published molecular curve data [3], an L1 detuning of 53 MHz implies excitation of
Rba(5s1 /25 9D3 /2) at an internuclear separation of about 1000 atomic units. Note the order of
photon absorption is L1-L2-L1, rather than L1-L1-L2. We know that the latter route is not followed
because after a resonant (due to the 1/R? curvature of the 5s-5p levels) absorption of L1, another
L1 would be ~ 106 MHz red of resonance with the 5p-5p manifold, while an L2 would be on
resonance with the 5s-4d manifold. Experimentally, we have seen that with the L2 pulse delayed
with respect to the L1 pulse, the ionization rate is significantly reduced. If, however, L1 and L2 are
pulsed simultaneously, and some time later L1 is pulsed again, we see significant ionization from
the second L1 pulse.

Recent Progress 2: Photo-Association with an Ultra-Fast Laser

The major disadvantage of CW lasers is that one must have a different laser for every manifold
of transitions one wishes to explore. Furthermore, if one wishes to maximally exploit coherent
excitation, one should phase lock each of the lasers. By using an ultra-fast laser, one has available
in a single pulse, a very large range of frequencies, all of which have a well-defined phase relationship
to each other. Furthermore, using readily available technologies, the spectral amplitude and phase
(including higher order phases) can be controlled. Thus, the prospects for coherent control of the
processes leading up to Rb;r production are very encouraging.

In the ultra-fast experiments carried out at K-State, we have first focussed on determining the
association, excitation, and ionization pathways; there is no guarantee that these are the same as
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in the CW laser case. In fact, we find that for the ultra-fast case, the excitation pathway can be
expressed as:

Rb2(581/2,581/2) + hwl — Rb2(581/2,5p3/2)
Rba(581/2,5p3/2) + hwi  — Rba(5p3 2, 5p3)2)
Rba(5p3)2,5p3/2) + hwa  — Rba(5ps)a,4dssa) — Rby +e™. (2)

Here wy refers to optical radiation from the Kansas Light Source (KLS) while, as before, wo refers
to light from a 1529 nm external cavity CW diode laser. We can think of the last line in (2), that
is, the excitation by L2 to an autoionizing state, as a probe of the association/excitation process
carried out by the KLS laser light. Note that, in contrast with the L1-L2-L1 path followed by the
all-CW laser association/excitation pathway, the ultra-fast laser scheme follows the L1-L1-L2 path.
However, both processes end up on the same autoionizing state.

So, now that we know the excitation pathway, can we exploit the coherent nature of the KLS
light to enhance Rb; production? The answer is yes. In a simple experiment, we measure Rb;
production as a function of d2¢/dw? or spectral chirp. We measured a very strong dependance on
the spectral chirp, with negative chirp giving a large enhancement of Rb;L production and positive
chirp actually reducing Rb2+ production. We believe that this dependance on spectral chirp is due
to interference of the excitation amplitudes along the many paths from the “initial” Rb(5s)-Rb(5s)
state to the “final” Rb(5p)-Rb(4d) state. This belief is qualitatively supported by theory.

Future Plans

The emphasis of the recent results presented here has been on measuring the production of Rb;
from the photo-association, coherent excitation, and autoionization of Rb atoms that have been
cooled and trapped in a MOT. In one series of experiments, all CW lasers were used for the process,
opening the door for precision spectroscopy on the multiply excited molecular states. The next
step is to make spectroscopic studies on the excited molecular levels through which the population
passes. In particular, these are the states corresponding to Rb(5s)-Rb(4d)manifold.

In a second series of experiments described here, light from the K-State ultra-fast laser facility
was used to study coherent excitation of the associated cold molecule. The dependance of the
association/excitation process on spectral chirp was measured; future work will include measure-
ments of the polarization dependance. In addition, we will attempt a full-blown optimization of
Rb2+ production using a genetic algorithm to modify the spectral amplitude and several orders of
spectral phase.
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1 Program Scope

The primary goal of my program is to quantitatively understand the behavior of HJ in an ultrashort,
intense laser eld. As we gain this understanding, we will work to transfer it to other more complicated
molecules. In this e ort, my group works closely with the experimental groups in the J.R. Macdonald
Laboratory, including I. Ben-Itzhak’s, C.L. Cocke’s, and 1. Litvinyuk’s.

Because even H;r has more degrees of freedom than can be directly treated computationally when an
intense eld is present, past theoretical descriptions have arti cially reduced the dimensionality of the
problem or excluded one or more of the important physical processes: electronic excitation, ionization,
vibration, and rotation. Such simpli cations were justi ed 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 e ects that are likely not captured correctly in these
simpli ed models. A second component of my program is thus to develop novel analytical and numerical
tools to describe molecules, H;r in particular. The ultimate goal is to understand the dynamics of these
strongly coupled systems in quantum mechanical terms.

2 Recent progress

The last year has seen signi cant development in both components of my program mentioned above.
Computationally, my graduate student, Fatima Anis, has nished a computer code to solve H2+ in an
intense laser including all physical processes save ionization. Analytically, my former postdoc, Vladimir
Roudnev, devised a novel represention of carrier-envelope phase (CEP) e ects in a very general way.

2.1 Computational development

We can now 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
calculations up to an intensity of roughly 10'* W/cm?2. For higher intensities, ionization plays a non-
negligible role.

To solve the time-dependent Schriédinger equation, we expand the electronic degrees of freedom on
Born-Oppenheimer states and the nuclear rotational degrees of freedom on Wigner D-functions. The
Schrédinger equation is then reduced to coupled, time-dependent equations for the nuclear radial wave
functions. These functions are labeled by the electronic state and total angular momentum. This remaining
radial dependence is discretized using nite di erences, and the time evolution is accomplished through
a combination of split operator techniques and Crank-Nicolson propagation. Unlike most nite di erence
implementations, ours allows the use of nonuniform grids to economize the calculation. Further economy is
achieved by allowing the number of angular momenta included to be determined adaptively by the code. A
similar procedure will be implemented for the radial grid size. We calculate the Born-Oppenheimer states
and all of their dipole couplings, including as many excited states as desired.

More than ten years ago, people were already exploring the role of nuclear rotation in intense eld
dissociation of Hy (see Ref. [1] and references therein). For the longer, less intense laser pulses available
at the time, it was concluded that the “semiquantitative features predicted by the 1D models are close
to reality” [1]. The 1D models referred to assume that the molecular axis is aligned with the external
linearly polarized eld and does not rotate during or after the pulse. These models further assume that
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the contribution of molecules not perfectly aligned with the eld is negligible. The validity of such 1D
models has not really been reconsidered even as the pulse lengths have gotten shorter and their intensities
higher. In fact, they continue to be one of the mainstays for interpreting H2+ experimental results and
likely do correctly yield the gross features. Figure 1, for instance, shows our calculations of the dissociation
probability with rotation included, Fig. 1(a), and with the molecule xed along the laser polarization,
Fig. 1(b). The gure shows that the main features are similar in the two: the low vibrational states

1 1

0.8 0.8
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Figure 1: The probability for dissociation Pp of H;‘ in a 45 fs, 800 nm laser pulse as a function of the
initial vibrational state v: (a) including rotation, (b) no rotation.

dissociate very little, the maximum dissociation is around v=9, and the high vibrational states dissociate
less. The aligned model in (b) is clearly only “semiquantitative”, though, since the magnitude of Pp is very
di erent than in (a). Even the qualitative behavior with intensity is not correctly reproduced, however, for
the higher vibrational states: with rotation included, Pp increases monotonically with intensity where it
actually decreases with increasing intensity in some cases for the aligned model. This decrease is what has
led to the idea of vibrational trapping (or stabilization). These plots show that such strong stabilization is
really a consequence of the reduced dimensionality. This result has been seen in past calculations including
rotation for much longer pulses (again, see Ref. [1]). Since the mechanism of vibrational trapping should be
more e ective for short pulses, though, it might be expected that trapping would be seen in our calculations
including rotation but there is no strong evidence for it.

Future plans

This discussion gives an example of the comparisons that we are starting to make. We are working to
use this code to check other commonly held ideas of intense eld Hj dissociation as well. For instance,
we want to check the validity of the axial recoil approximation quantum mechanically. In the process, we
can also check the classical estimate of post-pulse rotation made in Ref. [2]. We want to try to quantify,
if possible, the contributions of the mechanisms of “dynamical alignment” and “geometrical alignment”
as well. We are working to investigate the ro-vibrational revivals of HJ using pump-probe schemes much
like those used in Refs. [3,4]. In addition to these research directions, we can now pursue quantitative
comparisons with the two-dimensional momentum distributions obtained experimentally since we can now
calculate the angular distribution theoretically.

2.2 Analytical developments

We have made signi cant progress in the analytic description of CEP e ects over the past year as well.
In brief, we have rigorously derived a representation in terms of Floquet amplitudes — even for short
pulses — that allows CEP e ects to be interpreted as interference between di erent n-photon amplitudes.
Moreover, this interpretation applies, in principle, to all systems. The representation we obtain shows how
to write the wave function as a Fourier series in the CEP itself. Consequently, the full CEP dependence of
any physical observable can be obtained from the n-photon components at a single value of the CEP.

An additional bene t of the picture that emerges from this analysis is the ability to make estimates of the
magnitude of CEP e ects in a given system. Figure 2, for instance, shows the pulse length dependence of the
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CEP e ect in excitation of a two-level sys-
tem. For the gure, we characterize this
magnitude by the standard deviation of
the CEP-dependent excitation probabil-
ity at each pulse length. Besides the nu-
merical results, this gure shows a simple
analytical estimate based on the param-
eters of the system. The agreement be-
tween the two is quite good given the sim-
plicity of the estimate. Both show that
the magnitude of the CEP e ect decreases
exponentially with pulse length, the rst
such characterization and explanation of
the pulse length dependence. We can sim-
ilarly understand the dependence on the
pulse intensity and other system parame-
ters.

