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Theoretically calculated isodensity surfaces for a two-component Bose-Einstein
condensate in a magnetic "TOP" trap. The red surface represents 100,000 87Rb atoms in
their F=1, M= -1 hyperfine substate, while the blue surface represents an equal number of
87Rb atoms in their F=2, M=2 substate. These calculations require solution of the
coupled Gross-Pitaevskii equations for the ground state of the double condensate. The
theoretical description is discussed by Esry, Greene, Burke, and Bohn in Phys. Rev. Lett.
78, 3594 (1997). The first experimental observation of such a double condensate was
carried out by Myatt, Burt, Ghrist, Cornell, and Wieman, Phys. Rev. Lett. 78, 586 (1997).
(Courtesy of Chris Greene, JILA, University of Colorado)

Foreword
This volume summarizes the technical content of the 2000 meeting of the Atomic,
Molecular and Optical Physics (AMOP) Program sponsored by the U. S. Department of
Energy (DOE), Office of Basic Energy Sciences (BES). This meeting is held annually
for the DOE laboratory and university principal investigators within the BES AMOP
Program in order to facilitate scientific interchange among the PIs and to promote
interaction with DOE management. For the past three years, the meeting has included
significant participation from scientists outside of the BES AMOP Program and has had a
specific topical focus. Each of these topics can be directly traced to a 1997 DOE/BES
workshop that identified a number of exciting areas in AMO science of interest to BES.
The 1998 topic was The Interactions of Novel Electromagnetic Fields with Matter and
the topic in 1999 was Molecular Ions, Nanostructures and Surfaces. This year's meeting
is organized around the theme of Ultracold Atoms and Molecules, and includes sessions
on quantum condensates of atoms and coherent atom waves, formation and trapping of
ultracold molecules and the collisional interactions of atoms and molecules at ultracold
temperatures.
The BES AMOP Program has evolved in recent years. In the past, it was largely
an atomic physics program directed at the fundamental properties and complete quantum
mechanical description of atoms and the interactions of atoms or ions with electrons or
photons. That role continues through support of AMO science at the DOE synchrotron
facilities and via ongoing projects examining the physics of highly charged ions, which is
relevant to understanding fusion plasmas. New directions in the program include the
interactions of intense electromagnetic fields (from lasers or highly-charged ion
collisions) with atoms and molecules, coherent control of quantum processes,
development and application of novel x-ray light sources and ultracold interactions and
quantum condensates. This is a logical broadening of the program to include topics of
current interest to the AMOP community that also fit well with the BES mission in the
context of utilization of next-generation light sources and control of materials on the
nanoscale.

The BES AMOP Program is characterized by the close coupling between

experiment and theory; approximately 70% of the Pls in the program are experimentalists
and 30% are theorists.
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The AMOP Program is viewed within BES as one that provides fundamental
physical insight and is thus "underpinning" in relation to more obviously energy-relevant
programs in BES or the Office of Fusion Energy Sciences, in relation to current and
future BES facilities that probe matter with photons, electrons or heavy ions, and in
relation to more applied efforts in high- and low-temperature plasma modeling.
However, we encourage a proactive version of this underpinning role, in which the
AMOP PIs understand the important research issues in other areas of science and
engineering and communicate effectively with scientists in other fields. The BES AMOP
Program will continue to evolve in response to changes in the landscape of AMO science
while maintaining solid, justifiable connections to the BES mission.

We gratefully acknowledge the speakers, particularly those not supported by the
BES AMOP program, for their investment of time and effort and for their willingness to
share their ideas with the meeting participants. We also thank the staff of the Oak Ridge
Institute of Science and Education and the Airlie Conference Center for assisting with
logistical aspects and Chris Greene (JILA, Univ. of Colorado) and Phil Gould (Univ. of
Connecticut) for their assistance in developing the technical program.

Eric Rohlfing, Program Manager
Atomic, Molecular and Optical Physics
Chemical Sciences, Geosciences and Biosciences Division
Office of Basic Energy Sciences
U. S. Department of Energy
August, 2000
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Collective Enhancement and Suppression in Bose-Einstein Condensates
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Wolfgang Ketterle
of
Physics
and Research Laboratory of Electronics
Department
~Massachusetts Institute of Technology, Cambridge, MA 02139, USA

The coherent and collective nature of Bose-Einstein condensate can enhance or suppress physical
processes. We have observed the suppression and enhancement of elastic collisions of impurity
I
atoms [1], the suppression of dissipation due to superfluidity [2, 3], and the suppression [4] and
enhancement of light scattering [5]. Bosonically enhanced-Rayleigh scattering was used to
| *amplify
either atoms [6] or light [7] in a condensate dressed by laser light. The talk will review
these experiments and discuss common roots and differences of these phenomena.
1|

12.

13.

1~
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1. A.P. Chikkatur, A. Gorlitz, D.M. Stamper-Kurn, S. Inouye, S. Gupta, and W. Ketterle,
Suppression and enhancement of impurity scatteringin a Bose-Einstein condensate, condmat/0003387; Phys. Rev. Lett., in print.
C. Raman, M. Kohl, R. Onofrio, D.S. Durfee, C.E. Kuklewicz, Z. Hadzibabic, and W.
Ketterle, Evidencefor a criticalvelocity in a Bose-Einstein condensed gas, Phys. Rev. Lett.
83, 2502-2505 (1999).
R. Onofrio, C. Raman, J.M. Vogels, J. Abo-Shaeer, A.P. Chikkatur, and W. Ketterle,
Observation of Supelfluid Flow in a Bose-Einstein Condensed Gas, cond-mat/0006111; Phys.
Rev. Lett., submitted.
~4. D.M. Stamper-Kur, A.P. Chikkatur, A. Gorlitz, S. Inouye, S. Gupta, D.E. Pritchard, and W.
Ketterle, Excitation ofphonons in a Bose-Einstein condensate by light scattering, Phys. Rev.
Lett. 83, 2876-2879 (1999).
5. S. Inouye, A.P. Chikkatur, D.M. Stamper-Kurn, J. Stenger, D.E. Pritchard, and W. Ketterle,
SuperradiantRayleigh scatteringfiom a Bose-Einstein condensate, Science 285, 571-574
(1999).
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6. S. Inouye, T. Pfau, S. Gupta, A.P. Chikkatur, A. G6rlitz, D.E. Pritchard, and W. Ketterle,
Observation ofphase-coherent amplification of atomic matter waves, Nature 402, 641-644
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7. S. lnouye, R.F.Low, S. Gupta, T. Pfau, A. Gbrlitz, T.L. Gustavson, D.E. Pritchard, and W.
Ketterle, Amplification of light and atoms in a Bose-Einstein condensate, cond-mat/0006455;
Phys. Rev. Lett., submitted.

(1999).
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Ultra-cold Interactions and Entanglement in Bose-Einstein Condensed Gases
Keith Burnett
Department of Physics
University of Oxford
Oxford OX1 3PU
United Kingdom
The nature of the interactions between atoms in Bose-Einstein condensed
gases are now accessible to direct experimental investigation and
manipulation. These interactions modify the shapes and evolution of
condensates as described by the Gross-Pitaevskii equation. They also
produce correlations between atoms that may be thought of in terms of
correlations, quantum fluctuations or entanglements depending on your point
of view. I will review briefly the way one puts the description of ultra-cold
collisions into the field theory of condensed gases, and discuss how one goes
beyond the simplest mean field theory of these systems. This involves the
specific inclusion of the effects of correlations in the effective interactions
between particles. I shall then discuss the prospects for using the interactions
as sources of entangled atoms, through the extraction of entangled pairs of
atoms from a condensate. These entangled pairs may well be useful in the
new types of quantum limited atomic interferometry.

2

STUDIES OF ULTRACOLD AND
BOSE-EINSTEIN CONDENSED HYDROGEN

Daniel Kleppner

Research Laboratory of Electronics
Massachusetts Institute of Technology

The dynamics of Bose-Einstein Condensation in atomic hydrogen differ from other BEC atomic
gases because of the slow thermalization rate. The condensate achieves a quasi-steady state in
which heating due to dipolar decay cooling is balanced by cooling through replenishment by the
normal gas. This process has been investigated both experimentally and theoretically. Ultracold
hydrogen provides an attractive testing ground for elementary atomic elastic and inelastic
scattering processes. Recent studies will be discussed.
Research supported by the National Science Foundation and the Office of Naval Research.
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Physics of CorrelatedSystems
Chris H. Greene
JILA
University of Colorado
Boulder, Colorado 80309-0440
Chris. Greene@Colorado. EDU
1.

Program Scope

This project is a multifaceted theoretical attack on problems in atomic and molecular physics in which two
or more degrees of freedom are strongly coupled or correlated. We are developing innovations, extensions,
and improvements to existing theoretical methods, which can handle a broad class of physical systems.
The studies focus on developing a quantitative understanding of the quantum mechanical behavior of
systems, in regimes where standard approximations like the independent particle approximation constitute a
poor starting point. Two specific problems will receive the greatest amount of attention in the coming year:
photoabsorption processes in complex atoms in the presence of a static external field, and the ionization
and high-harmonic generation that occurs in a two-electron atom subjected to an intense laser pulse.
2.

Interpreting coarse-grained photoabsorption spectra as simple time-domain physics

A major accomplishment during the past year has been a complete reformulation of semiclassical
photoabsorption theory and scattering theory in a form that connects these methods with powerful
multichannel quantum defect techniques. Our first study, published earlier this year[l], derives a new
general expression for the exact total photoabsorption cross section in a "preconvolved form". This extends
a formulation developed by F. Robicheaux in the early 1990s when he was a postdoctoral associate
supported by this grant. The extension is important because scattering and photoionization calculations
increasingly probe energy ranges and atomic species whose spectra consist of extremely high level
densities. For instance, it is not unusual to treat autoionizing states in systems that require 105 or even 106
energy mesh points in order to trace out the full resonance profiles of all resonances adequately. Yet the
resolution in such experiments is typically limited, to the extent that two or three orders of magnitude fewer
mesh points are needed to describe an actual measured spectrum.
Prior to Robicheaux's introduction of preconvolution techniques, there was no alternative except to
calculate the full spectrum on the ultrafine energy mesh, and then "smear out" that information upon
convolving the theoretical spectrum to mimick experimental resolution. Preconvolution permits the
"smeared-out" spectrum to be calculated at the outset, without requiring the expensive intermediate step of
106 energy mesh points. Whereas Robicheaux's work was restricted to zero-field Rydberg states of atoms
and molecules, in which an escaping electron experiences a pure Coulomb field, our generalized form
yields the same gains more generally, such as when an external static field is present. Our first application
treats an atom in an external magnetic field [1], in the richly complicated energy range near the ionization
threshold, where quasi-Landau diamagnetic physics dominates the spectrum. The accurate quantum
mechanical calculations were obtained using a newly-implemented basis-spline R-matrix calculation that
determines the "outer-field scattering matrix" SLR at a complex energy; whose imaginary part is half of the
preconvolution width. A second, more extensive investigation of the strengths and limitations of the
semiclassical formulation of the long-range physics is currently being prepared for publication.
A key reason for conducting a "coarse-grained" analysis of a complex spectrum is that the Fourier
transformed time-domain spectrum frequently possesses far more simplicity than does the raw high
resolution energy domain spectrum. The simpler time-domain spectra are readily interpreted using a
semiclassical approximation to the long range scattering matrix SLR, of the type developed extensively by
W. Miller, J. M. Rost, and others. That approximation correlates each'peak in the time-domain spectrum
with a single trajectory (or more precisely, with a family of very similar trajectories).
In the coming year, Brian Granger's efforts will apply the reformulated theory to a broader class of systems
that have not been accessible to closed-orbit theory in its existing forms. A prime example is atomic
4

I
photoabsorption in the presence of an external field, in an atom possessing a complex, multichannel ionic
core. For instance, the barium atom has several low-lying ionic thresholds 6s, 5d3/2, 5d5 /2, 6p/2, 6p3/2.
These cause even the zero field photoabsorption spectrum of barium to display rich complexity.
3.

Correlations between the electronic and nuclear motions in an electron-molecule collision

When an incident electron strikes a diatomic molecule, one frequently views the nuclei as being effectively
frozen during the collision. In resonant ion-pair formation, however, this is manifestly not the case. The
process e + HD -- H + D has recently been studied in a storage-ring experiment at Stockholm. Such
resonant ion-pair formation events proceed through an intermediate doubly-excited resonant state of HD,
which then proceeds to dissociate after the initial electronic excitation. Essentially, the temporary trapping
of the incident electron in an autoionizing state gives it leverage to dissociate the nuclei efficiently. The
experiment showed around a dozen sharp peaks in the cross section for D formation. In a collaboration
with both experimentalists and theorists at Stockholm, and with the JILA experimental group of G. Dunn
and N. Djuric, the P.I. has developed a Landau-Zener-Stueckelberg description that semiquantitatively
explains the observed peaks as resulting from a quantum mechanical interference between competing
dissociation pathways.[2]
4.

3IJ
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Joint motions of doubly-excited atomic electrons

Some continuing progress has been made toward the goal of being able to describe the rich multichannel
photoabsorption spectra that arise when a helium atom or H- ion absorbs a photon that brings the system
near but slightly below the two-electron escape threshold. A two-electron B-spline R-matrix description
developed by Hugo van der Hart before he left to assume a position at Queen's University has already
provided some insights into the underlying regularities in the spectrum. Further work has also been carried
out toward understanding the photoionization-produced alignment and orientation of Ar + ions, and a paper
~should be finished on this subject during the coming year.
5.

Atoms in an intense laser field

A new postdoctoral associate, Mark Baertschy, has begun to study the theoretical description of twoelectron ejection induced by the strong fields present in an ultra-short laser pulse. In the initial exploratory
phases of this effort, we have implemented some popular time-dependent propagation algorithms that have
been successful in other contexts. Our first calculations utilize finite elements written in hyperspherical
coordinates, which will permit us to assess the efficiency of an expansion in adiabatic channel functions.
We anticipate that we will be able to carry out quantitative calculations of single ionization, double
ionization, and high-harmonic generation processes in atomic helium, in the very near future.
6.

Bose-Einstein condensation studies

While the BEC-related portion of this project ended when the present year of funding started, there has
been some continued effort in this area as studies started in the preceding years have been either finished or
brought closer to completion. One of these is a study of the behavior of a condensate with a negative or
attractive scattering length as it grows up to its maximum possible size, and then collapses. A condensate
of 7Li atoms, for instance, is the most prominent example since it has been studied extensively by the group
of R. Hulet. Its maximum size has been measured to consist of approximately 1400 atoms, in agreement
with theoretical expectations. After the condensate grows to contain this many atoms, calculations by H.
van der Hart show how it undergoes a rapid collapse to a very small but nonzero number of atoms
remaining in the condensate.[3]
Recent Papers
[1] Extending closed-orbittheory using quantum defect ideas, I: Basic concepts and derivations, B. E.
Granger and C. H. Greene, Phys. Rev. A. 62, 012511-[1-17] (2000).
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[2] Resonant ion-pairformationin electron collisions with HD+ and OH+, A. Larson, N. Djuric, W. Zong,
C. H. Greene, A. E. Orel, A. Al-Khalili, A. M. Derkatch, A. Le Padellec, A. Neau, S. Rosen, W. Shi, L.
Vikor, H. Danared, M. AfUgglas, M. Larsson, and G. H. Dunn, in press, Phys. Rev. A.
[3] Collapse versus growthfor a Bose-Einstein condensatewith attractive interactions, H. W. van der Hart,
Phys. Rev. A 62, 013601-[1-8] (2000).
Other published journal articles supported at least partially by this grant during 1998-2000
[4] Validity of the shape-independentapproximationfor Bose-Einstein condensates, B. D. Esry and C. H.
Greene, Phys. Rev. A 60, 1451-1462 (1999).
[5] Spin-orbit effects on photoionization-producedalignment of the Ar+ 3p4(P) 4p levels, H. van der Hart
and C. H. Greene, J. Phys. B 32, 4029-4037 (1999).
[6] Spontaneous spatialsymmetry breaking in two-component Bose-Einstein condensates, B. D. Esry and
C. H. Greene, Phys. Rev. A 59, 1457-1460 (1999).
[7] Multichannelphotoionizationspectroscopy ofAr: Total cross section and thresholdphotoelectrons, H.
W. van der Hart and C. H. Greene, Phys. Rev. A 58, 2097-2105 (1998).
[8] Double and triplephotoionizationof ground-state lithium, H. W. van der Hart and C. H. Greene, Phys.
Rev. Lett. 81, 4333-4336 (1998).
[9] Superfluids mixing it up, B. D. Esry and C. H. Greene, Nature 392, 434-435 (1998). [This was a "News
and Views" article, which means that we were not allowed to cite our DOE support for this work under
Nature's policies.]
[10] Effective potentialsfor dilute Bose-Einstein condensates, J.L. Bohn, B.D. Esry and C.H. Greene, Phys.
Rev. A 58, 584-597 (1998).
[11] Doublephotoionization and ionization of the metastable helium S-states, H.W. van der Hart, K. W.
Meyer and C.H. Greene, Phys. Rev. A 57, 3641-3645 (1998).
[12] Low-lying excitations of double Bose-Einstein condensates, B.D. Esry and C.H. Greene, Phys. Rev. A
57, 1265-1271 (1998).
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Abstract for the AMOP Research Meeting, 2000
Toward Cooper Pairing of Fermionic Atoms
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Deborah S. Jin
JILA
Campus Box 440
University of Colorado
Boulder, CO 80309
Email: jingjilaul .colorado.edu

The long-term goal of this program is to explore the possibility of Cooper pairing
of fermionic atoms. In analogy with the physics of superconductors, an ultracold trapped
gas of fermionic atoms can in principle undergo a phase transition to a Cooper-paired
state. This new phase of the Fermi gas would then provide a unique system in which to
Cooper pairing requires
a *investigate
the underlying physics of superconductivity.
attractive interactions between the atoms in a quantum degenerate Fermi gas. A
combination of relatively strong interactions (although still weak in the sense of having a
dilute gas system) and high quantum degeneracy (low temperature) will be required for
I|~
Cooper pairing. To this end, one goal of the research program is to produce mixtures of
bosonic and fermionic atoms and study the possibility of reaching higher degeneracy
r *~using
sympathetic cooling. Another goal is to explore the effects of interactions, both in
a mixture of bosons and fermions as well as between fermionic atoms in different spinstates.
progress has concentrated on the development of the necessary technology
I|~ ~Recent
for a two species magneto-optical trap (MOT), which is the first step toward sympathetic
cooling using a mixture of bosonic and fermionic atoms. The existing apparatus that
produces a quantum degenerate gas of 40K includes a Rb atom source but lacks the
necessary lasers for a Rb MOT. For this purpose we are developing a high power (_ 0.5
W) laser diode system based on a broad area diodel. Producing the laser light necessary
~
for the Rb MOT with a robust diode laser system is essential for minimizing the
additional complexity of the experiment. This laser system has been built and currently
produces 0.4 W of light at 780 nm. After some final tests (to secure a decent output
spatial mode and to measure the linewidth) this laser system will be used for a Rb/K twospecies MOT. We also plan to attempt a current modulation scheme 2 with this laser in
" *~order
to produce the second light frequency (for repumping) required for the 87Rb MOT.
Initial studies of the Rb/K MOT will be conducted in a simple test vacuum
chamber before incorporation into the existing apparatus. The components of this
vacuum chamber, including a JILA-made enriched 40K atom source and a glass MOT
cell, will be ready for assembly in the coming weeks. With this setup our goal is to
produce overlapping MOT's with roughly a billion 87Rb atoms and a few million 40 K
|~I ~
atoms. We will explore issues such as how to achieve good spatial overlap of the trapped
Rb and K gases, what will be the limit on number due to collisional losses 3 , and what are
the optimum laser detunings and intensities of the four laser frequencies required for the
two-species MOT.
|B ~

I|~
3m

3

I

7

We have also made progress toward the goal of studying the interactions in a
mixture of two-spin states of fermionic atoms. These studies will be conducted in the
existing apparatus, where we have recently added the capability to simultaneously image
the two spin-states gases. A magnetic field with a large spatial gradient is applied after
the ultracold Fermi gas is released from the magnetic trap. This field separates the two
spin-states through the Stern-Gerlach effect so that the two separated clouds can be
imaged simultaneously. This tool will assist us in controlling and monitoring the spin
composition of the gas.
Because Cooper pairing will require a relatively strong, effectively attractive
interaction, we intend to search for a magnetic-field Feshbach resonance between two
spin-states of 40K. Such a collisional resonance will allow experimental control over both
the sign and relative strength of the atom-atom interactions. The most promising
theoretically predicted Feshbach resonance for 40 K occurs between two spin-states which
cannot be confined in our current magnetic trap. Therefore we are developing a far-off
resonant optical trap (FORT) for the Fermi gas. We now have a 5 W Nd:YAG laser for
this purpose and are implementing the necessary optics and intensity stabilization for the
optical trap.
Future plans for this project include continuing the development of the twospecies MOT for boson-fermion mixtures as well as the FORT for two spin-state studies.
With these two new capabilities and our existing quantum degenerate Fermi gas we will
explore interactions in the Fermi gas.
1. I. Shvarchuck, K. Dieckmann, M. Zielonkowski and J. T. M. Walraven, to be published in Appl. Phys.
B, available online (2000).
2. C. J. Myatt, N. R. Newbury and C. E. Wieman, Opt. Lett. 18, 649 (1993).
3. G. D. Telles, L. G. Marcassa, S. R. Muniz, M. S. Santos, A. Antunes and V. S. Bagnato, Laser Physics
10, 21-25 (2000).
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Trap Trace Analysis

Lu, K. Bailey, C.-Y. Chen, X. Du, Y.-M. Li, T. P. O'Connor, L. Young
Argonne NationalLaboratory, Argonne, IL 60439
luanl.gov, young@anl.gov
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Ultrasensitive isotope trace analysis has been an important tool in moder science,
with applications ranging ranging from radioisotope dating, studies of transport processes
in the ocean, atmosphere and groundwater to medicine. Two well-developed methods,
low-level counting (LLC) [1] and accelerator mass spectrometry [2] have been widely
used at the part-per-trillion level. Recent careful implementations of resonance ionization
mass spectrometry approach this level [3].
We have recently developed a new method for ultrasensitive trace isotope
analysis based upon laser manipulation of neutral atoms, atom trap trace analysis
(ATTA)[4]. In this method, individual atoms are counted while residing in a magnetooptical trap (MOT), which affords extremely high isotopic selectivity. We have
demonstrated a selectivity of 10- 1 to 10- 13 for ("Kr/Kr) and ( 81Kr/Kr) by counting these
rare atoms in a natural atmospheric krypton sample. With no observed contamination
from neighboring isotopes, the selectivity appears to be limited only by the number of
atoms that can be sorted during a finite operation time. Key technical features are an
efficient capture rate and the ability to detect a single atom in the MOT. These two
requirements are independently optimized with separate capture and detection phases.
Current overall efficiency of the system is 10- 7, where 10 -4 arises from the need to
produce metastable krypton atoms for the trapping process. Methods to improve the
~overall efficiency, by gas recirculation and optical excitation of the metastable state, are
presently under investigation.
While many applications are envisioned, two involving 85Kr and 81Kr should be of
particular interest to the Department of Energy. 85Kr (half-life 10.5 years) atoms are
produced in nuclear fission processes. Trace detection of 85Kr can be used to monitor
environmental contamination around nuclear-waste storage areas, to monitor nuclear-fuel
reprocessing activities around the world, and to provide advanced warning of reactor
leakage problems. 8 'Kr is a cosmogenic nuclide with a half-life of 210,000 years. Due
to its gaseous and inert nature, it is homogeneously distributed over the earth. In
addition, its concentration is unaltered by human activities with nuclear fission because
stable 81Br shields 81Kr from the neutron-rich isotopes that are produced in nuclear
fission. Thus, 8'Kr is an ideal tracer for dating polar ice and groundwater in the 100,000
year range, and may be useful for characterizing nuclear waste repository sites.
References:
[1] J. R. Arnold and W. F. Libby, Science 113, 111 (1951).
[2] R. A. Muller, Science 196, 489 (1977).
[3] K. Wendt et al., Fresenius J. Anal. Chem. 364, 471 (1999).
[4] C.-Y. Chen, Y. M. Li, K. Bailey, T.P. O'Connor, L. Young and Z.-T. Lu, Science 286,
1139(1999).

'9
*I

--

Coherent Atom Optics with Bose-Einstein Condensates

William D. Phillips
Laser Cooling and Trapping Group
Atomic Physics Division, Physics Laboratory
NIST, Gaithersburg, MD

A Bose-Einstein condensate represents a source of coherent deBroglie waves, analogous to the
laser as a source of coherent photons. We have demonstrated the coherent manipulation of
condensates by normal diffraction and Bragg diffraction from optical fields. We have applied
these techniques to interferometric studies of the condensate coherence and of the effects of
interatomic, mean-field interactions. Atom-atom interactions also enable non-linear atom optical
effects such as four-wave mixing and soliton generation
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Quantum Theory of Collective Effects
in the Atom Laser
Murray J. Holland

JILA, Campus Box 440, University of Colorado, Boulder, CO 80309-0440
MIurray.Holland@Colorado.EDU
I. Program scope
Thle main goal of this research program has been the theoretical formulation of a quantum
description of the atom laser. This would allow quantitative examination of strong collective
effects typically present in Bose-Einstein condensed atomic gases. Efforts have been focussed
on developing the relevant quantum kinetic equations for weakly interacting bosonic systems,
and on treating the complementary problem in weakly interacting ferrionic systems. On
a number of occasions, these efforts have been strengthened by significant collaborative
interactions with experiments at JILA.
II. Recent results

3*
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One of the core prerequisites for developing a theory of the atom laser is the understanding
of the reversible and irreversible evolution of a condensed gas immersed in a non-condensed
thermal background. In detail, this forms a challenging problem in which sophisticated analytical and numerical methods must be employed in order to make the dynamical equations
solvable. Our first task was therefore to develop the relevant quantum kinetic theory for the
trapped gas-a non-equilibrium and non-uniform system-and to incorporate all relevant
dynamical quantities in the analytic and numerical solution.
Starting from a fundamental two-particle Hamiltonian which describes binary collisions
in the gas, the energy and number conserving kinetic equations for the condensate and the
normal and anomalous fluctuations were derived. The condensate, represented as the mean
value of the atomic field, is associated in the usual way with spontaneous symmetry breaking
in the phenomenon of Bose-Einstein condensation. In order to provide a complete description
of the kinetic evolution, it is necessary to expand the set of relevant observables to treat also
the correlation functions. These are described by the classical-like normal densities which
represent the non-condensed particles, and carry information such as the thermal de Broglie
wavelength. In addition, it is necessary to include the effects of the anomalous densities
which describe the quantum mechanical two-particle correlations in the gas.
Within this framework, explicit and quantitative results were presented for the evolution
of these kinetic equations in an isotropic situation [1]. Numerical and analytic solutions were
investigated at the level of the Hartree-Fock-Bogoliubov equations, evolving self-consistently
the mean-field along with the non-condensed gas. An analysis was made of the evolution of
an ergodic distribution toward equilibrium in the presence of collisions.
Studying the collective behavior of atomic Bose-Einstein condensates in the nano-Kelvin
temperature scale is typically made easy by the characteristic regime of low density and
weak interactions. The collective dynamics of the condensate are often found by application
of the Gross-Pitaevskii equation. The Gross-Pitaevskii equation represents the solution of