Future plans

We can explain the CEP dependence
of Hy dissociation rather naturally within
this representation, and we have already
used it to reduce the computational re-
quirements for the CEP dependence of
atomic excitation and ionization. We will
continue to take advantage of it in our
other, ongoing CEP calculations.

3 References
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Figure 2: Magnitude 4 of the CEP e ect in excitation of a
two-level system by a Gaussian pulse of FWHM 7 that gives
a peak interaction energy V. The laser period is T and the
energy gap is A. The solid line is obtained by integrating the
time-dependent Schrédinger equation, and the dashed line is
an estimate based on the Landau-Zener approximation applied
within the representation described in the text.
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Theoretical Studies of Atoms and Molecules with intense laser pulses

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

Program Scope:

We investigate the interaction of intense lasers and attosecond light pulses with atoms
and molecules, including high-order harmonic generation, energy and momentum spectra
of the electrons or ions, with the goal of interpreting and/or guiding experimental
observations.

1. Potential for rescattering based ultrafast imaging of molecules with infrared
lasers

Recent progress

When an atom or molecule is exposed to an intense infrared laser pulse, an electron

which was released earlier may be driven back to recollide with the parent ion. The
resulting rescattering phenomena carry information on the structure of the target. Using
"exact" results from the solution of the time-dependent Schrddinger equation (TDSE),
we established the general conclusion that accurate elastic and photo-recombination cross
sections of the target ion with free electrons can be accurately extracted from laser-
generated high-energy photoelectron momentum spectra and high-order harmonic
spectra, respectively. Both electron scattering and photoionization (the inverse of photo-
recombination) are the conventional means for studying the structure of atoms and
molecules. Combing with the temporal resolution of a few femtoseconds for infrared
laser pulses, these results point out the potential of using existing infrared lasers for
ultrafast imaging of transient molecules which are undergoing chemical or biological
transformations.

The interaction of atoms and molecules with intense laser pulses is a nonlinear
process. In this work, we have found that elastic scattering cross sections and
recombination cross sections can be extracted from laser-generated phenomena. This is
possible since the returning electrons after the initial ionization can be regarded as a self-
generated electron wave packet. This electron wave packet can be elastically
backscattered by the ion core, or recombined with it to generate harmonics. By focusing
on the momentum spectra of the backscattered electrons, we showed that elastic
scattering cross sections, as well as the electron wave packet, can be extracted. Similarly,
from the high-order harmonic spectra, we concluded that photo-recombination cross
sections and the electron wave packet can be identified. Furthermore we were able to
conclude that the derived electron wave packet is nearly independent of the target, and
furthermore, the wave packets derived form solving the TDSE and from the strong-field
approximation are the same. Two reports based on this work have been submitted for
publication [B1,B2].
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Future plan

The results obtained for atoms described above have many possible applications for
molecular targets. For molecules, accurate calculations based on solving the TDSE
equation is not possible. Based on the general results obtained for atoms, we intend to
develop a quantitative laser-molecule interaction theory in the following manner. We will
develop (or adopt) codes for calculating elastic scattering cross sections and
photoionization cross sections of molecules over a broad range of energies. Combining
with the electron wave packet for a given laser pulse which can be extracted from atomic
targets or calculated from the strong-field approximation, we will be able to obtain high-
energy electron momentum spectra and high-order harmonic spectra for molecules
accurately, making a quantitative laser-molecule interaction theory possible.

2. Attosecond pulses probing two-electron dynamics
Recent progress
In the last year, we have witnessed continuing progress in the development of uv and

xuv light sources with pulse duration down to about 130 attoseconds. Such pulses are
comparable to the time-scale of the electronic motion in atoms and molecules, thus they
open up the possibility for the time-resolved study of electron dynamics, in analogy to
femtosecond lasers for probing the atomic motion in a molecule. Ideally one would like
to use these pulses to study the many-body nature of electrons, or the so-called electron
correlation effect, in the time domain. How to extract meaningful information from future
pump-probe experiments with attosecond pulses turns out to be not as straightforward as
one would like.

In describing the motion of atoms in a molecule, the atoms can be adequately described
using classical concept. This is not the case for electrons, which are described by
quantum mechanics. A precise determination of the time inevitably loses accurate
information on the energy and the momentum of the electron. Experimentally the best
one can do is to be able to measure the momentum vector of all the electrons that are
ionized. Information on the time evolution of the electron wave packet has to be extracted
from the measured electron momentum spectra. Clearly, each measurement can only
reveal partial information and it is important to understand what probe pulses be used for
probing specific aspects of the electronic wave packet.

In a recent paper [A2] we studied the dynamics of a two-electron wave packet which
was formed by a pump pulse. The time-resolved correlated motion of the two electrons
are probed by measuring their six-dimensional momentum distributions. In this paper, as
an example, we showed how the multi-dimensional momentum distributions be
analyzed, i.e., by choosing appropriate coordinates, in order to reveal the time-
dependence of the stretching, the rotational and the bending vibrational modes of their
joint motion in momentum space.

Future plan

We will continue exploring the time-dependent behavior of the joint motion of two
electrons. In the next year, we will test parameters of attosecond pulses that would reveal
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the dynamics of the double ionization of helium atoms by an attosecond pulse.
Depending on the photon energy, double ionization proceeds with two mechanisms:
shake off vs the so-called TS2. In shakeoff, the first electron leaves quickly and the
second electron is ionized via the relaxation process. In TS2, the second electron is
ionized via electron-electron interaction as the first electron emerges from the atom. We
will examine parameters of the attosecond pulses where these two different mechanisms
can be distinguished in their time dependence using a second attosecond pulse.

3. Low-energy 2D electron momentum spectra of atoms by intense laser pulses

Recent progress

This project was initiated by the interesting experimental observations by Dr. Lew
Cocke's group at Kansas State, and by the Heidelberg group. Using lasers of different
wavelengths and intensities, these experiments found that the two-dimensional electron
momentum spectra at low-energies exhibit ubiquitous fan-like structures. We obtained
the 2D momentum spectra by solving the time-dependent Schrodinger equation and
observed that these fan-structures do appear in the calculated spectra. The "fans™ are
related to the fact that there is one dominant angular momentum for the low energy
electrons generated by lasers, and we have been able to derive a general rule which would
predict the value of this angular momentum quantum number [A6]. This value depends
only on the minimum number of photons needed to ionize the atom, and independent of
the target, nor of the wavelength or intensity. We also concluded that the fan-like
structure exists only when the Coulomb interaction between the electron and the ion-core
is included. We further show that the effect of the laser focus volume and the depletion
of the atom during the laser pulse should be included in order to achieve good agreement
with experiments [A4].

Future plan
Having identified the ubiquitous features of 2D momentum spectra from atoms, we will
examine what features would appear in negative ions.

4. Other projects
Recent progress

We also have examined the dissociative ionization and double ionization of H, and D,
molecules by few-cycle pulses [A1,A3]. For atomic ions emerging with energies of the
order of 4 eV or higher, the dissociation or the second ionization is initiated by the
rescattering process. The dissociation products, with protons emerging on the right or on
the left, depend on the carrier-envelope phase (cep) of the few-cycle pulse. Based on the
rescattering theory, and taking into account of the laser coupling between the two lowest
states of D,", we were able to interpret the experimental observation of Kling et al
[Science 312, 246 (2006)]. We also calculated the ratio of double vs. single ionization
by few-cycle pulses and their dependence on the cep, but no such experimental results are
available so far.

Other activities not discussed here can be found from the publication list below.
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Structure and Dynamics of Atoms, lons, Molecules and Surfaces:
Atomic Physics with lon Beams, Lasers and Synchrotron Radiation

I.V. Litvinyuk, Physics Department, J.R. Macdonald Laboratory, Kans&s Sitaversity,
Manhattan, KS 66506yl@phys.ksu.edu

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

Our goal is to study and understand the physics of ultrafast processegngvible motion of
nuclei associated with the rotation, vibration, rearrangement and dissociatiomlecules and
molecular ions. We apply pump-probe techniques in combination with COLTRIMS8aete
study the dynamics of nuclear motion as it takes place in real tithetive ultimate goal of
recovering the time-dependent molecular structure and orientation —ngnak“molecular
movie”.

Recent progress:

1.1 Pump-probe studies of vibrational and rotational dynamics in light and heavy hydigen
using few-cycle pulses and Coulomb explosion as a prolbeBocharova, M. Magrakvelidze,D.
Ray. C. Maharjan, P. Ranitovic, C.L. Cocke and I.V. LitvinyMk. studied nuclear dynamics in
H, and D induced by intense few-cycle 800 nm pulses, building on our previous stiids
While in those works we were restricted by our pump-probe setumtosd 200 fs of delay, we
now removed that limitation by using Mach-Zehnder interferonfetegenerating time-delayed
pump and probe pulses. We can now measure dynamics at any delaglavitbnal advantage
of independently controlling pump and probe polarization. With this neup see studied
vibrational and rotational dynamics irp lAnd @ in much wider time range (up to 3000 fs). For
molecules ionized by the pump pulse we observe both dissociation, occominthe
electronically excitedy, potential energy surface, and vibrational dynamics, taking platieeon
bound ground-statey surface. Bound vibrational dynamics is characterized by fasheeence
and later revivals of vibrational wavepackets. Molecules thatv&uthe pump pulse without
being ionized are also affected by it. Due to their anisotropicipalality, coherent rotational
wavepackets are generated, which persist without any decoherengeryolong time. We
measured dynamics of rotational wavepackets for begtand 3. In D,, which is heavier with
smaller separation between rotational energy levels, rotationp td J = 9 are excited by the
pump, resulting in well localized wavepackets with clear revivédsvever in H, we could only
excite rotations up to J = 3 due to large separation betweenwitls. |[&herefore, rotational
wavepackets for each nuclear spin form of light hydrogen (ortho aj) pansisted of at most
two rotational states (1 and 3 for ortho and 0 and 2 for para) anddradtetear revivals we
observed periodic beating between the two states. That wasrshedifiect time-resovled
measurement of coherent rotational dynamics in light hydrogenfagtest rotating molecule in
nature (T= 270 fs).