II

the mean-field theory, and is analogous to the use of classical fields in optics.
However, coexisting condensates of atoms and molecules may be generated by tuning
a Bose-Einstein condensate near a Feshbach resonance, or by using Raman lasers to induce a photoassociative coupling. In this case the atom-molecule composite system is more
complex and more interesting. The quantum statistical properties are modified due to the
development of intrinsic pairing fields. Pairing-fields are created because molecules may
spontaneously break-up into pairs of atoms located at the same coordinate. The thermal
cloud which is thereby generated does not satisfy the usual classical equilibrium statistics,
and for example, can contain only even numbers of atoms. This situation is reminiscent of a
squeezed vacuum state of light which may be generated when photons are produced in pairs
in a parametric nonlinear crystal.
We recently incorporated these ideas into a quantum kinetic theory of the atom-molecule
system [2]. The calculations resolved some serious conceptual difficulties which had arisen
in previous theoretical studies examining the solely mean-field equations. The solely meanfield equations had drawn a lot of criticism based on physical arguments such as time-scales.
Our approach rectified this issue by going beyond mean-field theory. A comparison of the
mean-field predictions against the kinetic theory is shown in Fig. 1.
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We recently proposed a scheme for loading an atom laser operating in a continuous-wave
mode [3]. The schematic diagram is illustrated in Fig. 2. To date, no continuous-wave atom
laser has been demonstrated in which there is replenishing of the reservoir in direct analogy
with a continuous-wave optical laser. Replenishing of the reservoir is required in steady
state to compensate for the loss due to output coupling as well as to compensate for various
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intrinsic loss mechanisms such as collisions with hot atoms from the background vapor and
inelastic two-body and three-body collisions between trapped atoms.
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Figure 2: Schematic diagram showing the proposed loading scheme for obtaining a
steady state Bose-Einstein condensation and a continuous-wave atom laser. Atoms
entering the laser field from the confining tube are in the ground state. As the
atoms pass through the laser field, the population is continuously transferred to the
trap state by a sequence of coherent pumping and spontaneous emission.
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A dissipative process is required in order to load the atoms into a conservative magnetic
trap which is typically used to form the confining potential. A three level scheme was
proposed to avoid the enormous heating effects usually associated with the reabsorption of
spontaneously emitted photons required by the dissipative process. The proposed scheme
allowed reabsorption of photons only in the tiny region of the pumping laser beam which is
used to transfer the atomic internal state to the trapped state.
Although research into the atom laser has primarily focussed on bosonic systems, the possibility for demonstrating thermodynamic phase transitions in Fermi gases through Cooperpairing makes this system also a potential candidate as a coherent atomic source. The
quantum theory of Fermi gases undergoing evaporative cooling and collisional relaxation
through binary interactions is itself interesting. At temperatures higher than the pairing
transition, the condensate (or mean-value of the atomic field) is zero. We recently carried
out a quantitative study of evaporation and thermodynamic relaxation in the two-component
Fermi gas in order to elucidate the effects of Fermi-blocking, and other quantum statistical
features [4]. An optimized evaporation trajectory was considered and compared with the
data taken in the laboratory of Professor Jin at JILA. Reasonable agreement was found as
illustrated in Fig. 3. The optimized trajectory showed that there is no fundamental reason
why significantly lower temperatures could not be reached, and that the current limits are

technical in nature.
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Figure 3: Optimum evaporation trajectory. The D symbols show points on the
theoretical evaporation trajectory at time intervals of 5 s. For comparison, the
* symbols show experimental data points giving a typical evaporation trajectory.
The A symbols show the lowest T/TF achieved in the experiment (where T is the
temperature and TF is the Fermi temperature).

III. Future plans
These initial publications describe our foundation work in the theoretical description of
the atom laser. Now that most of the necessary theoretical elements have been derived,
future research will focus on applying the quantum kinetic theory to the atom laser model
system. Observables which we intend to consider are the phase properties of the macroscopic
condensate wave function and the squeezing and pairing statistics in steady-state.
In parallel to the usual kinetic description of mean-field and normal and anomalous densities we intend to examine the feasibility for unraveling the single particle density matrix

evolution into simultaneously evolving wave function trajectories. This approach is in analogy with the quantum Monte Carlo methods used in quantum optics.

IV. References to DOE sponsored research
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[2] M. Holland, J. Park, and R. Walser, Formationof PairingFields in Resonantly Coupled
Atomic and Molecular Bose-Einstein Condensates, preprint (2000).
[3] Satyan Bhongale and Murray Holland, Loading a continuous-wave atom laser by optical
pumping techniques, accepted for Phys. Rev. A, (2000).
[4] M. Holland, B. DeMarco, and D. S. Jin, Evaporative cooling of a two-component degenerate Fermi gas, Phys. Rev. A 61, 053610 (2000).
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Progress and Future Opportunities for the Application
of Ab Initio Relativistic-Correlation Methods to
Complicated Atomic States

3*jI~~~

Donald R. Beck
Physics Department
Michigan Technological University
Houghton, MI 49931
e~~~e-mail: donald@mtu.edu

Introduction
Complex atoms (e.g., transition metals and rare earths) are of considerable technological importance for plasmas, astrophysics, catalysis, semiconductors, high-temperature superconductors, nuclear waste, time and frequency standards, novel lighting sources, and alternative
energy sources. Yet, due to the open d and/or f subshell electrons, they are challenging to
treat with ab initio methods which include both relativity and a thorough treatment of
electron correlation effects. The purpose and scope of this work is to develop and apply
advanced relativistic-correlation methods to properties of transition metal atoms and ions.
Methodology
Our calculations employ a Relativistic Configuration Interaction (RCI) methodology, which
begins with a limited Dirac-Fock calculation [1] for the spectroscopic manifold(s) [2] of the
occupied radial functions. The correlation radials are represented by relativistic screened
hydrogenic functions, whose effective charge is determined as part of the RCI process. These
virtuals have the merit of both representing the Rydberg and continuum series (for bound
states), and avoiding variational collapse.
Until very recently, our attention was focused solely on properties (e.g., hyperfine structure, f-values, Lande g-values, electron affinities) of bound states; all computer codes, unless
otherwise noted, were written by the PI [3]. However, an ultimate goal is to develop and
apply a set of codes capable of obtaining most properties (bound or continuum) of complicated atoms to competitive accuracy (e.g., for bound states, currently: ~200 cm-' for
energy differences, 10% for hyperfine structure constants, 5-10% for f-values).
During this last year, a computer program essential to the treatment of properties involving the continuum was made [4] robust enough to be used for complex atomic states.
This program produces a relativistic frozen core radial continuum function with proper normalization, orthogonality, and treatment of exchange. It was originally developed by Perger
[5] at the PI's suggestion, and applied [6] to Hg resonances. It has now been made [4] into a
stand-alone program, obtaining its atomic structure externally [7], making it very general. It
has also been given a more stable starting estimate, and evaluates magnetic Breit integrals.
Initial application has been to the lifetime of a metastable state in Ba- [8].
Applications
Our original DOE project was to systematically and accurately account for hyperfine structure (hfs) in transition metal atoms; in particular to predict and remove the discrepancies
between Dirac-Fock results and experiment [9]. It was found that proper positioning of the
d" s configuration (with its large contact hfs contribution) relative to d"n+ (or dn-1 s 2 ),
followed by the usual core polarization effects, was essential.
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With hfs constants properly accounted for in these species [n < 5], attention was turned
to another property associated with them-oscillator strengths and lifetimes of the relatively unknown d ' p states. Among other things, we wished to see whether there were
any systematic discrepancies between Dirac-Fock and RCI values (or experiment), and if
so to understand what causes them. The presence of the extra p electron serves to further complicate the treatment. Additionally, Lande g-values were needed for some of these
states [10].
Work began on two lifetimes in Nb II [11], for which there was an experimental result, and wavefunctions for the even parity states existed [12]. Despite a relatively crude
treatment of the odd parity states, due to their complexity, a 20% agreement between RCI
and experimental lifetime results was achieved, though individual oscillator strength errors
could be larger, due to cancellation effects. Next, we chose to take two simpler systems,
Cs II and Ba III, initially because their electric quadrupole constants (B) were thought [13]
to be in need of improvement, and because two conflicting sets of lifetime measurements
were available. Our hfs results [14] suggest B needs remeasurement, and favor [15] one set of
lifetime measurements over the other (agreement to 6% for two of the three lifetimes, with
f-value errors likely larger). This was our first calculation of Lande g-values: for thirteen
levels we differed from experiment by 2.3%, which was the same size as the experimental
uncertainty itself. Lande g-values, which included the anomalous g-factor, were predicted
for nine additional levels.
In 1991 Feldman et al [16] computationally found an unusual magnetic dipole (M1) transition between the J=2 and J=3 levels of the 3d4 configuration. This had an unusually constant wavelength along the isoelectronic sequence in a region [> 2500 A] where transmission
optics could be used, and is thought to offer a very convenient line for plasma diagnostics.
In 1995 and 1996 [17] Morgan, Serpa et al measured the wavelength for the Ba 3 4+ , Xe 32+ ,
---Nd38+, and Gd' 2+ members of this sequence and found it to differ from Dirac-Fock results
by about 5%. Because of our DOE experience with this type of configuration, we were asked
to see if we could reduce this error. A reduction to about 1% was achieved [18] by including
an adequate amount of correlation. Later, we predicted [19] wavelengths and M1 rates for
the W 52 + and Bi 6 1+ members of this sequence. W 52 + has now been measured [20] and is in
excellent agreement with our prediction.
Dr. Avgoustoglou was a member of our group during 1997-8, bringing with him the ability to do Relativistic Many-Body Perturbation Theory (RMBPT) calculations. In seeking a
suitable problem to fackle with RMBPT, our attention was brought [13] to the discrepancy
between Dirac-Fock and experimental f-values for the resonance transition in Kr I. RMBPT
calculations on Kr I, Ar I, and Xe I resolved this problem [21], and in the process of writing
up this work, we realized that a number of experimenters had underestimated their errors
(i.e., experimental ranges did not overlap). Thus, these transitions are still in need of precise
measurement.
Most lifetimes in highly ionized high-Z ions which decay by an electric dipole process
are too short to be measured currently, but there are some intercombination ones such as
3s 3p 2 4p -4 3s2 3p 2 p with lifetimes a few tens of ps [Au 66+] or longer, which have been
measured [22], thus opening up an isoelectronic sequence for study. For the Au 66+ and Br22 +
members of the sequence, there were significant discrepancies between length gauge limited
MCDF results and experiment. We did RCI calculations with both length and velocity
16
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gauges [23], with the result that for three of the four transitions, there are no significant
discrepancies. For the J=5/2 lifetime in Au 66+ , the lifetime still differs by 13% and the
wavelength by 2.5 eV. While the origin of the difference is more likely experimental than
computational, the large radiative contribution (5.9 eV) to the energy differences makes one
wish that QED effects in many-electron atoms could be treated more accurately.
We have just completed work on d4 J=0 -* d3 p J=1 transitions in Fe V with RCI.
|*I'
These have been the subject of a very recent large-scale (over 1 million transitions) BreitPauli R-Matrix study [24]. We have done careful RCI calculations on thirty of the largest,
Ig
energetically lowest transitions in Fe V [25], and are in substantial disagreement with their
[24] results. Our conclusion is that it is too early to expect accurate computational results
calculations undertaking to do vast numbers of transitions at one time. We find cases
Z *from
where the proper location (within 100 cm-') of energy levels is essential, and for which
the total oscillator strength for the group of levels is nearly constant [26]. A similar study
of the (d+s)4 J=1 -> (d+s)3 p J=1 levels in Ta II, which are of astrophysical interest, is
under way. Unlike Fe V, here there is interpenetration among d3 p and d 2 s p levels, which
means a greater variety of electron correlation needs to be included, making substantial use
~
of REDUCE [3] necessary. Nonetheless, the study on this system is nearly complete [27].
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Future Plans
With our enlarged RCI code [3], and by updating REDUCE [3] to make it more user-friendly
and capable of dealing larger probleirs (more determinants and parents), we can look at some
nlmore difficult transitions, such as the Yb II 6s -- 6p transition. This is difficult to treat
[28] because of the interpenetration of 4f1' 6p and 4f"3 5d 6s, which requires the inclusion of
much core-4f correlation [29], i.e. very large N-electron basis sets.
An even more exciting direction to follow is to apply the Tews-Perger radial continuum
code [6] (within tlle context of a larger code, to be"developed by the PI) to obtain Auger
widths of states involving significant correlation effects (e.g., those having significant CosterI~Kronig effects). A longer-term objective is to work with the Nicolaides group to develop a
RCI approach to photoionization of high-Z atoms in intense laser fields [30].
Recent Publications Supported by DOE
Publications 15, 19, 21, and 23 (reference list) were published in 1998-2000 and report work
sponsored by DOE (Grant No. DE-FG02-92ER14282).
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Overview of the Formation of Cold Molecules*
William C.
Stwalley, Department of Physics
University of Connecticut, Storrs, CT 06269-3046

I

The cooling and trapping of atoms and atomic ions is a rapidly advancing field of
fundamental science (e.g. Bose-Einstein condensation {recently reviewed in [1]}).
We at the University of Connecticut and many others are attempting to extend the
field to molecules (recently reviewed in [2]), including many presenting results at
this meeting.
The coldest molecules formed in terms of translational temperature (< ImK) are
diatomic alkali molecules formed by photoassociative techniques (recently
reviewed in [3]), including one- and two-color photoassociation followed by
spontaneous emission, and state-selective stimulated Raman photoassociation.
Molecules with mK translational temperatures have also been formed by several
other techniques, e.g. helium buffer gas cooling, deceleration of molecular beams,
and evaporation from large helium clusters.
The current status of these approaches will be summarized and some speculations
concerning their future prospects and potential applications will be presented.

3*

*Support received from the National Science foundation is gratefully acknowl~edged.