1.2 Pump-probe studies of ultrafast intra-molecular proton tran$er in acetylene, M.
Smolarski, T. Osipov, |. Bocharova, M. Magrakvelidze, D. Ray, C. Maharjan, P. Randv.
Cocke and L.V. LitvinyukAcetylene dication (€4,°") produced by double ionization of neutral
molecule is known to undergo fast intramolecular proton transferridedgne form (C-Ch
followed by asymmetric breakup [2]. The transfer time wasnegéid to be less than 60 fs [3].
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In collaboration with U. Frankfurt (Smolarski) and LBLN (Osipow wsonducted an experiment
at JRML aimed at observing this ultrafast process in rewd tising pump-probe approach with
few-cycle IR pulses. By measuring time dependence of relaiingges between momenta of
various Coulomb explosion fragments dynamics of chemical tranafanmmcould be revealed.

The results of this experiment are being analyzed.

Future plans: We are planning to continue pump-probe studies of fast moleculameysa
extending it to tri-atomic molecules (Goreliminary experiment has already been conducted).
We are also planning to study dynamics of molecdiggg the pulse, using long (>30 fs) pump
and few-cycle probe pulses. Our other plan is to conduct pump-probe exgesimiydrogen
with coincident ion and electron detection.

2. Mechanisms of strong-field double ionization of atoms and moleles studied by ion
recoil momentum spectroscopy at Advanced Laser Light Source (ALLS)

This international collaboration is directed towards understanding dynamics arttmisms of

multiple ionization of atoms and molecules by intense laser pulseshiBvathat, we measure
momentum spectra of resulting ion fragments for a series of difftaset intensities and
wavelength using high power OPA beamline at ALLS.

Recent progress:

2.1 Non-sequential double ionization of Ne and Ar: wavelength saad) similarity, A.
Alnaser, D. Comtois, A. Hasan, D. Villenueve and 1.V. Litvinfdtikong-field double ionization
of atoms in non-sequential regime produces longitudinal ion momentunbulisinis with a
characteristic double-peak structure. At 800 nm laser wavelengt®i the structure is very
pronounced with a well resolved dip at zero momentum, while fof tAe dip is very shallow,
possibly indicating different mechanisms in the two atoms [3]. Westigaged the source of this
difference by measuring longitudinal momentum distributions &f lWed A7* ions at different
laser wavelengths (485, 800, 1313 and 2000 nm) and intensities (Figure 1).

from de Jesus et al
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Figure 1. Longitudinal momentum distributions for Rleand Af* can be made to look
similar with appropriate scaling of laser wavelédndcaling parameter:

a = 3.17 Up(Ly )/IP(1+) — ratio of largest possible re-collision electron rgyye

(3.17 Y, at saturation intensity for first ionization) tcetBecond ionization potential.
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The shapes of experimental momentum distributions for the two satxhibit a simple
wavelength scaling relationship: they are similar for theesaatue of a scaling parameter given
by the ratio of maximum electron recollision ener8yl7 U at saturation intensity for single
ionization) to ionization potential of a singly charged ion. Thisilanity indicates that the
difference between Ne and Ar observed at 800 nm should not be attributifterences in
relative electron impact ionization and excitation cross-sectdrithe two atoms, stemming
from their electronic structure, as was thought previously. ratiser due to interplay between
values of maximum energy of recollision electrons at anyngweavelength and ionization
potential of a singly charged ion.

2.2 Double ionization of H and D.. evidence of a three-photon resonant pathwayA.
Alnaser, D. Comtois, A. Hasan, D. Villenueve and I.V. LitvinjAilknew and unexpected
observation of structured KER spectra o Coulomb explosion fragments at 800 nm [4]
motivated this study. The suggested explanation involves interfe@nteo possible paths
taken by nuclear wavepackets on ground state and excitebeiecturfaces of molecular ion
[5]. To clarify this issue, we studied double-ionization efadd D by intense femtosecond laser
pulses of different wavelengths (500, 600, 800, 1300, 2000 nm) and peak intensitieselibe
energy release (KER) spectra measured in the Coulomb exptddiosm molecules were used to
identify the various mechanisms responsible for the dissociation arz@tioni of H/D, in the
laser fields. In addition to fragments from well known bond softeaimd) enhanced ionization
channels, high energy protons/deuterons of KER (around 10.5 eV for 500 nnfpire first
time observed when using short wavelengths (500 and 600 nm) at high-peagitied
(Figure 2). This channel exhibited wavelength dependence, with KERad@wy for longer
wavelengths. Our observations are consistent with presence obtexisting pathways: one-
and three-photon excitation followed by enhanced ionization. For the photen pathway
nuclei gain extra kinetic energy before reaching the criticstince for enhanced ionization.
This explanation is also consistent with the explanation offer§dl.imt longer wavelength the
wavepackets propagating along the two pathways strongly ovar&pergy leading to observed
interference structures in KER spectra. We are working widorists on preparing these
findings for publication.

45 eV
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Figure 2. KER spectra of Dfragments produced by 500 nm pulses of 100 fstiduravith intensities
of 1, 2, 3, 4 and ¥ 10 W/cn?. Right panel shows potential energy diagrams fdr.D
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Future plans: We are planning to continue this collaboration, extending wavelength-dependent
studies of multiple ionization mechanisms to larger molecules@\ CGO,). Next beamtime at
ALLS is planned for August 2007.
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Electronic Excitations and Dynamics in Carbon Nanotubes Induced by Femtosecond
Pump-Probe LASER Pulses
Pat Richard
JR Macdonald Laboratory, Physics Department, Kansas State University
Manhattan, Kansas 66506
richard@phys.ksu.edu

We have continued our efforts in the J. R. Macdonald Laboratory, JRML, directed
toward the study of electronic excitations and dynamics in carbon nanotubes excited by
femtosecond pump-probe laser pulses generated by the ultra-fast Ti:Sapphire Kansas Light
Source, KLS. We use time-of-flight of electrons emitted from carbon nanotubes to deduce
the energy and time behavior of the electronic states of the nanotubes. Experiments have
been performed on multiwalled carbon nanotubes, MWNT, and more recently on both double
walled carbon nanotubes, DWNT, and single walled carbon nanotubes, SWNTs. We have
also completed earlier studies of transfer-ionization and single-electron capture in heavy ion
gas target collisions. This year we are beginning a new effort to study the properties of single
walled carbon nanotubes by observing the time-resolved anti-Stokes Raman scattering from
selected diameter SWNTSs in collaboration with Prof. Tony Heinz at Columbia University.
We plan to measure the room temperature lifetime of the G-mode phonons for SWNTS in
different environments. This work will be performed at Columbia.

During the coming year we will be studying both electron emission and optical
emission (anti-Stokes scattering) from SWNTs. The electron emission studies will
continue at the JRM KLS lab and the optical studies will be performed at the Columbia
University in New York. We will be using the target production technology developed at
Columbia to study SWNTs with a narrow range of selected diameters. The energy of the
Raman scattering peaks will be used to isolate on (6,5) chiral index SWNTSs. The studies
will be performed at room temperature. One KSU graduate student, loannis Chatzakis,
will spend the academic year 2007-08 at Columbia performing the experiments. | will be
at Columbia for two weeks during the experiments. The collaboration brings two
important new aspects to our research efforts at KSU. One is the use of the optical
system consisting of a femtosecond Ti:Sapphire laser, two OPAs, and an efficient high
resolution optical spectrometer system. The second is the technology of SWNT target
fabrication. Targets fabricated at Columbia and used in the optical experiments will be
used at KSU in subsequent experiments.

A summary of our recent efforts is best described in the abstracts which are given
below of two papers published since last year’s DOE workshop. These are diverse
projects. The first subject presents the fifth in a series of papers on the study of electron
emission from carbon nanotubes using ultra-fast pump-probe laser beams from the JRML
KLS facility. The second subject presents the results of momentum imaging of high
velocity, highly-charged ion beam collisions on a supersonic He gas jet target to uniquely
separate transfer-ionization from pure single-electron capture using the JRML Van de
Graaff accelerator.
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Excitons in bundles of single walled carbon nanotubes
M. Zamkov ?, A. Alnaser, Z. Chang, P. Richard

Chemical Physics Letters 437 104-107 (2007)

J.R. Macdonald Laboratory, Department of Physics, Kansas State University,
Manhattan, Kansas 66506, USA

a. present address: School of Chemical Sciences, University of Illinois at Urbana-
Champaign, Box 71-6 CLSL, 600 South Mathews Avenue, Urbana, IL 61801, USA

Time-resolved photoemission was used to differentiate between excitons and free carriers
in non-fluorescing bundles of single walled carbon nanotubes (SWNT). Present findings
show that direct interband excitations in semiconductive SWNTSs lead to the formation of
strongly bound excitons, indicating that proximity effects in SWNTs bundles do not
destroy a one-dimensional character of optical excitations.

Systematic study of charge-state and energy
dependences of transfer-ionization to single- electron

capture ratios for F" ions incident on He
R. Unal,* P. Richard, I. Ben-Itzhak, C. L. Cocke, M. J. Singh,* H. Tawara,® and
N. Woody

PHYSICAL REVIEW A 76, 012710 (2007)

J.R. Macdonald Laboratory, Department of Physics, Kansas State University,
Manhattan, Kansas 66506, USA

*Present address: Afyon Kocatepe University, Afyon, Turkey.
tPresent address: The Institute for Plasma Research, Bhat Gandhinagar, India.
8Present address: Max Planck Institute for Nuclear Physics, Heidelberg, Germany

This paper presents an investigation of the charge-state and energy dependences of
transfer-ionization, Tl, and single-electron capture, SC, processes for fluorine ions (q =
4+ to 9+) incident on a supersonic He jet target. The measurements were made for beam
energies between 0.5 and 2.5 MeV/u. A recoil ion momentum spectrometer was used to
separate Tl and SC based on the longitudinal momentum transfer and time of flight of the
recoil ions. The cross-section ratios for Tl to SC, (R =TI /SC), were determined and
observed to decrease monotonically with velocity. The values of R were combined with
measured total transfer cross sections to deduce the cross sections for both SC and TI.
Coupled-channel calculations of the energy dependence of Tl and SC for F** + He were
compared to the experimental cross sections as well as the values of R. The calculated
cross sections were found to be slightly lower and the R values slightly higher than the
measured values, but with approximately the same energy dependences. A g scaling of
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the He?* + He data was also compared to the present data and was found to give
unexpected good agreement.

Publication # 1: Excitons in bundles of single walled carbon nanotubes M. Zamkov,
Ali S. Alnaser, Bing Shan, Zenghu Chang, and P. Richard, Chemical Physics Letters 437
104-107 (2007).

Publication # 2: Systematic study of charge-state and energy dependences of
transfer-ionization to single-electron-capture ratios for F* ions incident on He

R. Unal, P. Richard, I. Ben-Itzhak, C. L. Cocke, M. J. Singh, H. Tawara, and N. Woody,
Phys. Rev. A 76, 012710 (2007).

Publication # 3:Probing the intrinsic conductivity of multiwalled carbon nanotubes
M. Zamkov, Ali S. Alnaser, Bing Shan, Zenghu Chang, and P. Richard, Applied Physics
Lett. 89, 093111 (2006).

Publication # 4: Lifetime of Charge Carriers in Multi-walled Nanotubes M. Zamkov,
N. Woody, B. Shan, Z. Chang and P. Richard, Phys. Rev. Lett. 94, 056803 (2005).

Publication # 5: Investigation of triply excited states of Li-like ions in fast ion-atom
collisions by zero-degree Auger projectile electron spectroscopy T.J.M. Zouros, E.P.
Benis, M. Zamkov, C.D. Lin, T.G. Lee, P. Richard , T.W. Gorczyca, T. Morishita, Nucl.
Instr. and Meth. in Phys. Res. B 233, 161-171(2005)
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Structure and Dynamics of Atoms, lons, Molecules and Surfaces:
Atomic Physics with lon Beams, Lasers and Synchrotron Radiation

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

1. Laser-molecule interactions (with T. Niederhausen and B. Feuerstein)

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 investigation of the dissociation and ionization of D,
and D," in short intense laser pulses by applying wave-packet propagation methods. In
particular, we investigated the possibility of manipulating the vibrational-state
decomposition of bound vibrational wave packets with a sequence of short control laser
pulses at minimal dissociative loss. In a proof-of-principles effort, we introduced an
internuclear-distance-dependent harmonic imaging technique that allows vibrational beat
frequencies, molecular potential curves, and the nodal structure of nuclear wave functions
to be derived from measured kinetic-energy-release (KER) spectra.

Example 1: Controlled vibrational quenching of nuclear wave packets in D,",

Ionization of neutral D, molecules by a short and intense pump laser pulse may create a
vibrational wave packet on the lowest (Iso, ) adiabatic potential curve of the D,
molecular ion [1]. We showed numerically that a single ultra—short intense near-infrared
(800 nm) control pulse with an appropriate time delay can strongly quench the
vibrational-state distribution of the nuclear wave packet by increasing the contribution of
selected stationary vibrational states of D, to more than 50% [2]. We found that a second
identical control pulse with a carefully adjusted delay can further squeeze the vibrational
state distribution, likely without dissociating the molecular ion, thereby suggesting a
multi—pulse control protocol for generating (almost) stationary excited nuclear wave
functions (Fig. 1). The quality of this Raman—control mechanism can be tested
experimentally by Coulomb-explosion imaging, i.e., by fragmenting the molecular ion
with a probe pulse and by identifying the nodal structure of the surviving vibrational state
in the KER spectrum of the molecular fragments [1,2].

Fig. 1. Top: Time evolution of the nuclear
: wave function probability density as a
_/V\/\ N\/"‘ function of the internuclear distance R for
9 L two 6 fs, 10'* W/cm® control pulses with
1y delay times of t1,=70.7 fs and 1,=136.8 fs
5 ¥ — - ] relative to the launch time (t=0). The
: \ superimposed curve shows the
107+ x expectation value <R>.
1043:::::: . WP Bottom:. Time evolution of a few
0 50 100 150 200 stationary-vibrational-state  contributions
Tma ) to the wave packet.

R[a.u]
2" controf]

£

Probability
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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. The quality of such schemes can be conveniently assessed by Coulomb-
explosion mapping of the stationary state’s nodal structure.

Example 2: Towards the complete imaging of molecular dynamics with ultra-short laser
pulses. Time-resolved Coulomb explosion mapping of vibrating and dissociating D,"
molecules allowed us to perform an internuclear distance- (R-) dependent Fourier
analysis of the corresponding wave packets [3]. Our calculations demonstrate that the
obtained two-dimensional R-dependent frequency spectra enable the complete
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. Figure 2 shows examples of this imaging scheme for the
complete mapping of molecular potential curves for the fundamental deuterium
molecular ion, for laser-free propagation of D, nuclear wave packets (Fig. 2a) and
including the interaction with a laser electric field (Fig. 2b). These examples show how

the molecular potential and its bound vibrational wave function are modified by the
added laser field.

Fig. 2. Power spectrum |w(R,f)|* as
function of the frequency f and R for
T=3 ps. (a): numerical field-free
wave packet propagation of an initial
Franck-Condon distribution. (b): as
(a) but with a 50 fs pedestal of 0.01
PW/cm® preceding the probe pulse
causing ‘bond softening' (BS) and
‘bond hardening' (BH). (c):
Experimental distribution extracted
from coincident D' pairs with
vibrational (VIB) and rotational
(ROT) contributions. White
contours: numerical results using the
actual laser pulse profile (see inset).

Intermuclear separation & (aw.}

Our method relies on the Fourier transformation, w(R,f), over a sampling time T of the
time- and R-dependent probability density w(R,t) of the D,  nuclear wave packet.
Applied to numerically propagated D, " vibrational wavepackets, it allows us to simulate
the outcome of novel experiments. The simulated experiments are assumed to be based
on the Coulomb-explosion mapping of pump-probe-delay (t )-dependent KER spectra
and subsequent R-dependent harmonic analysis for finite T (0 < t < T). Preliminary
experimental results [3] shown in Figure 2¢ reproduce the known vibrational beat
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frequencies f and retrace the outer part of the potential well. So far, the inner part of the
potential well could not observed due to highly suppresed ionization rates at small R.

Future plans: Extending this technique to more complicated polyatomic molecular
systems or reacting complexes will enable the investigation of molecular dynamics
across the (field-modified) potential barrier along a particular reaction coordinate, and,
thus, provide a basis for novel schemes of multidimensional optical control of reactions.
Other extensions of this method can be applied to quantify the progression of
decoherence in the nuclear motion, based on a time series of KER spectra.

2. Neutralization of negative hydrogen ions near vicinal metal surfaces (with Boyan

Obreshkov)

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 continued to develope a new set of computer programs to calculate
the ground-state electronic structure of arbitrarily shaped metallic surfaces and tested our
codes in applications to flat and vicinal metal and semi-conductor surfaces [4,5]. We
improved our density functional model of the ground-state electronic structure of the
surface 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 (Fig. 3). We imployed these potentials to model the charge-transfer
dynamics during the ion-surface collisions, based on a Newns-Anderson approach and
including image-charge interactions and electron translation factors [6].

Example: We calculated ab-initio the yield of outgoing negative hydrogen ions that are
normally incident on a Si(100) surface with kinetic energies between 50 and 150 eV [6].
We find that the outgoing H™ fraction is mainly determined by electron capture from
dangling-bond surface-state resonances at relatively large distances from the surface (Fig.
4). We find good qualitative agreement with the experimental results of Maazouz et al.
(Surf. Sci. 398, 49 (1998)) and with recent independent calculations by Garcia et al.
(Surf. Sci 600, 2195 (2006)).