[1] J. Weiner, V. S. Bagnato, S. C. Zilio and P. S. Julienne, Rev. Mod. Phys. 71, 1
(1999).
[2] J. T. Balms, P. L. Gould and W. C. Stwalley, Advan. At. Mol. Opt. Phys. 42,
171 (1999).
[3] W. C. Stwalley and H. Wang, J. Mol. Spectrosc. 195, 194 (1999).
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DECELERATION AND TRAPPING OF NEUTRAL DIPOLAR MOLECULES

Gerard Meijer
FOM Institute for Plasma Physics 'Rijnhuizen'
Edisonbaan 14, NL-3439 MN Nieuwegein, The Netherlands,
and
Dept. of Molecular and Laser Physics, University of Nijmegen,
Toernooiveld 1, NL-6525 ED Nijmegen, The Netherlands
In a pulsed supersonic expansion high densities of molecules can be obtained at low
translational temperatures. Typically, densities of 1012 molecules/cm 3 per quantum state
can be reached at a temperature of only a few K. These-high phase-space densities can be
transferred from the moving frame of the molecular beam to the lab-frame using
deceleration in a series of synchronously switched electric fields (1). When molecules
are in a quantum-state that gains Stark energy ('potential' energy) with increasing electric
field, they will loose kinetic energy when moving into a region of high electric field. If
the electric field is greatly reduced before the molecules have left this region they will not
regain the lost kinetic energy. When this process is repeated by letting the molecules
pass through a series of electric field stages that are switched synchronously with the
arrival of the package of decelerating molecules in these stages, a sample of neutral
molecules can be decelerated while maintaining the initial phase-space density (2), much
like is done in charged particle accelerators. The intense pulsed beams of slow molecules
that are thus obtained hold great promise for a variety of molecular beam experiments. In
addition, the slow molecules can be trapped in an electrostatic trap that is rapidly
switched on once the molecules have 'climbed' into it (3) or they can be injected in a
storage ring.

(1) H.L. Bethlem, G. Berden, and G. Meijer, Phys. Rev. Lett. 83 (1999) 1558.
(2) H.L. Bethlem, G. Berden, A.J.A. van Roij, F.M.H. Crompvoets, and
G. Meijer, Phys. Rev. Lett. 84 (2000) 5744.
(3) H.L. Bethlem, G. Berden, F.M.H. Crompvoets, R.T. Jongma, A.J.A. van Roij,
and G. Meijer, Nature (submitted).
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~Buffer-gas

Loaded Magnetic Traps for Atoms and Molecules
John Doyle
Department of Physics
Harvard University

Over the past three years we have developed the technique of buffer-gas cooling and
loading of atoms and molecules into magnetic traps. Buffer-gas cooling relies solely on
elastic collisions (thermalization) of the species-to-be-trapped with a cryogenically
cooled helium gas and so is independent of any particular energy level pattern. This
makes the cooling technique general and potentially applicable to any species trappable at
the temperature of the buffer gas (as low as 240 mK). Using buffer-gas loading,
paramagnetic atoms (europium and chromium) as well as a molecule (calcium
monohydride) were trapped at temperatures around 300 mK. The numbers of the trapped
species (about 1012 atoms and 10 molecules) were limited by the production method,
which was laser ablation of suitable solid precursors. About 50% of the atoms or
molecules introduced into the trapping region were trapped. In conjunction with
evaporative cooling, buffer-gas loaded magnetic traps offer the means to further lower
the temperature and increase the density of the trapped ensemble to study a large variety
of both static (spectra) and dynamic (collisional cross sections) properties of many atoms
and molecules at ultra-low temperatures. The method and main results will be presented
in this talk.
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g and Cooling Neutral Molecules
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harged particles can be accelerated, slowed, deflected, focused, bunched, cooled, and stored
for hours - by the application of static and time-varying magnetic and electric fields. Neutral
polar molecules are not charged, but they do have an intrinsic separation of charge. In an electric
field gradient they will experience a force. Polar molecules [1-3], and neutral atoms
through polarizability [3], can be slowed, deflected, focused, and bunched using static and timevarying electric field gradients.
A standard technology for accelerating and storing charged particles (as. in a synchrotron light
source) is a synchrotron storage ring, fed by a booster synchrotron that accelerates the particles.
The booster synchrotron is in turn injected from a particle source and small linear accelerator. The
two-synchrotron approach is advantageous because the design requirements for acceleration (where
the particles are held for only a few seconds) and storoon Slowing Ri

age, are significantly different. Following this ap-

proach I have considered the application of the
two-synchrotron technique to slowing, storing
and cooling neutral polar molecules.
A possible system, shown in Fig. 1, uses a

bending element

i

pulsed jet source to produce a series of
pulses of molecules that are directly loaded

into a molecular synchrotron slowing ring.
In a few seconds the molecules are slowed
to an energy of 10 K or lower. After slowing, the pulse of molecules is transferred to
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the synchrotron storage ring. The slow mol-
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ecules are much easier to deflect and the
synchrotron storage ring can be quite small
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- possibly even laptop size.

If the density of molecules is high enough
it will be possible to evaporatively cool them
in the synchrotron storage ring. The focusing and bunching elements compress the
bunch of molecules which allows them to .

gas

\

thermalize by intrabeam elastic scattering.
Then, as the bunch spreads, the hottest molecules spread furthest, allowing them to be

_

extracted beam

mec

/ef source
Figure 1. Schematic diagram of a molecular synchrotron

picked off. The bunch is then refocused and

slowing ring and a synchrotron storage ring. Deflecting,

rebunched, and the process repeated. Focusing and bunching are integral parts of the
storage process in particle storage rings. In
this situation we would create a high local
density by setting all three foci to coincide.

bunching, and focusing elements are shown but actual number
and placement will be determined from lattice calculations.
The layout of the elements and the size of the ring - from 1/
2 -m radius to 3 m radius - is based on the methyl fluoride
example (see text) with electric field gradients from a

maximum electric field of I x 107 V/m.
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san example, consider a beam of methyl fluoride, produced by the pulsed jet source, using
argon carrier gas, at a reservoir temperature of 300 K. The methyl fluoride will have a velocity
of 560 m/s corresponding to a kinetic energy of 640 K. If the maximum electric field is kept to a
modest 1 x 107 V/m, the synchrotron slowing ring will have a 3-meter bending radius. (This is a
rather extreme example. A synchrotron with a 1/2-meter bending radius would be sufficient if the
reservoir were cooled and a heavier carrier gas used. However the intensities would be much lower).
Even with the narrow velocity distribution of ajet source, the synchrotron can accept less than 0.1
percent of the available beam, and a pulse of about 0.1 ms duration. The resulting intensity of the
slowed molecules will be close to 1012 molecules/pulse with an average density of >1012 molecules/cm 3 at an energy of 10 K and aver12
age temperature of < 0.5 K. One may
---- ^_m=o obtain much lower temperatures (and en1^_____-_
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major impediment to evaporative cooling
is loss of the molecules by elastic and in-

-

a,
-8

elastic collisions. In this example, methyl
is in the lowest vibrational and

1-1^|(Kfluoride
2 CH3F~~~~~\
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1012 molecules of methyl fluoride,
transferred to the synchrotron storage ring
would then be evaporatively cooled. The

-

> -4 -

0

ergies) in the slowing synchrotron at some
sacrifice of intensity and density.
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rotational (J = 0) state, so that once its temperature is below the J = 0 <- J = 1 transition (about 2.4 K), there should be little

excitation out of the J = 0 state (Fig. 2).

electric field (1 7 V/m)

Dimer formation should be less of a prob-

Figure 2. Energy levels of the low rotation levels of methyl
fluoride (CH 3 F) in electric fields (Stark effect). The energy
is in units of kelvins (1 K = 0.69 cm -l). CH 3 F has an
electric dipole moment of de = 1.86 Debye and a rotational
constant of B = 0.85 cm- ' (1.23 K). The J = 0 state has the
largest Stark shift and hence the largest deflection, focusing,
and slowing effects of any state. It is also the only rotational
level that is not degenerate at zero field. Levels whose

ride has a much lower boiling point. Fi-

energy decreases with increasing electric field are "strong
field seeking."
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lem than for alkali atoms, as methyl fluo-

nally, a vacuum in the 10-

Torr range

would minimize the losses due to scattering by hot background gasses. With the
large number of molecules, the high

i-

tial density and limited collisional losses
in this example, it may be possible to reach
quantum condensates in a molecularsyn-

chrotron storage ring.

I thank Jason Maddi and Daniel Schwan for their many contributions to this work. This work was
supported by the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.
1. H.L. Bethlem, G. Berden, and G. Meijer, "Decelerating neutral dipolar molecules," Phys. Rev. Lett. 83, 1558 (1999);
H. Bethlem, G. Berden, A.J.A. van Roij, F.M.H. Crompvoets and G. Meijer, "Trapping Neutral Molecules in a
Traveling Potential Well," Phys. Rev. Lett. 84, 5744 (2000).
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2. J.A. Maddi, T.P. Dinneen, and H. Gould, "Slowing and cooling molecules and neutral atoms by time-varying electric field gradients," Phys. Rev. A60, 3882 (1999).
3. See, for example, D. Auerbach, E.E.A. Bromberg, and L. Wharton, "Alternate-Gradient Focusing of Molecular
Beams" J. Chem. Phys. 45, 2160 (1966); A. Liibbert, F. Ginther, and K. Schigerl, "Focusing of Polar Molecules in
an Alternate Gradient Focusing System," Chem. Phy. Lett. 35, 210 (1975).
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"Molecules in a Dilute Gas Bose-Einstein Condensate"
Daniel J. Heinzen, The University of Texas at Austin
Recently, several groups including ours have produced a dilute gas Bose-Einstein
condensate. Dilute gas Bose condensates are similar in certain respects to other quantum
collective systems such as lasers or superfluid helium, but there are important differences
as well. One such difference is that atoms in a dilute gas can combine into molecules. We
have studied the coherent conversion of Bose-condensed 87Rb atoms into 87Rb 2
molecules. The conversion was accomplished through stimulated Raman free-to-bound
transitions induced by two laser fields. We observed extremely narrow transition
lineshapes, and found that these lineshapes were shifted and broadened by interactions
between the molecules and the atomic condensate. With further work, it should be
possible to reversibly convert an atomic Bose-Einstein condensate into a molecular
condensate through this mechanism. The process we have studied is a natural matter
wave analog to optical frequency doubling and parametric down conversion in nonlinear
optics.
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Determination of Atom/Molecule-Wall Interactions and Molecular Bond Distances via
Diffraction from Nanostructures
|BI~~~~~

~~

Peter
~J. Toennies
Max-Planck-lnstitut, Gbttingen, Germany

Diffraction of atoms and molecules from nanostructure gratings have provided
*1 ~

beautiful textbook examples of matter-wave phenomena. Recently we have shown
that small deviations from the diffraction intensities predicted by traditional optics are
related to the internal structures of the particles. This phenomenon has been used to
measure the long range particle-surface potentials for a number of atoms and
molecules and the geometrical sizes of small He clusters [1]. Other applications of
nanostructures will be briefly mentioned.
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[1] R.E. Grisenti, W. Schbllkopf, J.P. Toennies, G.C. Hegerfeldt and T. Kohler,
Phys.Rev. Lett. 83, 1755 (1999) and Phys. Rev. Lett., in print (2000)

Spectroscopy and Dynamics in 4He Nanodroplets

Kevin Lehmann
Department of Chemistry
Princeton University

Helium nanodroplet isolation (HENDI) spectroscopy combines many of the most
attractive features of gas phase spectroscopy and traditional rare gas matrix isolation
spectroscopy. Rotational resolved ro-vibrational spectroscopy has been observed even for
heavy and highly anisotropic molecules and it has been demonstrated that novel
metastable chemical species and complexes can be synthesized in this environment.
Sharp ( < 1 GHz) ro-vibrational transitions are usually observed, and even these are often
dominated by inhomogeneous broadening whose origin is likely related to a distribution
of center of mass translational states of the molecules in the superfluid, though a
quantitative theory of the observed lineshapes has not yet been developed. In this talk, the
work of the Princeton group will be discussed with particular focus on our attempts to
characterize molecular dynamics in this highly unusual environment.
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High-Angular-Momentum Rydberg Atoms in Magnetic Plasma Environment
G. Raithel, University of Michigan, 4223 Randall Laboratory, Ann Arbor, MI 48109-1120, e-mail: graithel@urnich.edu

1

Physical system under investigation and research goals

Hi|

~

We study the atomic properties, the excitation and the decay mechanisms of high-angular-nmonlentum (highmri) Rydberg states in clouds of cold Rydberg atoms in strong magnetic fields, and the role these states play
in magnetized cold plasmas.
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For large enough magnetic field B and large mi, the classical motion of a Rydberg electron is regular,
comprising a rapid gyromotion in the B-field, and slower bounce and drift(=magnetron) motions in the
Coulomb field of the atom [].]. An optional weak electric field E distorts the drift motion without destroying
the drift character of the trajectories. Fig. 1 shows examples of bound and free drift orbits of Rydberg
electrons in crossed electric and magnetic fields.
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Figure l:Bound (left) and free (right) high-mi orbits (= drift orbits) of Rydberg electrons for
B = 5.63T, E = 58V/crn, and an excitation energy of 41.2cm-' below the field-free
photo-ionization threshold of the atom.
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A serniclassical quantization of the drift orbits can be performed using the Born-Oppenheimer approximation
(BOA) [1]. The gyromotion gives rise to a cyclotron quantum number nc with associated cyclotron energy
W = B(nc + 1/2); the cyclotron energy splitting is 28GHz/T. The bouncing motion generates a bounce
quantum number n,. The associated energy levels are anharmonic; the typical energy splitting of the
bounce energy levels is roughly one-tenth of the cyclotron energy splitting. The magnetron motion induces
a magnetron quantum number n, with an associated magnetron frequency of order one-hundredth of the
cyclotron frequency. The density of high-mi states is larger than the density of low-rm states, and the
uwavefunctions of the high-mn
states do not overlap with the atomic core region. Because of the latter
property, the lifetimes of the high-ml states must be longer than the lifetimes of low-7rn states. All these
properties indicate that in dense Rydberg-atom clouds and in plasmas in high magnetic fields the high-mi
drift-type Rydberg states should be more important than low-rm states.
It is planned to investigate the RF and microwave spectra of high-mn
Rydberg states in strong magnetic
fields. The spectra should reflect the above discussed three types of oscillatory and rotation frequencies. RF
and microwave spectra will also yield information on the validity of the Born-Oppenheimer approximation
(BOA), which has been invoked for the quantization of the drift motion [1]. The degree to which the BOA
is valid can be varied by the magnetic-field strength and/or the excitation energy.
The lifetimes of the high-ml Rydberg states will be determined by measuring the loss of Rydberg population
versus time. Lifetime data will be an important input for the determination of the steady-state population
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of high-ml Rydberg states in plasmas.
In previous low-B experiments we have observed that a few slow electrons can efficiently populate high-ml
states [2]. We expect that in a high-B environment slow electrons and ions also lead to an efficient production
of high-ml states of the above discussed exotic nature. To measure the collision-induced production rates
of high-ml states in a quantitative way, we plan on collision experiments where a known and independently
variable amount of ions and/or electrons is immersed into the Rydberg gas. The subsequent collision-induced
dynamics of the gas will depend on the initial fractions of ions, electrons and Rydberg atoms.
It is intended to study recombination rates in cold, magnetized plasmas. Three-body and radiative recombination, which are known to play a role in non-magnetic plasmas [3], are expected to also populate Rydberg
levels in high-B environment.