30

Fig. 3. Contour map of the potential energy
of an electron near the Si(100) surface. The
contour-line spacing is 0.1 a.u. The labels
give potential energies relative to the
vacuum energy level.

z (a.u.)
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Future plans: We plan to investigate resonance formation and charge exchange near
vicinal and other structured surfaces. In particular, we will investigate the importance of
lateral confinement effects (evidence for which was found in photo-emission
experiments).
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Multiparticle Processes and Interfacial Interactions in Nanoscale Systems Built from
Nanocrystal Quantum Dots

Victor 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

By exploiting the effects of quantum confinement, one can control electronic and optical properties of
matter at the most fundamental, electronic-wavefunction level. The approach explored most extensively
involves the use of nanoscale semiconductor structures such as size/shape-controlled semiconductor
nanocrystals. While being a powerful tool for engineering spectral responses, size control at the nanoscale
has limited applicability for engineering the dynamical and nonlinear responses of nanostructures or for
introducing new functionality to a material. In this project, we explore novel approaches for controlling
carrier-carrier nonlinear interactions and carrier dynamical behavior using multicomponent nanocrystals.
Specifically, we study multishell, multicomponent nanocrystals based on both semiconductor and metal
materials that allow us to independently control spectral characteristics (by engineering confinement
energies), dynamical responses (by engineering electron-hole wavefunction overlap and the exciton spin
structure), and nonlinear, multiexciton interactions (by engineering Coulomb coupling). Our studies in
this project address such important and interesting problems as the realization of low-threshold
nanocrystal lasing in the single-exciton regime via the use of repulsive exciton-exciton interactions,
highly efficient exciton multiplication for a new generation of solar cells, and novel, multifunctional
behaviors from hybrid, semiconductor/metal nanoscale materials.

2. Recent Progress: Single-exciton optical gain in semiconductor nanocrystals

2.1 Background. Nanocrystal quantum dots show high photoluminescence quantum yields and size-
dependent emission colours that are tunable through the quantum-confinement effect. Despite these
favorable light-emitting properties, nanocrystals (NCs) are difficult to use in optical amplification and
lasing. Because of almost exact balance between absorption and stimulated emission in nanoparticles
excited with single electron-hole pairs (excitons), optical gain can only occur due to NCs that contain at
least two excitons. A complication associated with this multiexcitonic nature of light amplification is fast
optical-gain decay induced by nonradiative Auger recombination, a process in which one exciton
recombines by transferring its energy to another. During the past year, we demonstrated a practical
approach for obtaining optical gain in the single-exciton regime, which completely eliminates the problem
of Auger decay. Specifically, we have developed core/shell hetero-NCs engineered in such a way as to
spatially separate electrons and holes between the core and the shell (type-II hetero-structures). The
resulting imbalance between negative and positive charges produces a strong local electric field, which
induces a giant (~100 meV or greater) transient Stark shift of the absorption spectrum with respect to the
luminescence line of singly excited nanocrystals. This effect breaks the exact balance between absorption
and stimulated emission and allows us to demonstrate optical amplification due to single excitons.

2.2 The concept of single-exciton gain. Optical gain corresponds to a light-matter interaction regime for
which generation of photons by stimulated emission dominates over photon absorption. As in other lasing
media, optical gain in NCs requires population inversion, i.e., the situation in which the number of
electrons in the excited state is greater than that in the ground state. The lowest-energy emitting transition
in NCs of II-VI semiconductors studied here can be described in terms of a two-level system that has two
electrons in its ground state. Excitation of a single electron (single exciton) across the energy gap (E,) in
this system does not produce optical gain but rather results in optical transparency, for which stimulated
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emission by a conduction-band electron is
exactly compensated by absorption due to the
electron remaining in the valence band (Fig.
la). Stimulated emission dominates over
absorption only if the second electron is also
excited across the energy gap indicating that
Transparency Gain optical gain requires doubly excited NCs, i.e.,
biexcitons. These considerations imply that

hwc population inversion in an NC ensemble can

NN\» AN\,  only be achieved if the average number of
excitons per NC, <N>, is greater than 1.

A The condition for optical gain,

— however, changes if one accounts for a local
electric field associated with an excited
electron-hole pair. This field can alter the
absorption energy of the electron remaining in the valence band by the carrier-induced Stark effect (Fig.
1b). If the magnitude of the Stark shift (Ag) is comparable to or greater than the transition line width (I), it
can completely eliminate absorption losses at the emission wavelength in excited NCs, which should
allow optical gain using single-exciton states. Specifically, the threshold for population inversion in the

N=1

Transparency
Figure 1. The single-exciton gain concept (see text for details)

presence of the transient transition shift is determined by the condition <N ) =2/ (3 - exp(—A§ /T? ))

If Ay <<T", it reduces to (N ) =1, which corresponds to the usual case of multiexciton optical gain.

However, if A;>>T", (N)=2/3 (Fig. lc), which implies that optical gain does not require

multiexcitons.

2.3 Engineered exciton-exciton interactions in type-II NCs. The carrier-induced Stark effect can be
described in terms of the Coulomb interaction of the initially generated exciton with the exciton created in
the second excitation act. In this description, the transient Stark shift is determined by the exciton-exciton

(X-X) Coulomb interaction energy (A, =

0.0 Ag) defined as A =FE_—2FE , where E,

02 ; -. and E,, are single- and biexciton energies,

< 04 LL respectively. The energy A,, depends on the

< 06 local electrical charge density
08 \ P’ py(r)associated with a single-exciton

- .. state and, hence, on the sum of the hole

08 1'§adial1§)ordi:;e (nm1)-0 20 (p,) and the electron (p,) charge

Figure 2. Spatial distribution of positive and negative charges in type densities: Px (I’) =pP, (I’) +p, (I‘) (r is the

I (@) and type II (b) NCs. spatial coordinate). Because of almost

identical spatial distributions of electron
(y,) and hole (y,) wavefunctions, p,(r)is nearly zero in homogeneous NCs

[py(r)= e(|l//h (I‘)|2 - |l//e (r)|2) =0, e is the electron charge] (Fig. 2a), which leads to relatively small

X-X interaction energies of ~10 to ~ 30 meV. These values are smaller than typical transition line widths
in existing NC samples (ensemble broadening of ~100 meV or greater) and, therefore, do not allow
significant suppression of absorption at the emission wavelength.

The separation of electrons and holes between the core and the shell in type-II NCs (Fig. 2b) can
lead to sizable local charge densities and, hence, large Coulomb interaction energies. To analyze the
effect of charge separation on X-X interactions and its influence on optical gain properties of NCs, we
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study hetero-nanostructures composed of a CdS core overcoated with a ZnSe shell (Fig. 2b, inset). Upon
photoexcitations, these NCs produce a charge-separated state with an electron residing in the core and the
hole in the shell.

2.4 Optical amplification in the single-exciton regime. To analyze light amplification in type-II
CdS/ZnSe NCs, we compare their optical-gain properties with those of traditional type-I CdSe NCs with
matching emission wavelengths (Fig. 3). For the biexcitonic gain mechanism operating in type-I NCs, a
sharp peak of amplified spontaneous emission (ASE) is red-shifted with respect to the single-exciton band
(Fig. 3a, upper spectrum) because
of X-X attraction, which decreases
the emission energy of biexcitons
E compared to that of single excitons.
For type-II samples, we observe
4 that as we increase the pump level
a new, sharp emission feature

» : develops near the position of the
e 20 21 22 23 18 19 20 21 22 23 24 single-exciton band (2.01 eV) (Fig.

Photon energy (eV) Photon energy (V) 3b, and the lower spectrum in Fig.

Figure 3. (a) ASE spectra of type-I and type-II NCs (PL stands for 3a). This new peak shows a clear
photoluminescence). (b) The development of ASE due to single-excitons and ;

biexcitons in type-II NCs.
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excitation threshold of ~2 mJ cm™
and a fast, super-linear growth with
increasing pump fluence (Fig. 3b). The development of a similar sharp feature is also detected using a
fixed pump fluence and increasing the size of the excitation spot (variable-stripe-length configuration).
These behaviors are consistent with the ASE regime. An important observation is that the ASE peak
develops near the center of the single-exciton band (X feature in Fig. 3a) indicating that it is due to
stimulated emission of single excitons. This assignment is further confirmed by the observation of a
second ASE feature at higher fluences (excitation threshold of ~6 mJ cm™), which develops near the
position of the high-energy biexciton band (XX feature in Fig. 3b) and is due to the traditional biexcitonic
gain mechanism.

2.5 Impact. The single-exciton-gain regime demonstrated here should significantly simplify real-life
applications of chemically synthesized NCs in lasing technologies and specifically should allow
realization of NC lasing under continuous-wave (cw) excitation. The pump intensity threshold for
producing cw lasing is determined by the ratio of the threshold fluence measured using ultrafast excitation
and the gain lifetime. Because of Auger recombination, this lifetime is in the sub-100 ps range for the
multiexcitonic gain mechanism, which leads to very high cw lasing thresholds that are well above the
NC-photostability limit. For single-exciton gain, the intrinsic gain dynamics is determined by the
radiative single-exciton lifetime, which is typically orders of magnitude longer than the Auger-decay time
constants. The difference in relaxation behaviors for single- and biexciton gain mechanisms is illustrated
in the inset of Fig. 3a, which shows that in type-I NCs the gain decay time is 30 ps while it is more than
50 times longer (1700 ps) for the type-1I NCs. Significant lengthening of the optical gain lifetime allowed
by the single-exciton gain regime could greatly enhance the technological potential of colloidal NCs as
“soft,” chemically processible optical-gain media.

3. Future Plans
One focus of our future work will be the implementation of single-exciton gain strategies in the
infrared using type-1I NCs based on, e.g., PbSe and PbTe. For the latter class of materials, the benefit

of the single-exciton gain regime can be particularly large. Rock-salt NCs are characterized by a high,
eight-fold degeneracy of the emitting electron and hole states. In this case, the gain threshold requires
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excitation of four excitons per NC on average. This high exciton multiplicity results in very short gain
lifetimes because of rapid shortening of the Auger time constants with the number of excitons. Using
single-exciton gain regime one can reduce the gain threshold to below unity and simultaneously
greatly increase optical gain lifetimes.

Another focus of our work will be the realization of optical amplification in NCs using electrical
injection. Specifically, we will explore energy-transfer from a proximal quantum well as a means for
rapid pumping of excitons into the NCs. The feasibility of this injection mechanism has been
demonstrated by our recent experiments on CdSe NCs combined with InGaN/GaN quantum wells. In
our optical-gain work we will use analogous structures, in which CdSe NCs will be replaced with

type-II NCs made of, e.g., CdS (core) and ZnSe (shell).
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Atomic, Molecular and Optical Sciences at LBNL
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tnrescigno@Ibl.gov, tweber@Ibl.gov

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

A. Belkacem, M. P. Hertlein, T. Osipov and T. Weber
Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720
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Objective and Scope

The goal of this part of the LBNL AMOS program is to understand the structure and
dynamics of atoms and molecules using photons as probes. The current research
carried at the Advanced Light Source is focused on studies of inner-shell photoionization
and photo-excitation of atoms and molecules, as well as breaking new ground in the
interaction of x-rays with atoms and molecules dressed with femto-second laser fields.
The low-field photoionization work seeks new insight into atomic and molecular
processes and tests advanced theoretical treatments by achieving new levels of
completeness in the description of the distribution of momenta and/or internal states of
the products and their correlations. The intense-field two-color research is designed to
provide new knowledge of the evolution on a femto-second time scale (ultimately atto-
second) of atomic and molecular processes as well as the relaxation of atomic systems
in intense transient fields. This latter part of the program is folded in the overall research
program in the new LBNL'’s Ultrafast X-ray Science Laboratory (UXSL).

Single photon induced symmetry breaking of D, dissociation

Symmetries are essential building blocks of our physical, chemical and biological
models. For macroscopic objects symmetries are always only approximate. By reducing
the complexity in the microcosm these symmetries often become strict. In H, and H,"
respectively D, and D,", the smallest and most abundant molecules in the universe, this
complexity is reduced to the minimum. They have perfectly symmetric ground states.
What does it take to break this symmetry ?

In our study we show how and why the inversion symmetry of the hydrogen
(respectively deuterium) molecule can be broken by absorption of a linearly polarized
photon, which itself has inversion symmetry. The emission of an electron with
subsequent dissociation of the remaining D," shows that under some circumstances no
symmetry to the ionic and neutral fragment. This is the smallest and most fundamental
molecular system for which such symmetry breaking is possible. The mechanisms
identified behind this symmetry breaking are general for all molecules. Fully differential
angular cross sections for fixed in space molecules as function of the kinetic energy
release of the nuclear fragments, which have been experimentally obtained with the
COLTRIMS technique are compared with a state-of-the art quantum mechanical
approach implementing B-spline basis sets.
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Interference and decoherence in the photo-double ionization of molecular
hydrogen

We have studied experimentally the influence of the molecular alignment and
spacing on the electron emission from a two body Coulomb potential induced by single
photon absorption with 130, 160, 200 and 240 eV circular polarized light at the
Advanced Light Source. Applying successfully the technique of COLTRIMS, it was
possible to measure fully differential cross sections (FDCS) for the photo double photo
ionization of hydrogen for fixed in space molecular orientations by detecting three
particles in coincidence. The measurements covered 4p solid angle.

In the angular distributions of the electrons we studied the influence of diffraction,
symmetry effects, selection rules and molecular orientations in body fixed frames. Thus
for the first time a T. Young double slit experiment of a correlated electron pair inside a
hydrogen molecule can be presented [1]. We can illustrate the evolution from knock-off
to shake-off processes and the interference of single particles as well as correlated
pairs, while changing the deposed photon energy as well as the energy sharing of the
two electrons. In addition the angular distributions show a distinct dependency on the
Kinetic Energy Release (KER) of the recoiling ions, e.g. the size of the molecular double
slit. The experimental results are also compared with quantum mechanical calculations.

K-shell photoionization of acetylene and isomerization to vinylidene

In this study we investigate the K-shell photoionization of acetylene and the dynamics of
the following breakup pathways by measuring the momenta of the positively charged
ions in coincidence with Auger electrons. The photoionization and the subsequent
Auger process lead to the formation of the doubly charged C,H,™ ion that dissociates
into two or more fragments. We observe two clearly separated Auger electron peaks
correlated with different kinetic energies taken by the fragments. The result of this
analysis in the 2-D plot (Auger energy — kinetic energy of ions) shows that the
isomerization to vinylidene is associated with a very sharp peak around 255 eV Auger
energy and 4.5 eV ion kinetic energy. This gives a clear insight on the isomerization
process. Following the emission of the 255 eV Auger electron {C,H," > C,H,** + ea
(255 eV) } the di-cation ends up in the lower laying states '3, 'A; and %%y, The di-
cation is trapped behind a high (3-4 eV) and wide barrier preventing it from directly
dissociating along the C-C bond or C-H bond. The dissociation appears to be achieved
after an isomerization to vinylidene first followed by dissociation along the C-C bond
forming C* + CH," fragments.

Double-photoionization of CO few eV above threshold.

We measured double photoionization of CO molecules at 48 eV photon energy. The
double ionization of CO produces mostly C* + O" fragments with non-measurable
amounts of CO?*. The formation of C* + O* can proceed through two possible channels:
a) Direct ionization of two electron into the continuum — similar to the H, double
ionization — direct channel. b) lonization of one electron into the continuum followed by
autoionization of a second electron — Indirect channel. The electron distribution
measured with a COLTRIMS shows a very clear distinction of the direct and indirect
channels. The kinetic energy release spectrum shows a series of peaks corresponding
to the transient vibrational states of the various electronic states of (CO?*)*. These states
are similar to previous measurements at higher energies (K-shell photoionization).
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(CO*)* is found to predissociate through a *3 and 'A dissociative states leading to
considerably faster dissociation times than natural lifetimes of the electronic bound
states. We plan to improve our current measurement by detecting both electrons in
coincidence. We will be able to estimate the dissociation time of these states by using an
analysis technique similar to that used to estimate the time of the isomerization of
acetylene to vinylidene.

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 us used in combination with pulsing the extraction plates of the
Coltrims spectrometer. The angular distribution measurements are particularly important
for dissociative electron attachment, due to the selection rules, which connects 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. The formation of the resonant
dissociative negative molecular states typically peak at electron energies below 10 eV.
Thus a major technical problem is the production of a controlled, defined low electron
beam that can strike the molecular jet within the uniform electric field field of the
COLTRIMS spectrometer. Our approach uses the uniform field and an orthogonal
uniform magnetic field. This ExB field steers the electrons along the directions of the
gas jet without (or minimally) affecting the electron energy. The low magnetic field (~10
G) used has a minimal effect on the motion of the slow heavy negative ion. This
COLTRIMS configuration allowed us the injection of a usable low electron beam into the
interaction region of the spectrometer. Earlier studies of DEA found in the literature
measured angular distributions of negative ion products, 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. These negative ions are formed
with considerable kinetic energy making O, a very good test of the apparatus. The 3D
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 angular distribution
shows clear minima both when the O, molecule is aligned parallel or perpendicular to
the electron beam direction. The maximum yield is observed at 45° degree angles which
is interpreted as astrong signature of a IT contribution.

Future Plans

We plan to continue application of the COLTRIMS approach to achieve complete
descriptions of the single photon double ionization of CO and its analogs. 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
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.

56



Recent Publications

“A two-electron double slit experiment — interference and entanglement in photo double
ionization”

D. Akoury, K. Kreidi, T. Jahnke, T. Weber, A, Staudte, M. Schoffler, N. Neumann, J Titze, L. Ph.
Schmidt, A. Czasch, O. Jagutzki, R. Costa Fraga, R. Grisenti, R. Diez Muino, N. Cherepkov, S.
Semenov, P. Ranitovic, C.L. Cocke, T. Osipov, H. Adaniya, J. Thompson, M. Prior, A. Belkacem,
A. Landers, H. Schmidt-Bocking, R. Dorner

Resubmitted to Science (2007).

“Single photon induced symmetry breaking of H, dissociation”

F. Martin, j. Fernandez, T. Havermeier, L. Foucar, T. Weber, K. Kreidi, M. Schoffler, L. Schmidt,
T. Jahnke, A. Landers, O. Jagutzki, A. Czasch, E. Benis, T. Osipov, A. Belkacem, M. Prior, H.
Schmidt-Bocking, C.L. Cocke, R. Dorner

Science 315, (2007), 629

“Inner-shell ionization of potassium atoms ionized by femtosecond laser”, M.P. Hertlein, H.
Adaniya, J. Amini, C. Bressler, B. Feinberg, M. Kaiser, N. Neumann, M.H. Prior and A. Belkacem,
Phys. Rev. A 73, 062715 (2006)

“The pair-production channel in atomic processes”, A. Belkacem and A. Sorensen, Radiation
Physics and Chemistry 75, 656-695 (2006).