2

Methods

Laser-cooling and trapping techniques now make it possible to investigate cold, magnetized Rydberg gases
and cold plasmas in small-scale experiments. To obtain a plasma-like state of high-density, magnetized
Rydberg gas, we will laser-cool and trap dense samples of cold ground-state atoms in a high-B atom trap
generated by a set of superconducting coils. This trap, which will generate ~ 6T field strength, requires
significant new development. We currently have three possible designs of high-B atom traps under consideration, for which we have calculated the fields and the coil forces (see Sec. 3). Our final choice of the design
will depend on the quotations that we have received / will receive from the three companies that are willing
to manufacture our proposed custom magnet designs.
To load the trap with laser-cooled atoms, we intend to use an "LVIS" [4] ragneto-optic trap, magnetic guiding
and focusing, and optical pumping techniques. Since we use rubidium atoms, the LVIS lasers are diode lasers
with 780nrn wavelength and a couple of mW power, which are stabilized to about 1MHz linewidth using
saturation spectroscopy in small auxiliary vapor cells. The LVIS output velocity is tuned to about 30m/s.
As the atoms enter the superconducting high-B trap, they are further slowed down to about zero velocity,
because they have to climb against the magnetic-dipole potential created by the B-field and the spin of the
atoms. Atoms will be accumulated and cooled in the high-B trap minimum using six optical-molasses beams
[5]. Because the high magnetic field decouples the nuclear spin and lifts the degeneracy of the remaining
magnetic substates of the relevant 5S 1 /2 and 5P3/2-levels, the molasses practically operates on a two-level
system. Thus, according to the theory of Doppler cooling [6], the trapped atoms should reach a temperature
of - 150yLK.
An important issue is the loading efficiency of the trap. The loading efficiency can be influenced by the
direction from which the pre-cooled atoms enter the high-B-atom trap, and by the shape of the fringe field
the atoms pass as they move into the trap center. Varying the geometry of the trap coils and the position
of the LVIS source of incoming slow atoms, it is possible to minimize de-focusing effects, i.e. excessive
transverse deflection of atoms that approach the trap slightly off the ideal loading trajectory. Depending on
what field geometries can be technically realized, it may even be possible to achieve a focusing effect. We
also consider a number of optical-pumping strategies to improve the loading efficiency.
The trapped atoms will be excited into Rydberg states using an existing pulsed dye laser. The excitation
of high-ml Rydberg states in strong magnetic fields requires a weak crossed electric field or, more elegantly,
collisions between low-mi Rydberg atoms and slow electrons. Slow electrons can be efficiently provided by
a number of mechanisms, including the photoionization of trapped atoms or - employing the thermo-electric
effect - by the injection of electrons emitted by a warm wire.
The analysis of the high-B Rydberg gas includes studies of its response to electromagnetic radiation, its
collision-induced dynamics, and its decay patterns. The experimental tools we intend to employ include RF
and microwave spectroscopy, state-selective field ionization [7, 8], time-resolved counting of free electrons
and Rydberg atoms, and electron-beam injection into the atom trap. We have used some of these tools in
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our recent low-B work [2, 9].

3

High-B atom trap

Since the emphasis of this project is on the study of Rydberg atoms and cold plasmas in high-B, where
Rydberg states of the type shown in Fig. I become dominant, we want to realize an atom trap with a
three-dimensional B-field minimum of order 6T. All designs we consider use a main split dipole magnet
that provides most of the field at the trap center. The dipole coils also define the primary axis of the trap.
Auxiliary quadrupole coils create a local minimum of the B-field, which then acts as a magnetic trap for
the neutral atoms [10] as well as a magnetic bottle for ions and electrons. The final system will therefore
have two independently controllable superconducting coil systems, namely a dipole bias field and a trapping
(quadrupole) field.
To achieve an atom trap with 6T center field, it is necessary to efficiently fill the bore of the main dipole
magnet with superconducting quadrupole coils. Sufficient trap volume and six-way optical access to the
trap location must remain. When the desired field value at the trap center and the desired trap depth are
reached, the maxirnmum field strength throughout the coil package must not exceed a value of 9 to 10T.
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Figure 2:Left: Cryostat; containing a high-B atom trap formed by split-dipole (Dl and D2)
and baseball (BB) coils. Right: Cut through B-profile produced by the coils shown
in the drawing on the left at a current density of 20000A/cm 2 . The rectangles show
the coil cross sections.

The design shown in Fig. 2 has two large access cones along the primary axis. The cones will accommodate
numerous laser beams and detector instrumentation. The primary axis is horizontal, because this allows one
to use a horizontal atomic beam, which is easier to handle than a vertical one. A direct optical observation of
the atom trap fluorescence through the large access cones from outside the vacuum will be possible, allowing
us to optimize the trap. The pulsed lasers for the Rydberg atom excitation will also be brought in through
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the large access cones.
Planar 4K and 77K radiation baffles located in the large access cones provide removable and modifiable
mounting platforms for the instrumentation to be used for the analysis and the manipulation of the Rydberg
gas. Tubular radiation baffles with inner diameters of order 1/2" will be inserted into these platforms to
allow the mentioned laser beams to pass.
Four small access channels transverse to the primary axis are provided for the introduction of transverse
laser-cooling beams. These beams cool the atoms in the degrees of freedom transverse to the primary axis.

4

Progress report and plans

Staffing: A post-doctorial researcher works full-time on the project since June 2000. A graduate student
has been supported from this grant during summer 2000.
Equipment purchase: In 2000, a high-B atom trap as outlined in Sec. 3 will be purchased. It has become
possible to buy this essential piece of equipment through a DoE equipment upgrade grant. While we have.
found three companies that are willing to manufacture a 6T atom trap according to our specifications, the
trap is a highly custom piece of equipment that is new to all manufacturers. Therefore, the input that is
required from our side includes extensive field calculations, calculations of forces and torques on the coils,
and calculations of the trap loading efficiency. To make sure that the system will operate in a satisfactory
way, we will spend a minimum four more weeks (from now) to numerically check the relevant aspects before
we will make a final order. If needed, the preparation and designing phase will be extended.
Laser systems: A complete pulsed YAG and PDL laser system, which has been provided by a retiring
faculty, has been modified such that it can be used for the project. Stabilized diode laser systems for the
LVIS and the high-B molasses are under construction using standard techniques.
LVIS source: An LVIS-MOT [4] to be used as a loading tool for the high-B atom trap is under construction.
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MOTRIMS: Ion-Atom Collisions with a Laser-Cooled Target
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In recent years the study of kinematic details in ion-atom collisions through the
measurement of the momentum vectors of the recoiling target ions has proven itself to be
an extremely powerful technique. The experimental arrangement, referred to as
COLTRIMS (cold target recoil ion momentum spectroscopy) generally makes use of a
supersonically cooled target, and a time-of-flight spectrometer for the measurement of the
recoil ions. Much of the usefulness of recoil-momentum spectroscopy comes from the
fact that the target is cold. If it were not, the experiments would not work. For example,
a room temperature helium atom has 4 a.u. of momentum and, since a typical momentum
transfer in an ion-atom collision can be 1-2 a.u., the target temperature would render
impossible a meaningful measurement of the recoil ion momentum without special
provisions. Using a pre-cooled, supersonically expanded jet of helium, one can produce a
target having an internal temperature below 0.2 K, or a momentum spread below 0.1 a.u.

Nevertheless, the COLTRIMS technique, though incredibly useful, still suffers on two
accounts: (1) the target species is restricted to those gases or vapors that can be
sufficiently cooled through supersonic expansion. For example, lithium would be a
problematic target due to both nozzle clogging and dimer production. (2) Even with
* 1~0.2
K helium, COLTRIMS resolution is still limited by target temperature. A possible
solution to these limitations is the use of a laser-cooled and trapped target, instead of a
supersonic jet. Although limited to target species which may be laser-excited in a cycling
Z *~transition,trapping restrictions for atomic targets are nevertheless less severe than those
of supersonic cooling. Furthermore, with the three orders of magnitude lower
temperature expected from laser-cooling, the resolution of the technique should be
limited only by the position-sensitive detectors and timing electronics. We have therefore
constructed a magneto-optical trap (MOT) to cool and trap rubidium atoms. The MOT is
in working order, providing a target having a density of about 10'° atoms per cm 3, at a
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temperature of roughly 200 iK. A novel recoil spectrometer has been designed and
installed. This combination of technologies is referred to as MOTRIMS. In the first
series of collision experiments we will explore charge transfer in Na + + Rb, where the
p
is inrrubidium
either the 5s or 5p state. At this meeting, progress on the MOTRIMS
project will be reported.
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Program Title:
"Ion/Excited-Atom Collision Studies with a Rydberg Target and a CO 2 Laser"
Principal Investigator:

Stephen R. Lundeen,
Dept. of Physics
Colorado State University
Ft. Collins, CO 80523
Lundeen@Lamar.colostate.edu

Program Scope:
The program involves three related projects, all involving the interaction of
multiply-charged ion beams with a Rydberg target.
1) Continued studies of charge transfer, aiming to reveal details about the Ldistributions formed in the collisions.
2) Studies of X-rays emitted from the highly-excited Rydberg ions formed in
these collisions.
3) Studies of the fine structure of high-L Rydberg ions, in order to extract
measurements of dipole polarizabilities and quadrupole moments of the positive ion
cores.
Recent Progress:
The final report of the completed study of energy distributions in charge transfer
by slow ions on Rydberg states is nearing completion. This work constitutes the PhD
thesis of Daniel Fisher, at Colorado State University, submitted in August, 2000. A paper
for publication is in preparation.
Projects 1) and 3) above require much higher beam intensities than can be
obtained on the CYREBIS ion source at KSU, and so we have moved our Rydberg
target/CO 2 laser apparatus to a beamline on the 5 GHz ECR source there. This was a
major effort. Once this apparatus was completely assembled, we carried out studies to
optimize the S/N ratio in the RESIS studies of moderately charged ions. We discovered
one major background source which degrades the S/N for some ions. This is tied to the
existence of metastable excited states of the ions which lead to long-lived auto-ionizing
Rydberg ions and produce background in our Rydberg detector. This problem was
particularly severe for the Ar 3+ beam which we had selected for initial tests. Fortunately,
for alkali-like beams, such as Si3+ or Th3+, it should be much less of a difficulty. We
have confirmed this with Si3+, obtaining the spectrum in Fig. 1 for excitation of Silicon
III from 29-90. In this spectrum, we obtained a S/N of about 10 in 30 seconds for
excitation of a single L state, such as the n=29, L=9 line at an angle of 7.4 degrees in the
figure. This should be adequate to allow microwave spectroscopy of fine structure
intervals in the n=29 state of SiIII, which we plan to begin soon. This will be a useful
intermediate step prior to attempting to study Th3 +. In the meantime, we are making
plans to obtain a Th 3+ beam, and to make the modifications of the ECR beamline that are
required to launch it into the RESIS/RT apparatus.
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Using the same spectrum of 29-90 transitions in SiliconIII shown in Fig. 1, we
carried out an initial study relating to the L-distributions formed in Ion/Rydberg charge
transfer. For this study, we measured the ratio between the well-resolved moderate L
excitation peaks, e.g. the L=9 peal at 7.4 degrees, and the large high-L peak at 6.1
degrees. According to CTMC, when the n=29 state is produced by collisions with an 8F
target, far fewer high-L states will be formed than when it is produced from a 14F target.
Our measurements confirmed this expected contrast. Fig. 2 shows the measured ratio
between the L=9 peak and the high-L peak, as a function of the target binding energy. As
predicted by CTMC, formation from the 8F target (E=-.212 eV) gives a relatively large
ratio because of the low population of the high-L levels. A short paper describing these
observations is in preparation.