“Electron correlation during photoionization and relaxation of potassium and argon after K-shell
photoexcitation”, M. Hertlein, H. Adaniya, K. Cole, B. Feinberg, J. Maddi, M. Prior, R. Schriel and
A. Belkacem, Phys. Rev. A 71, 022702 (2005)

A. Knapp, B. Krassig, A. Kheifets, I. Bray, Th. Weber, A. Landers, S. Schossler, T. Jahnke, J.
Nickles, S. Kammer, O. Jagutzki, L. Ph. H. Schmidt, M. Schoffler, T. Osipov, M. Prior, H.
Schmidt-Bocking, C.L. Cocke and R. Dorner, J. Phys. B: At. Mol. Opt. Phys. 38, 615 (2005)

A. Knapp, B. Krassig, A. Kheifets, I. Bray, Th. Weber, A. Landers, S. Schossler, T. Jahnke, J.
Nickles, S. Kammer, O. Jagutzki, L. Ph. H. Schmidt, M. Schoffler, T. Osipov, M. Prior, H.
Schmidt-Bocking, C.L. Cocke and R. Dorner, J. Phys. B: At. Mol. Opt. Phys. 38, 635 (2005)

A. Knapp, B. Krassig, A. Kheifets, I. Bray, Th. Weber, A. Landers, S. Schossler, T. Jahnke, J.
Nickles, S. Kammer, O. Jagutzki, L. Ph. H. Schmidt, M. Schoffler, T. Osipov, M. Prior, H.
Schmidt-Bocking, C.L. Cocke and R. Dorner, J. Phys. B: At. Mol. Opt. Phys. 38, 645 (2005)

“Vibrationally resolved K -shell photoionization of CO with circularly polarized light”,
T. Jahnke, L. Foucar, J. Titze, R. Wallauer, T. Osipov, E. P. Benis, A. Alnaser, O. Jagutzki, W.
Arnold, S. K. Semenov, N. A. Cherepkov, L. Ph. H. Schmidt, A. Czasch, A. Staudte, M. Schoffler,
C. L. Cocke, M. H. Prior, H. Schmidt-Bocking, and R. Dérner, Phys. Rev. Lett. 93, 083002 (2004)

“Complete photo-fragmentation of the deuterium molecule” T. Weber, A. O. Czasch, O. Jagutzki,
A. K. Mueller, V. Mergel, A. Kheifets, E. Rotenberg, G. Meigs, M. H. Prior, S. Daveau, A. Landers,
C. L. Cocke, T. Osipov, R. Diez Muifo, H. Schmidt-Bécking and R. Dé&rner, Nature, 431, 437
(2004)

“Fully Differential Cross Sections for Photo-Double-lonization of D,”, Th. Weber, A. Czasch, O.
Jagutzki, A. Miiller, V. Mergel, A.Kheifets, J. Feagin, E. Rotenberg, G. Meigs, M.H. Prior, S.
Daveau, A.L. Landers, C.L. Cocke, T. Osipov, H. Schmidt-Bécking and R. Dérner, Phys. Rev.
Lett, 92, 163001 (2004).

57



Electron-Atom and Electron-Molecule Collision Processes

T. N. Rescigno and C. W. McCurdy
Chemical Sciences, Lawrence Berkeley National Laboratory, Berkeley, CA 94720
tnrescigno@Ibl.gov, cwmccurdy@Ibl.gov

Program Scope: This project seeks to develop theoretical and computational methods
for treating electron collision 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. New methods are being developed and applied for treating low-energy
electron collisions with polyatomic molecules. A second focus is the development of
new approaches for solving multiple photoionization and electron-impact ionization of
atoms and molecules. Finally, novel time-dependent methods to treat multiple ionization
of atoms and molecules by intense fields are being developed and tested.

Recent Progress and Future Plans: We report progress in two areas covered under this
project, namely electron-polyatomic molecule collisions and double photoionization.

1. Electron-Molecule Collisions

Conical intersection between
?A; and ?B; states of the
water anion plotted in
asymmetric stretch and
bending. Left: adiabatic,
Right: diabatic representation

We have completed a four-year study of dissociative electron attachment (DEA) to
water, which is governed by complex nuclear and electronic resonance dynamics. DEA
proceeds via formation of negative ion, Feshbach resonances of ’B;, ?A; and °B,
symmetry, which are coupled through conical intersections and Renner-Teller
interactions. The complicated topology of the water anion surfaces was detailed in a
paper that has appeared in Phys. Rev. A (ref. 5). The complex-valued resonance surfaces
were obtained from fixed-nuclei scattering and large-scale electronic structure
calculations and the final-state-specific cross sections and branching ratios into all two-
body dissociative channels were obtained from time-dependent wavepacket calculations.
This benchmark study of DEA, which has now been published in two long papers in
Phys. Rev. A (refs. 19 and 20), is the first to treat, from first principles, all aspects of an
electron polyatomic collision, including not only the determination of the fixed-nuclei
electronic cross sections, but also a treatment of the nuclear dynamics in full
dimensionality.

We have continued to examine the underpinnings of various complex potential

models, which have formed the basis of much of the work on resonant electron-molecule
scattering, by studying a model 2-dimensional problem which can be solved without
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making the Born-Oppenheimer approximation. The first phase of our study, which
examined the limitations of the local complex potential model and was published in
Physical Review A (ref. 11), has now been extended to include the non-local complex
potential model for resonance collisions of electrons with diatomic molecules. We have
examined all the underlying assumptions used in formulating the non-local
approximation to our model, have derived explicit expressions for the resonant and
non-resonant (background) components of the scattering amplitude and have gained new
insights into the meaning and relative importance of “non-local” and “non-adiabatic”
effects in resonance scattering. We are now preparing this work for publication.

2. Double Photoionization

We have completed a theoretical study of double photoionization (DPI) of molecular
hydrogen. Our initial study of the triply differential cross sections for aligned H,, which
was published in Science (ref. 9), was subsequently followed with an independent check
using finite elements and the discrete variable representation (DVR) that produced fully
converged results. This benchmark study, which has been published in Physical Review A
(ref. 15), has shown that theory and experiment are now in excellent agreement. We have
also studied the dependence of DPI on internuclear distance (R) and explained the origin
of recently observed variations with R of the fully differential cross sections. The results
have been published in Physical Review Letters.

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. This method will form the basis of our approach to studying double
photoionization of more complex molecules. We have completed most of the coding

required to study photoionization of Li,*, which is very difficult to study using purely
grid-based single-center expansions, and have obtained preliminary results which are
very encouraging.

We have completed a theoretical study of double photoionization of H-, obtaining the
first fully differential cross sections for this system. DPI is exquisitely sensitive to
electron correlation, so we wished to see whether initial state correlation, which is very
important in H-, would leave a strong signature in the triply differential cross sections
(TDCS). We found significant differences between the TDCS for H™ and helium which
were most striking in cases of extreme unequal energy sharing, where the effects of final-
state electron correlation are suppressed.

> ' Comparison of H- (left) and He (right)
[ 4 TDCS. The fixed electron is at 30°
( i from the photon polarization direction
N e and has 15% of the available energy in
both cases.

Finally, we extended our earlier studies of DPI in helium to the more difficult case of
two-photon double ionization, which has been the focus of much recent theoretical work.
Since our calculations treat electron correlation in the initial, virtual intermediate, and
final states essentially exactly, they show that the large degree by which previous
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theoretical calculations disagree is not necessarily due to the various levels at which
correlation was treated, but rather that numerical approximations made using either time-
independent or time-dependent descriptions of this process are to blame. Our calculations
were carried out for photon energies both below and above the threshold for sequential
ionization (54.4 eV). Remarkably, even below 54.4 eV, sequential ionization leaves a
clear signature in the magnitude and shape of both the total and energy sharing cross
sections - even though at these energies it is only a virtual process. We have submitted a
paper describing this work to Physical Review Letters (ref. 24).

Singly differential cross sections for two-photon,
double ionization of helium at various photon energies.

sDCS (10 em's eV

3. Time-Dependent Processes

We are developing non-perturbative methods for studying the interaction of time-varying,
short-wavelength radiation with atoms and molecules, starting with the time-dependent
Schroedinger equation. Although a variety of methods are available for propagating a
wavepacket in a time-varying field, there are still some fundamental difficulties
concerned with the extraction of physical scattering information from such a wavepacket,
particularly in cases involving more than one ionized electron in the final state. The
typical approach has been to project the wavepacket onto an approximate final state. We
have developed an alternative method that extracts amplitudes for single and double
ionization from a quantum wave packet after a short radiation pulse, but while the
electrons are still interacting. The procedure involves the use of exterior complex scaling
to effectively propagate the solution at the end of the radiation pulse to infinite times,
thereby allowing the use of existing integral formulas for single and double ionization
amplitudes for two electron atoms and molecules. The method has been fully described in
a manuscript that has been accepted in Physical Review A (ref. 23). We are currently
carrying out calculations on He in the perturbative regime, where the new method gives
results that compare favorably with cross section results obtained using time-independent
methods, and will subsequently extend these studies to stronger intensities.
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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 applications in chemical physics

This part of the laboratory is centered around 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-100 fs timescale and repetition rates up to 3 kHz. The source
will be complemented by state-of-the-art photoelectron and photoion detection schemes
to create a platform for next generation ultrafast chemical dynamics studies. It is based
on high harmonic generation of 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 driving
Ti:Sapphire IR laser is now operational. The first beamline providing ultrashort pulses at
23.7 eV photon energy is expected to be operational by the end of fiscal year 2007.

The first experiments will 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, is currently being modified in
order 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. Most of these
observations in the energy domain are only poorly understood as of now. We will use a
(femtosecond VUV pump) - (femtosecond IR probe) scheme in order to directly probe
the decay dynamics of the VUV-excited Helium droplets in the time domain. This will
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shed new light on the ionization dynamics and energy transfer mechanisms inside the
superfluid clusters which constitute a unique form of matter.

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 will be installed at the additional beam lines.
By providing kinematically complete information on photoelectron emission- and
molecular breakup-momentum vectors, these experiments enable highly differential
measurements like molecular frame photoelectron angular distributions and correlated
photoelecton-photoion kinetic energy distributions. We will use these measurements to
study the electronic entanglement between molecular fragments, intramolecular energy
redistribution processes, and structural dynamics during a molecular dissociation in real-
time. Finally, 4th generation light sources like the LCLS at Stanford CA will benefit from
the experience gained in laboratory-based ultrafast VUV and soft X-ray studies.

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

The objective of this research program is to advance our understanding of solution-
phase molecular dynamics using ultrafast x-rays as time-resolved probes of the evolving
electronic and atomic structure of solvated molecules. Two new beamlines have been
constructed at the Advanced Light Source, with the capability for generating ~200 fs x-
ray pulses from 200 eV to 10 keV. During the past year, the soft x-ray beamline has been
commissioned, and is now operational. Construction of the hard x-ray beamline is
completed, and commissioning is now underway.

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" molecular complexes exhibit strong
coupling between structural dynamics, charge-transfer, and spin-state interconversions.
We have recently reported the first time-resolved EXAFS measurement of the atomic
structural dynamics associated with the Fe'' spin-crossover transition using ALS bend-
magnet beamline 5.3.1. This study clearly showed the dilation of the Fe-N bond distance
by ~0.2 A within 70 ps of photoexcitation into the MLCT" state. An important objective
will be to extend these measurements to the femtosecond time scale with the pending
availability of ALS undulator beamline 6.0.1, providing high-brightness femtosecond
hard x-rays.

A new technical capability for transmission XAS measurements of thin liquid
samples in the soft x-ray range is now being developed. We are also developing wire-
guided jets for creating liquid films of a few microns thickness. This approach will be
implemented in a new endstation for BL6.0.1.2, operating in He at atmospheric pressure,
and isolated from the beamline via a thin SisNs window at the exit slit of the
monochromator. Using these techniques for soft x-ray measurements of thin liquid
samples, a new understanding of the evolution of the valence electronic structure, and the
influence of the ligand field dynamics of the Fe 3d electrons, will be obtained by time-
resolved XANES measurements at the Fe L-edge. This is an essential complement to
studies of the Fe-ligand structural dynamics using time-resolved EXAFS.
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An important future 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 Cl. We will apply time-
resolved EXAFS and XANES techniques to follow the changing oxidation state of the Cl,
thereby distinguishing between various competing reaction pathways that cannot be
unambiguously identified through visible spectroscopy but may be solvent dependent.

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

Development of a high intensity high harmonic source: While the strong interaction
regime has typically been inaccessible to (low peak power) synchrotron sources, it can be
accessed with recently developed and with foreseeable sources. X-ray Free Electron
Lasers will offer high flux (~10% photons/pulse) while high harmonics sources have
recently been demonstrated to achieve focal intensities up to ~10'* W/cm? We plan to
study fundamental high field and nonlinear interactions with simple atomic and
molecular systems using a high harmonic source optimized for high peak power. We
have finished the construction of a high harmonic source based on a 40 mJ, 10 Hz, 800
nm laser systems (10 Hz, 800 nm). We have measured an initial flux of ~ 5x10°
photon/shot for the 25" harmonic using argon as a gas converter. We use a 5-cm focal
length multilayer coated mirror to focus the 25" harmonic to micron size resulting in
initial intensities of order of 10 W/cm? As a test case of the intensities achieved we
observed a first two-photon sequential double ionization of argon using the 25"
harmonic. Our initial experiments will focus on studying two-photon triple ionization of
xenon to investigate the quadrupole contribution to the excitation of the giant 4d
resonance in xenon. We will extend these non-linear studies to two-photon double
ionization of He and nuclear dynamics and isomerization of acetylene and ethylene.

In addition we are developing an electron imaging apparatus, which is capable to
measure the 3d final momentum vectors of at least two electrons and two nuclei. This
apparatus will be used in two-photon double ionization experiments of He, small
molecules and some solids. In pump and probe experiments solid states can be excited or
ionized with a femtosecond laser pulse and probed with a soft x-ray photon ionizing a
doped atom. The ionization process and the speed of information transfer can be
investigated as a function of lateral pump-probe-distance as well as the time delay of the
pulses and the temperature of the target.

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,
is the rigorous extraction of the amplitudes for ionization from these wave packets, and
the separation of single and double ionization probabilities. The exterior complex scaling
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approach that successfully surmounted this difficulty in our time-independent
calculations now forms the basis of a new time-dependent approach that avoids the
ambiguities concerning the correct characterization of the final state that have
characterized essentially all time-dependent descriptions of multiple ionization.

These developments put the investigation of attosecond pump and probe processes in
atoms, including multiphoton absorption, within reach. For molecules the challenge
remains to include nuclear motion in calculations that accurately treat correlated
electronic motion so that processes occurring over 10s of femtoseconds can be treated
accurately.

We are working on the development of tractable theories for molecular excited states
that can yield a proper description of both bright and dark excited states, and in due
course, also their non-adiabatic couplings as needed to describe radiationless transitions.
As a first step, we have demonstrated the ability of a scaled second order perturbation
theory to yield molecular excitation energies in organic molecules to within 0.2 eV, while
being self-interaction-free, and efficient enough to apply to systems in the 100 atom
regime. Work in progress is aimed at obtaining a proper description of bielectronic
excited states, and formulating next-generation density functionals that are asymptotically
self-interaction free. The former development will be crucial for describing radiationless
chemistry, while the latter will permit description of key UV/vis spectral features in large
molecules where existing density functional theories fail due to self-interaction errors.
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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, atmospheric chemistry, and plasma processing. Towards this end, the program
has developed and operates the Multicharged Ion 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.

Phase IV of the MIRF Upgrade Project — C. R. Vane, M. E. Bannister, M. R. Fogle, J. W. Hale,
C. C. Havener, H. F. Krause, and F. W. Meyer

The major components of the MIRF upgrade are now completed. The facility is now an
extended phase of development designed to substantially advance our molecular ion research
program toward electron- and atomic-collision dissociation measurements with state-specific
capability. The facility is being enhanced by addition of a supersonic expansion, cold molecular
ion source (CMIS) to provide a variety of molecular cations with initially well-defined internal
states, and an ion trap endstation for further cooling and characterization. The CMIS, a design
similar to that used recently for cold H;" dissociative recombination studies at CRYRING, Uis
being mounted on the new high voltage platform in front of the existing permanent magnet ECR
ion source. The ion trap is being constructed on an extension of the zero-degree port of the new
high-energy beamline and consists of partially cryogenic ‘Zajfman’-like electrostatic mirror
trap.>”

The complete ion trapping endstation consists of a new ultra-high vacuum beamline with
computer controlled, fast-reaction electrostatic deflection and focusing elements, the electrostatic
trap with a low-energy (5-100 eV) crossed electron beam located between mirrors, and a number
of beam diagnostic and product characterization components, including an imaging detector
system for neutral and charged fragments arising from dissociation of the cooled molecular ions.
Ultimately, this apparatus will be combined with the COLTRIMS endstation and used in
developing more sophisticated preparation and characterization techniques in which atomic and
molecular ions can be held for several seconds, radiatively cooled to their ground states, and then
used directly, or selectively re-excited to chosen excited states, for controlled studies of state-
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specific collisional interactions with photons, electrons, and other atomic and molecular systems.
Establishment of this apparatus is in direct support of our mission goal of developing the
experimental capabilities 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.

1. B.J. McCall et al., J. Phys.: Conf. Ser. 4, 92-97 (2005).
2. H. F. Krause et al., pp. 126-129, AIP Conf. Proc. 576, New York, NY (1994).
3. O. Heber et al., Rev. Sci. Instrum. 76, 013104 (2005).

Low-Energy Ion-Surface Interactions — F. W. Meyer, H. F. Krause, and H. Zhang

A critical problem in the development of commercially viable fusion technology is
identification of materials for use in plasma facing components (PFC’s). Because of their high-
thermal conductivities, excellent shock resistance, absence of melting, low activation, and low
atomic number, carbon-based materials are very attractive candidates for such environments.
Different types of graphite or carbon fiber composites (CFC’s) are already used in present
tokamaks, and CFC tiles (together with some tungsten) are being considered for use in the ITER
divertor.

The use of carbon-based materials has its drawbacks, however. Oxygen etches carbon very
efficiently, forming CO and CO; loosely bound to the carbon surface. At the low-plasma
temperatures characterizing the divertor environment, chemical erosion of the carbon surface by
low-energy hydrogen-ion impact, leading to the ejection of light hydrocarbon molecules, is
significant, and determines in large part the carbon-based-material lifetime. Considering the
additional planned use of Be and W in PFC’s outside the ITER divertor,' the potential exists for a
complex mixture of materials at the divertor strike points (due to CFC erosion and CFC/W/Be
redeposition) that may significantly alter chemical sputtering yields (and thus core impurities,
tritium retention, and target plate lifetimes). The issue of how these material mixtures affect the
chemical sputtering yield from graphite surfaces that have been exposed to high-power tokamak
operating conditions has remained largely unexplored. Such effects are difficult to explore in
tokamak environments. Laboratory experiments providing fundamental chemical sputtering data
in conjunction with theoretical simulations of re- and co-deposition may provide an alternative
approach to understanding and assessing the importance of such effects.

With this motivation, we initiated a joint experimental and theoretical research program a few
years ago to study the interactions of slow ions with surfaces underlying chemical sputtering of
fusion-relevant graphite surfaces, and provide needed data for plasma modeling. Our interests
include very low kinetic energy behavior, the dependence on the nature of the incident beams
(e.g., atomic vs molecular hydrogen, and incident hydrogen isotope), and their influence on the
chemical sputtering species distribution. In the theoretical part of this activity, described in
greater detail in another section, the focus is on the development and application of theoretical
tools describing the dynamics of the electronic degrees of freedom and molecular dynamics
simulations incorporating the many-body dynamics of the heavy particles involved in the
interaction.

In past years, 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. We measured chemical sputtering yields for
virgin ATJ graphite® and highly ordered pyrolytic graphite (HOPG).> 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 cha