Progress on the second project (X-ray emission) required the design and
I|~ ~
construction of a new apparatus, incorporating a translatable X-ray detector, and a new
Rydberg target allowing for close access by the X-ray detector. This device was
completed in June, 2000 and installed on the CRYEBIS beamline. Initial tests confinned
the operation of the X-ray detector, but indicated the need for further work on the
Rydberg target laser system in the new geometry. In particular, a new approach to
monitoring the target brightness and locking the pump lasers is necessary that will
d *~~continue to work even when the X-ray detector is looking directly at the target position.
This work is still in progress.
Z

*Immediate

Future Plans:

On the EBIS beamline, we plan to
1) continue to improve the operation and diagnostics of the new Rydberg target.
i1
~~~2)
obtain further X-ray spectra following capture by bare Silicon.
Our initial goal with this experiment is to obtain an estimate of the average lifetime of the
highly-excited states populated in the collisions. This will be a measure of the average L
formed.
~state
On the ECR beamline, we plan to
1) Complete the analysis of the initial L-distribution experiment and explore
Is" ~ ~
further L-distribution studies.
2) Initiate microwave fine structure studies in the n=29 state of SiliconIII, based
on the optical spectrum of Fig. 1. This experiment will allow us to test most aspects of
the apparatus to be used for the Th3+ experiment, and should yield valuable results in its
own right.
3) Design, construct, and install the beam transport hardware necessary in order
to launch a Th3+ beam into the RESIS/RT beamline presently mounted at the ECR.

BsE~
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1) "Experimental Studies of Resonant Charge Transfer from Rydberg States by
Highly-Charged Ions", S.R. Lundeen, D.S. Fisher, C.W. Fehrenbach, and B.D. DePaola
(to be published in Physica Scripta)
2) "Energy Transfer in charge exchange collisions between slow ions and
Rydberg atoms", D.S. Fisher, C.W. Fehrenbach, S.R. Lundeen, E.A. Hessels, and B.D.
DePaola, Phys. Rev. Lett. 81, 1817 (1998)
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Fig. 1. RESIS excitation signal of Si2+ from n=29 to n=90, showing well-resolved contributions from
L=7- 1 states in n=29. For this data, a Si3+ beam with v=0.130 a.u. captured a single electron from a
IOF/I ID target prior to RESIS excitation.
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function of the binding energy of the Rydberg target used to product the n=29 population. The initial ion
was Si 3+ at 0.130 a.u., as in Fig. 1.
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PROBING STRUCTURE AND DYNAMICS OF ATOMS AND MOLECULES
USING THE ADVANCED LIGHT SOURCE
Nora Berrah
Physics Department, Western Michigan University, Kalamazoo, MI 49008
e-mail:Berrah@wmich.edu

Program scope
The objective of the research program is to advance fundamental understanding of the electronic
structure and dynamics of atom and molecules through gas phase-vuv/soft x-ray interaction. The
goal of the program is to understand, at the atomic and molecular level, detailed processes
important to the understanding of the properties of complex materials. We use photons from the
Advanced Light Source as our probes because they allow detailed knowledge and an impressive
degree of precision. We have also developed and improved experimental techniques to achieve
high detection efficiency and high precision measurements. We present here results completed
and underway this past year and plans for the immediate future.

Recent Progress
1)

Mirroring Doubly-Excited Resonances in Argon.

The early measurements of the low-energy photoionization spectrum in Ar were able to delineate
window-like resonances due to the singly-excited 3s'(np)('PI) Rydberg series, and later were also
able to identify two low-lying, doubly-excited resonances, 3s 23p44s( 2P 1/2,3/2)4p('Pl)[l]. Despite
more than three decades of subsequent investigations, however, there has been no evidence of any
other photoionization resonances in the energy region below the Ar + 3s"' threshold.
We recently used high resolution, differential measurements to carry out detailed study of the
low-lying resonances in the Ar 3P-13/2,1/2 continua in the spectral range 26.4 < hv>29.4 eV. Two
new doubly-excited, predominantly triplet resonances were observed for the first time. They
belong to a class of mirroringresonances, described recently by Liu and Starace [2], giving equal
and opposite resonant contributions to the individual partial cross sections. As a result, their net
contribution to the total cross section vanishes, which is why they are not observable in
photoabsorption experiments.
These resonances have not been detected in previous measurements of partial cross sections since
the achievable resolution was insufficient for resolving the rather narrow features (< 3meV
FWHM) that can now be observed using the ALS.
Although we focused on photoionization of atomic argon, this phenomenon can apply to general
collisional processes in atoms, ions, molecules and solids.

2)
Angular distribution of molecular-field- and spin-orbit-split
sulfur 2p photoemission in OCS: a sensitive probe of the molecular
environment.
To date, only experiments on spatially oriented diatomic molecules have been able to probe the
molecular (body-frame) environment in angle-resolved photoemission studies. In such
experiments, the photoelectrons are detected in coincidence with ionic fragments of the molecule
detected at selected angles, furnishing information on the direction of the molecular axis and
providing an internal frame in which to reference the angular distribution [3]. It is very difficult,
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however, to obtain sufficiently high count rates together with high energy resolution in such
coincidence experiments.
Since angular distributions of photoemitted electrons are sensitive probes of the potential field
encountered by the departing electrons, and since a single anisotropy parameter still
characterizes the angular distribution of photoelectrons emitted from an ensemble of randomly
oriented molecules [4], non-coincidence PES measurements of angular distributions, with their
high count rates and high energy resolution, can provide a possible alternative to coincidence
techniques by fully resolving the effects of spin-orbit and molecular-field splitting.
We decided to learn about the molecular environment by utilizing high resolution angle resolved
measurement, hoping to establish a simpler and complementary method to coincidence
measurements. The experiment was carried out at the AMO undulator beamline 10.0.1 of the
ALS. Electron spectra were measured using an end station designed for gas-phase angle-resolved
studies and based on the Scienta SES-200 hemispherical analyzer. The measurement consisted of
angle-resolved sulfur 2p photoelectron spectra from the OCS molecule with very high electron
and photon energy resolution. The measurements revealed completely resolved spin-orbit with
significant differences in the angular distributions of ejected electrons associated with different
core-level ionic multiplet states. In addition, vibrational and molecular-field splitting were
resolved, providing supporting theoretical interpretation of the measured values. A concomitant
theoretical analysis relates these data to the perturbing effects of spin-orbit and molecular-field
splitting, indicated that the measured angular distributions in high resolution provide a new and
sensitive probe of the molecular body-frame environment in the absence of explicit sample
alignment. Our work showed that spin-orbit and molecular-field perturbations of the angular
distributions of inner-shell electrons photoejected from molecules can be observed under
conditions of sufficiently high energy resolution. Accordingly, the measurements provide a
sensitive probe of the influence of the molecular environment on the wavefunctions describing
the ionized core electrons and, consequently, a new method for obtaining molecular body-frame
information in the absence of explicit sample alignment.

3)

Angular distribution measurements of the xenon Ns4
30z
Auger electrons: determination of alignment and intrinsic

5*A
~parameters

The investigation of Auger processes beyond relative yield measurements can give
information about the dynamics of the underlying processes. In particular, angular distribution
and spin polarization measurements of Auger electrons give valuable insight into the primary
photoionization process, which is governed by the dipole interaction, and the successive decay

process governed by the Coulomb interaction.
The transition from a single-hole to a double-hole state is described by the scalar Coulomb
operator. This means, that Auger electrons from an isotropic initial state can only have an
isotropic angular distribution and no spin polarization. The photoionization process usually leaves
the singly charged photoion in a polarized state, i.e. with an uneven population of the magnetic
sublevels. Thus, decay of a polarized photoion may lead to an anisotropic angular distribution and

also to spin polarization of the Auger electrons [5].

3BI
~

The Xe 4d photoionization process, which leads to the emission of the N 4,502,302,3 Auger
electrons, has been very well examined in a broad photon energy range [6]. In contrast, a
thorough investigation of the angular distribution of the Auger decay process, which follows the
4d photoionization, was done only at select energies due to the relatively low 4d photoionization

cross section (<1 Mb).
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The aim of our work, was to obtain quantitative information about the alignment parameter of
the Xe 4d' hole states using angular distribution measurements of the Xe N4 ,5 0 2 ,3 0 2,3 Auger
electrons in a broad photon energy range including the important region of the Cooper minimum.
In addition, our measurements allow the determination of the Auger anisotropy parameters for all
the lines of the N 4,502,30 2,3 Auger group.
We measured the angular distribution of the Xe N 4,5 0 2,30 2,3 Auger electrons over a wide
photon energy range, covering the Cooper minimum of the 4d ionization. Using the framework of
the two-step model of Auger decay:
i) The alignment A 20 of the 4' 2D 3/2 and 2 D 5/2 ionic states was determined at different
excitation energies including the region of the 4d photoionization Cooper minimum around 180
eV. The pronounced minimum in our data experimentally proves for the first time the vanishing
of the (fcomponent of the outgoing electron wave. This is in good agreement with theoretical
predictions of an RPAE calculation [7], taking into account a small deviation in the position of
the predicted minimum.
ii) The Auger anisotropy parameter a2 for all lines of the N 4 ,5 02 ,3 2,3 Auger group was
determined. A very good agreement with a previous experiment was found for all but one line.
The calculations of Chen [8] agree well with the experimental data with the exception of the
N4 3P2 line, for which all existing theories fail to predict the correct a 2 value. Interestingly, the
inclusion of the exchange interaction and relaxation effects in the MMCDF calculation of Tulkki
et al.[9] does not improve the agreement with experiment.

4)

Microsphere plate detectors used with a compact Mott
polarimeter for time of flight studies.

Compact retarding-potential Mott polarimeters are now widely used to measure electron spin
polarizations [10]. The emphasis in their continuing development has centered on maximizing
their overall figure of merit (efficiency). However, a number of potential applications call for a
polarimeter capable of spin-resolved high-resolution time-of-flight measurements. A time-offlight electron energy analyzer combined with a retarding-potential Mott polarimeter allows very
effective data acquisition, because all electron lines are energy- and spin-analyzed simultaneously
with a high signal to noise ratio

iA^~

~~has

We built a compact retarding-potential Mott polarimeter combined with microsphere plates
(MSP) as electron detectors to perform spin-resolved time-of-flight electron spectroscopy. The
comparison of the performance of MSP and channeltron detectors shows that the MSP detector
a better time resolution but a lower efficiency. The overall time resolution of the system was
determined to be 350 ps using synchrotron radiation pulses.
We have recently tested this apparatus and used it to conduct spin-resolved experiments in
photoexcitation and photoionization of the Xe 4d lines.

Future Plans
The principal areas of investigation planned for the coming year are: (1) Continue our spin
resolved studies in Xe and extend them to Ba, (2) continue our coincidence measurement in
double photoionization, (3) continue our high resolution measurements in atoms'and molecules.
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June 2000
Theoretical Investigations of Atomic Collision Physics

A. Dalgarno
Harvard-Smithsonian Center for Astrophysics
Cambridge, MA 02138
adalgarno@cfa.harvard.edu

We are exploring a diverse range of atomic and molecular
collision phenomena with some emphasis on the behavior of scattering
processes at ultralow temperatures.
We have extended our study of the collisions of atoms with

molecules in excited rotational and vibrational levels to collisions
involving heteronuclear molecules. We have explicit results for the

scattering of 4 He with CO. The van der Waals well supports
shape resonances which control the relaxation cross sections at very low
energies. Feshbach resonances occur near channel thresholds. There are
discrepancies in the predicted and measured line shifts and widths that
we are exploring. Calculations are in progress on collisions of 3 He with
CO.

A study of ultracold ion atom collisions has been completed. The
cross sections for charge transfer of Na+ in Na are very large.
The possibility of enhanced or accelerated cooling of hydrogen
atoms by an admixture of lithium atoms has been explored. Accurate
potential energy curves were constructed and the scattering lengths were
determined. The calculations show that for triplet scattering the 7 Li-H
rate cofficient is one thousand times the H-H rate coefficient. Similar
calculations are in progress for Na-H and K-H.
We continue our development of methods for calculating
molecular properties at large internuclear distances. We have presented
a, method for the determination of expectation values of operators and
applied it to obtain the relativistic corrections to the energies of the H 2
molecule.
We have used a combination of approaches to predict the long
interactions
of pairs of metastable inert gas atoms and we are now
range
investigating the interactions between alkaline earth atoms.
The collisions of a pair of metastable hydrogen H(2s) atoms have
been studied. We have shown that at thermal energies, the most
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probable result is the production of a pair of H(2p) atoms which then
The more complex situation that occurs at ultralow
radiate.
temperatures is being considered. Various aspects of the collision of
hydrogen with anti-hydrogen are being explored, including the
possibility of cooling of H by H and the possibility of radiative association
to form H T.
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Experiments in Ultracold Collisions
Phillip L. Gould
Department of Physics U-46
University of Connecticut
2152 Hillside Road
Storrs, CT 06269-3046
<gould@uconnvm.uconn.edu>
Program Scope:
The techniques of laser cooling and trapping have enabled many new and exciting research
directions in atomic, molecular, and optical physics. Samples of ultracold (e.g., T<100 gK) atoms
at high density (e.g., n>10 11 cm- 3 ) are the starting point for many investigations, including BoseEinstein condensation and atom lasers, improved atomic clocks, photoassociative spectroscopy,
ultracold molecule production, optical lattices, ultracold Rydberg atoms and plasmas, and
fundamental atomic and nuclear physics experiments with radioactive isotopes. In most of these
applications, ultracold collisions play a important role. Inelastic processes can limit density and
temperature, so improved knowledge and control of these interactions is neccessary for continued
progress. Our program is focused on experimental investigations of collisions between ultracold
atoms, especially those which occur in a typical laser trap environment.
In addition to their relevance to the many applications of laser-cooled atoms, ultracold
collisions exhibit several fascinating features. Although various collisional channels may exist, the
collision energy is so low (e.g., -10 -8 eV) that only exoergic processes are possible. Since the
collisions generally involve low angular momentum, quantum effects are usually important. In
contrast to higher energy collisions, the long-range (R-100 nm) potentials can be dominant, i.e.,
the colliding atoms "feel" each other at extremely long range. This allows control of the collision
dynamics with laser light. Finally, the combination of the long range of the potential and the low
collisional velocity yields a collisional time scale many orders of magnitude longer than for roomtemperature collisions. In fact, atomic excitation can spontaneously decay during the course of a
slow collision, dramatically affecting the outcome.
All of our experiments utilize 780 nm diode lasers to cool and confine rubidium atoms in a
magneto-optical trap (MOT). Atoms are loaded into the MOT from either a laser-slowed beam or a
room-temperature vapor. Measurements of inelastic collisions are carried out by monitoring the
loss rate of atoms from the trap. Specific trap-loss processes include: radiative escape (RE),
where the excited-atom pair emits a less energetic photon than it absorbed; fine-structure-changing
(AJ) collisions; and hyperfine-changing (AF) collisions.
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Recent Progress:
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During the past year, we have performed two major experiments in the area of laser cooling
and ultracold collisions: demonstration of the dramatic effects of laser light on ground-state
hyperfine-changing collisions between 87 Rb atoms; and the use of trap-loss to measure the
wavelength dependence of photoionization of the highly-excited Rb 5D level. In addition, we have
made two major technical advances: the realization of a new double MOT and the demonstration of
frequency modulation of injection-locked diode lasers. We briefly describe each of these below.
Previously, we measured the rate of ground-state hyperfine-changing (AF) collisions in a
87Rb MOT at temperatures of -100 }iK. Meanwhile, experiments with a 87Rb two-state BoseEinstein condensate (BEC) determined the rate of spin-exchange collisions at a much lower
temperature of -1 ptK. Since AF collisions and spin-exchange collisions are closely related, we
expected the two measurements, accounting for the temperature dependence, to be consistent. In
fact, there was a rather large discrepancy. One important difference between the two experiments is
that the MOT measurements took place in the presence of trapping light, while the BEC
measurements were performed in the dark. We therefore developed a population switching
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technique which allowed us to measure the AF collision rate in the dark. We found that even at our
low trap laser intensities, the laser light has a dramatic effect on the rate of ground-state collisions.
This may be related to the flux enhancement effect which we have previously observed to be
important in excited-state collisions. In any event, when rates in the dark are compared, the
discrepancy largely disappears.
Recent experiments on the highly-excited 5D level in Rb have focused on photoionization.
This is a loss process process which competes with ultracold 5D collisions, so its cross section
must be measured. To efficiently prepare cold atoms in the 5D level, we use two-photon diode-

C<

laser excitation from the ground state: 5S->5P->5D, with pulses applied in the "counterintuitive"
*order,
i.e., 5P->5D followed by 5S->5P. The photoionization cross section is determined by
measuring the increased loss rate of atoms from the trap when photoionizing light is applied. In
addition, by using intense pulsed laser light, we can completely ionize all 5D atoms, which gives a
|* ~ direct measure of the 5D excitation efficiency. We have measured the absolute photoionization
cross section over a range of photon energies as shown in Fig. 1. Agreement with theoretical
calculations performed by H.R. Sadeghpour (ITAMP) are excellent.
A major technical advance in our lab has been the development of a double MOT for use in
our ultracold collision experiments. Previously, we loaded our MOT from a laser-slowed atomic
|I ~ beam. However, this apparatus was rather cumbersome and subject to vibration. We have replaced
this atomic beam source with a "source" MOT which captures large numbers of atoms from a room
temperature vapor. Cold atoms from the source MOT are ejected with a laser beam, forming a slow
atomic beam which propagates into a separate vacuum chamber and loads a second MOT. The
background pressure in this second chamber can be very low, allowing a very long MOT lifetime
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(e.g., 100 s) which is nessessary for measuring ultracold trap loss collisions. Another
improvement is that the second MOT is operated in a configuration which is phase stable, i.e., the
relative time phase between its six laser beams is fixed. This greatly improves the temporal stability
of the trapped cloud.
Another technical advance in our lab involves the modulation of diode lasers at microwave
frequencies. Cooling and trapping of rubidium atoms requires laser light at two frequencies
separated by 2.9 GHz for 85Rb (6.6 GHz for 87 Rb). We have previously used two separate
external-cavity diode lasers to generate these trapping and repumping beams. A simpler scheme is
to stabilize one external-cavity laser at the trapping frequency and inject the light from this "master"
laser into a free-running "slave" laser. The frequency of the slave laser is thereby injection-locked
to that of the master. We then modulate the current in the slave laser at 2.9 GHz, which generates
the desired sideband for repumping. There are two advantages to this scheme. The slave laser
provides a higher power than the master, and only one laser needs to be locked to an atomic
resonance.
Future Plans:
We have several experiments in ultracold collisions planned for the coming year. First, we
would like to expand the temperature range of our recent measurements of 87Rb ground-state
hyperfine-changing collisions. We would also like to make measurements on the other isotope,
85Rb, to see if the effects of near-resonant laser light are as dramatic as they are in 87Rb. More
extensive measurements may allow us to determine the origin of the light-induced effect and also
place tighter constraints on the ground state potentials.
We previously observed ultracold collisions in real time by using two pulses in a pumpprobe configuration. The first pulse, tuned close to the atomic resonance, excites the colliding atom
pair at very long range. The atoms accelerate towards each other on the attractive excited-state
potential, decaying back to the ground-state as they approach short range. A second pulse, detuned
significantly below the atomic resonance, re-excites this enhanced collisional flux, causing an
observable inelastic process at short range. The magnitude of the flux enhancement effect is limited
by the fact that an atom pair excited at long range, where the potential is very flat, decays before
significant deflection of its trajectory takes place. We are attempting to optimize the collisional flux
enhancement by rapidly chirping the laser frequency in order to maintain resonance during the
course of the collision. This type of active control may prove useful in enhancing the rate of cold
molecule formation via photoassociation, a process which occurs at relatively short range.
Preliminary results of these experiments are promising.
Finally, we will study ultracold collisions which involve the highly-excited Rb 5D level. In
contrast to the more commonly studied collisions involving the first excited level (5P), 5D
collisions will be strongly influenced by the long radiative lifetime and the shorter range of the
potential. The rate of trap loss collisions will be measured as a function of detuning from the twophoton (5S->5P-->5D) resonance.
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Threshold resonances: a key to cold collision phenomena
Paul S. Julienne
Physics Laboratory, National Institute of Standards and Technology, 100 Bureau Drive Stop
8423, Gaithersburg, MD 20899-8423 USA
Collisions play a crucial role in the fundamental physics and applications of of cold,
trapped atoms, and we may expect them to be just as important for cold, trapped molecules.
Scattering resonances, where two colliding species form a transient quasibound complex,
have provided one of the most fruitful avenues for probing and utilizing cold collisions of
trapped atoms. Resonances have the advantage of being tunable by varying some external
field. Photoassociation resonances are selected by tuning a laser frequency, whereas magnetic
fields can move near-threshold bound states into resonance with threshold collisions. These
are examples of optically-tunable and magnetically tunable Feshbach resonances. Double
(or multiple) resonance experiments are also possible by tuning two (or more) lasers, or
by combining optical and magnetic tuning. Collisional stabilization of transient resonances
provides a route for three-body recombination. Resonance scattering theory provides a
unified approach for describing a variety of single and multiple resonance phenomena.
Much of what we know quantitiatively about cold atom collisions is derived from interpreting such resonance spectroscopy. The sign and magnitude of the scattering lengths.for
alkali ground state collisions has been derived from several joint experimental-theoretical
investigations. For example, we have recently analyzed data from the Stanford group [1] to
obtain definitive scattering lengths for collisions of ground state Cs atoms [2]. In interpreting such experiments it is important to take into account the full spin structure of the alkali
dimer Hamiltonian matrix, as well as the molecular interaction potentials. It is also necessary
to take into account the specific threshold properties of the particular systems being studied
in order to properly interpret experiments. When scattering lengths are large, the standard
threshold laws only apply over a very narrow collision energy range above threshold.
We may expect threshold resonance spectroscopy to be important for probing collisions
of new species that may come to be cooled and trapped. Some possibilities for such future
applications are Group II atoms and molecular species.
Thanks are expressed to the Office of Naval Research and the Army Research Office for
partial support.
1. C. Chin, V. Vuletic, A. J. Kerman, and S. Chu, "HIgh Resolution Feshbach Spectroscopy
of Cesium," Phys. Rev. Lett., in press (2000).
2. P. J. Leo, C. J. Williams, and P. S. Julienne, "The collision properties of ultracold 133 Cs
atoms," Phys. Rev. Lett., in press (2000).
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Ultracold three-body collisions
B.D. Esry
Department of Physics, Kansas State University
Chris H. Greene

Department of Physics and JILA, University of Colorado
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Bose-Einstein condensates are increasingly being studied in regimes in which three-body
collisions can play an important role. 'For instance, as the density is pushed higher, the
importance of three-body recombination grows. Three-body recombination can also be important for condensates whose two-body scattering length is being manipulated by external
magnetic fields. The typical scenario is to scan the magnetic field such that the two-body
elastic collision cross section is swept through a Feshbach resonance which, in turn, changes
the two-body scattering length. Three-body recombination has been shown to scale roughly
with the fourth power of the scattering length and can thus be significantly enhanced around
a Feshbach resonance. I will present the results of extensive nonperturbative calculations
of the three-body recombination rate carried out within the hyperspherical formalism. It
is found that the overall scaling of the recombination rate follows the power law mentioned
above, but is modulated by multichannel interference effects for positive scattering lengths
and by three-body shape resonances for negative scattering lengths. These phenomena and
their connection to the Efimov effect will be discussed. The role of the Efimov effect in
atom-molecule collisions will also be addressed.
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Recent Results from Rochester on
Homo- and Heteronuclear Ultracold
Molecules
N. P. Bigelow
Department of Physics and Astronomy
The University of Rochester
Rochester, NY 14627 USA

In this talk I will describe studies of the formation of ultracold molecules via
photoassociation of laser cooled and trapped atoms and on the application of
these molecules to precision spectroscopy and to the formation of novel
degenerate quantum gasses.
In the first part of the talk, I will describe the spectroscopy of highly excited
states of ultracold Na2 molecules using a new photoassociative approach based
on resonantly enhanced multiphoton ionization (REMPI). Using near resonant
light to photoassociate colliding ultra-cold atoms in a magneto-optical trap, we
excite a remarkable number of Na2 rotational states providing a rich
rovibrational REMPI spectrum. We find that rotational states with quantum
numbers up to J = 22 are excited and show that the measured population
distribution can be well described using a local equilibrium model. By careful
analysis of the REMPI spectrum, we extract not only the first order quadrupolequadrupole (C-5) and the VanderWaals constants (C-6) but also sensitive atomatom interaction parameters such as spin-spin, spin-orbit and perturbative
constants.
I will then descibe our work which has followed pioneering work of the groups
at Orsay, the University of Connecticut, Pisa and elsewhere: we have observed
that both ultracold Cs2 and Rb2 molecules are spontaneously formed in a
magneto-optical trap (MOT). We have uniquely detected the production of
ground-state homonuclear molecules using resonantly enhanced multi-photon
ionization via nsec laser pulses. Quite recently we have also demonstrated the
ability to detect and probe these molecules using ultra-fast (femtosecond) laser
pulses and I will describe our efforts to extend these results to studies of
wavepacket dynamics and to the coherent control of ultracold molecule
formation. In the last part of the talk, I will describe our concurrent experimental
results on the formation of cold ground-state heteronuclear molecules in a multispecies MOT. Absolute production rates of heteronuclear molecules will be
discussed in terms of the difference between homo- and heteronuclear pair48
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potentials and relevant Frank-Condon overlap. Progress towards the realization
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of novel polar-molecular traps will also be mentioned as well as theoretical
predictions on the nature of Bose-Einstein condensates (BEC) of polar molecules.
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Theoretical Studies of Atomic Transitions
Charlotte Froese Fischer
Department of Electrical Engineering and Computer Science, Box 1679B
Vanderbilt University
Nashville, TN 37235

The atomic structure project is concerned with the accurate determination of wave functions
from which a number of atomic properties can be predicted. Of particular importance are properties
associated with energy transfer mechanisms such as transition probabilities, where relativistic effects
are essential, and photoionization. Light elements have been investigated primarlily in the BreitPauli approximation, but for heavier elements our methodology is shiftiing towards those based on
Dirac theory.

Recent Progress
1. Transition probability studies for light atoms
We have developed methods suitable for "spectrum" calculations where all the energy levels
up to a certain excitation level are computed along with all transitions between these levels. As
a result, lifetimes of levels may be determined which often can be compared more directly with
experiment. These are based on the Breit-Pauli approximation which includes low-order relativistic
corrections, but judicious choice of terms controls the size of the computational problem and,
relative to MCDHF, more correlation can be included. The results are being made available for
ready access on the internet:
(See http://www.vuse.vanderbilt.edu/~cff/mchf.collection

).

We have completed the evaluation of both beryllium-like[1] and boron-like[2] sequences, and the
calculation of carbon-like and nitrogen-like are completed but not yet evaluated. Our computational
method is systematic allowing for an estimation of the uncertainty in the transition rates, many of
which are accurate to 1% or better, though exceptional cases, where the line strengths are small
due to cancellation, will always be less accurate. This was clearly evident in the study of the
3s 2S1/2 - 4p 3 P 1 /2,3/2 transition in Mg + [3]. Unlike other collections, all these results include
the effects of the low-order relativistic corrections and include many weak intercombination lines.
Already for the 2s2 2p 2 3d levels, it was necessary to revise our Breit-Pauli codes to separate the
angular and radial integrations since the former needs to be done only once per iso-electronic
sequence. This significantly reduced the time required on the T3E at NERSC. The codes have also
been modified to determine the gj factor that enters into the Zeeman effect. This property if often
used by experimentalists for line identification. Similarly, the isotope parameter is automatically
computed, but for reliable values the latter often requires a different correlation model, since the
isotope parameter depends more on correlation with the core. This was shown in the study of the
isotope effect on the electron affinity of oxygen [4].
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Figure 1: Comparison of previous MCDHF, MCHF+BP, and semi-empirical results with revised
MCDHF values. Plotted is 100 x Previous/New as a function of nuclear charge Z.
2. Relativistic Multiconfiguration Dirac-Hartree-Fock Calculations
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An intercombination transition arises from relativistic-spin effects. At first sight, it might
appear that starting with Dirac theory and including correlation, would be the best course to
follow, but this has not been the case. We observed that earlier MCDHF calculations for Be-like[5]
were all outside the uncertainty estimates
of
our
carefully computed Breit-Pauli results. An idea
was inv
estiga tedorder
in to understand this phenomenon [6]. Both the multiconfiguration Harteeock (MCHF) and the multiconfiguration Dirac-Hartree-Fock (MCDHF) are variational methods.
This implies that orbitals tandsions
e ari
o
pmtimized solely on the basis of energy.
apThough MCDHF calculations are done injj-coupling, it is possibl to transform
e
to LSJ. Thus any
jj-expansion for Be-like 2s2p 3 will
ca have both a 3 P and a li cor ponent. The variational method
based on the energy will favor the former
and
neglect the latter to some extent, thereby predicting
too low a transition rate from 2s2 ill.
The idea we explored
was simultane
ous optimization on
3
1
all
the
levels
of
an
d
With
this
change
in
methodology,
re
the
vised
are are
all the levels of 0P ,1, 2 and Pl. With this change in methodology, the revised MCDHF
MCDHF results
results
in excellent agreement with the Breit-Pauli values and definitely within the uncertainty estimates
of the latter which increase rapidly with the nuclear charge. This is shown in Figure 1 above.
The basis of comparison are the new results and triangles represent MCHF+BP. The agreement
is excellent. It also is clear the uncertainty estimates for the MCHF+BP grow too rapidly with
nuclear charge. The circles are the earlier results.
A similar intercombination line can be found in the Mg-like sequence, namely 3s2 So - 3s3p 3 P1 .
Unlike the Be-like sequence where 2s3d is a minor correlation player, in Mg-like 3p3d is in the
same complex as 3s3p and hence an accurate core-polarization calculation would also consider
this as a reference configuration state. In earlier investigations, this effect was included in an
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Table 1: Relativistic and non-relativistic transition energies (in cm- 1 ) , radiative dipole elements(in
a.u.) and transition rates (in s- 1)for the 3s 2 So- 3s3p 3P1 intercombination of Al+ ion. Column A
represents the rates from MCDHF, A' with the NR offset subtracted and A" with the normalization.
Expansions included orbitals up to n = 7 but with I < 4 (g-orbitals). The optimization strategy is
defined by the eigenstates and corresponding weights.
AER
AE N R
Matrix Element
Transition Rate (s 1 ) Optimization Parameters
Weight
Eigenstate
A"
A'
A
MNR
MR
1 37452 37240 -1.5770(-5)
1.9821(-7)
2845 2917
3083
3Po,2
2J+1
3
2J+1
II 37511
37302
-1.6124(-5)
3.5391(-8)
2979 2992
3076
po 1, 22, 'P 1
3
3272 2987
3071
Po 1
12
p
1
III 37514
37300
-1.6898(-5) -7.4711(-7)
IV 37454
37244
-1.6495(-5) -3.2778(-7) 3113 2990
3061
3P0, plO
1
V 37543
37329
-1.6452(-5) -2.4333(-7) 3104 3012
3067
3po, 1 po
1
approximate manner. Since codes have been refined and computers are more powerful, we decided
to re-investigate the sequence. There also were major discrepancies with experiment. In this
case, various optimization schemes were investigated. In particular, the idea proposed by Kim et
al[7] that calculations should be corrected for an incorrect non-relativistic limit, was incorporated
along with adjustments for deviations of the 3 P1 and 1P1 separation. With these adjustments, the
different strategies predicted transition rates that differed by only 0.7% whereas the ab initio data
differed by 7%. The most reliable, unadjusted strategy was then applied for other members of
the sequence. These results are shown in Table 1. The strategy with the smallest non-relativistic
offset is strategy II which simultaneously optimizes on four levels and hence is CPU intensive. The
strategy with the smallest overall correction (the offset cancels with normalization) is V which also
requires the least amount of computation.
3. Basis splines and non-orthogonal orbitals in R-matrix calculations
Non-orthogonal spline methods have been applied to the R-matrix method. One of the main
innovations of this approach is that non-orthogonal orbitals place more flexibility at our disposal so
that target states can be represented more accurately. The continuum orbitals in the inner region
are described in terms of B-splines, because of their excellent numerical properties. Using a Bloch
operator, for which an analytic expression in the B-spline basis, is known, a good description of
the electron flux through the boundary is obtained while maintaining the Hermiticity of the inner
region. The completeness of the B-spline basis ensures that no Buttle correction to the R-matrix
elements is required and a lot of computational time may be saved.
In general, the introduction of the non-orthogonal technique into the scattering calculations
leads to more time-consuming calculations in comparison with orthogonal orbitals. On the other
hand, the non-orthogonal approach allows us to use more compact expansions for target wave
functions with the same accuracy. Another advantage is that the correlation of the N + 1 electron
bound configurations, describing short range interactions, can be introduced naturally with great
flexibility in their choice. The present approach is totally free of the problem of pseudo-resonances
which arise from an inconsistent description of the scattering and bound parts of the wave function,
plaguing many close-coupling calculations in the case of complex atoms.
The effectiveness of the present approach has been demonstrated by exploring the resonance
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structure ini photoionization cross sections 8].
The availability of accurate experimental results
structure in Li photoionization cross sections [8]. The availability of accurate experimental results
enabled the theoretical methods to be evaluated.
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We want to continue the spectrum calculation up to at least F-like. In the latter, problems already
have been identified in experimental identifications in Ne II which are worse in Na III. The problem
lies with the 2p 33d levels where the relativistic effects of the various terms of 2p 3 become stronger
and correlation with terms is large.

~

The graspVU codes need to be improved. MCDHF calculations grow rapidly in size and current
methods produce large amounts of data that are stored on disk. In order to be able to deal efficiently
with complex, heavy ions, we plan to investigate a revision of the algorithms. At the same time, we
will continue to improve our understanding of the factors that are important for accurate MCDHF
calculations by performing detailed studies including heavier atoms.
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Since the spline approach has been shown to be so effective in scattering calculations and earlier
Rydberg series, we plan to incorporate our latest algorithms to the study of Rydberg series.
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and Collisions with Few-Electron Ions
R. W. Dunford and E. P. Kanter

Argonne NationalLaboratory, Argonne, Illinois 60439
Dunford@anl.gov, Kanter@anl.gov
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Program Scope:
This is an experimental program focused on understanding the atomic physics of
highly charged ions. Experiments on atomic structure are done to provide tests of QED
and relativistic many-body theory in a regime where both electron correlations and
relativistic effects are simultaneously important. In addition, atomic collision
experiments are carried out to provide data, which are needed, for applications to
laboratory and astrophysical plasmas. This work is done in collaboration with scientists
in the US, Germany and Poland. Experiments utilize both the ATLAS heavy-ion
accelerator at Argonne and the heavy-ion synchrotron SIS at the GSI laboratory in
Germany. Recently, the Lamb Shifts in Ar'74 and U 9'+ have been measured and a study
has been made of two-photon decay in He-like ions at both intermediate and high nuclear
charge. We have also studied excitation of highly stripped ions in ion-atom collisions and
made a comparison of excitation mechanisms.
I. K-shell Excitation of He-like Ions

I(
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RWR.
W. Dunford, E. P. Kanter, Th. Stohlker b, H. G. Berryc, S. Cheng , L. J. Curtis a, A. E.
Livingstonc, and P. H. Moklerb
Progress and Future Plans:
Coulomb excitation is an important mechanism leading to the production of
characteristic projectile photons in collisions of fast charged particles with atomic targets.
This has been a neglected area of the field of atomic collision physics. In particular, little
information is available for state-specific excitation in the intermediate energy regime
where the orbital velocity of the projectile electron is similar to the velocity of the ion.
We are studying projectile excitation at intermediate energies at ATLAS using both foil
and gas targets.
Initial measurements of the cross sections for excitation from the ground state of
He-like Ni ions to the n=2 excited states have recently been completed. Identification of
final states produced in the collisions was done by a combination of low-resolution x-ray
spectroscopy using Si(Li) detectors and measurements of the lifetimes of the excited
states. The results show that direct excitation to the triplet He-like states is important in
excitation by both gas and foil targets. This is significant since excitation to this level
from the ls2s 'So ground state requires a spin flip and is forbidden in the lowest order
theories currently available.
In the future we plan to study excitation in both 6'Ni and 58Ni in order to resolve an
ambiguity between the 3Po and the 3 S, states which have indistinguishable lifetimes in
58 Ni. The isotope 6'Ni has a nuclear spin and the lifetime of the He-like s2p 3Po state in
this system is shortened by the hyperfine interaction. By comparing data taken with the
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two isotopes, information about Coulomb excitation may be obtained for both the ls2p
3P and the ls2s 3S states.
1
II. Measurement of the Is Lamb shift in Hydrogenlike U 9'+ using Cooled,
Decelerated Ions
Th. Stohlkerb, P. H. Moklerb, F. Boschb, R. W. Dunford, F. Franzkeb, 0. Klepperb, C.
Kozhuharovb, T. Ludziejewskib, Z. Stachurar, P. Swiat g, and A. Warczakg
Progress and Future Plans:
One of the frontiers in testing quantum electrodynamics (QED) is the study of
electrons in intense electromagnetic fields. The important experiment is the measurement
of the Is Lamb shift in the most highly-charged, one-electron ion available in the
laboratory U 9 +' . This is a relativistic system containing high momentum components and
the electric field strength begins to approach the critical value for the spontaneous
emission of electron-positron pairs. All of this makes it ideal for testing the limits of our
understanding of bound state QED. Although QED has had tremendous success in
describing electrons in weak fields, it has not been as well tested in the limit of high field
strengths [1].
Experiments have been done at the gas jet of the storage ring ESR at GSI
Darmstadt to measure the energies of the Lyman-a lines resulting from electron capture
by bare ions. These measurements directly determine the Is Lamb. The high circulating
currents of cooled ions available at the storage ring provides the optimum conditions for
precision spectroscopy. The main limitation in previous experiments was the uncertainty
in the correction for the Doppler effect. The correction is large because the ions are
stripped at relatively high energy (e.g. 360 MeV/u) in order to obtain the bare charge
state. A significant reduction in the Doppler correction is possible if the ions are
decelerated after stripping. We have completed the first Lamb shift measurement to
utilize the deceleration capability of the ESR storage ring. The experiment achieved an
uncertainty of 13 eV. The significance of this measurement is that it demonstrates a
procedure for handling the Doppler problem which will ultimately allow experiments
with a precision at the 1 eV level. This is comparable to the uncertainty in the theoretical
results for U 9'+ due to uncalculated terms in the two-loop self-energy contribution [2].
Note that the theoretical uncertainty from the finite nuclear size correction for uranium
(about 0.1 eV [2]) is insignificant at this level of precision. The future goal of this work is
to perform experiments which combine use of the deceleration capability and high
resolution devices such as crystal spectrometers or bolometers.
P. J. Mohr, G. Plunien, and G. Soff, Phys. Rep. 293, 227 (1998).
[1]
[2]
T. Beier, P. J. Mohr, H. Persson, G. Plunien, M. Greiner, and G. Soff, Phys. Lett.
A 236, 329 (1997).
III. Two-photon decay
R. W. Dunford, E. P. Kanter, H. G. Berryd, A. E. Livingstond, S. Chengb, and L. Curtisb
Progress and Future Plans:
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A measurement of the exact shape of the continuum spectrum from two-photon
decay of H- or He-like ions tests our understanding of the entire structure of these ions
since the theory requires a sum over a complete set of intermediate states and both
energy levels and wavefunctions must be understood. Fully relativistic calculations for
two-photon decay in He-like ions have recently been performed by Derevianko and
Johnson which show a marked dependence of the continuum shape on nuclear charge.
We are studying this change by comparing the shapes of two-photon decay at
intermediate nuclear charge Z in He-like Ni (Z=28) and at high-Z in the region of He-like
Au and U. The Ni experiments have been carried out at the ATLAS accelerator and the
high-Z experiments have been done using the SIS facility at GSI in Germany.
In the ATLAS experiment, two-photon decays were measured in both H-like and
He-like nickel during the same run, switching between the two ions several times during
the experiment. Since the continuum shape in the two-photon decay of the 2 2S1/2 level
in H-like Ni is known precisely, this served as an on-line calibration of the spectral
efficiency of the detection system used. The nickel experiment has demonstrated that
high precision measurements of two-photon spectral shapes at intermediate Z are
possible using the technique of comparing the shapes of H-like and He-like two-photon
decays but we have not yet achieved our goal of obtaining sensitivity to the relativistic
corrections at medium-Z. In the future we will make an improved measurement of the Ni
two-photon continuum using improved detectors and electronics which will provide

sensitivity down to lower x-ray energies.
At GSI, preliminary results have been obtained in for the two-photon decay of
He-like Au ions using the SIS facility. In the future, we plan an improved version of this
experiment which would run for a significantly longer time, provide an increase in the
sensitivity for low energy photons, and provide better characterization of the detector
efficiencies. We will also investigate two-photon decay of the 2 3Po level in He-like
Uranium. This work aims to provide the first measurement of the E1M1 decay mode of
the 2 3P 0 level in He-like ions.
aUniversity of Toledo, bGSI, Darmstadt, Germany, cUniversity of Notre Dame, dSoltan
Institute, Swierk, Poland, 'Institute for Nuclear Research, Debrecen, Hungary, Institute
for Nuclear Physics, Cracow, Poland, gJagiellonian University, Cracow, Poland
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*

~~~~~~~~~~~~~~~56

T. Stohlker, T. Ludziejewski, H. Reich, F. Bosch, R. W. Dunford, J. Eichler, B. Franzke, C.
Kozhuharov, G. Menzel, P. Mokler, F. Nolden, P. Rymuza, Z. Stachura, M. Steck, P. Swiat, A.
Warczak, and T. Winkler
Phys. Rev. A 58, 2043-2050, (1998).
Electron Bremsstrahlung in Collisions of 223 MeV/u He-like Uranium Ions with Gaseous Targets
T. Ludziejewski, T. St6hlker, S. Keller, H. Beyer, F. Bosch, O. Brinzanescu, R. W. Dunford, B.
Franzke, C. Kozhuharov, D. Liesen, A. E. Livingston, G. Menzel, J. Meier, P. H. Mokler, H.
Reich, P. Rymuza, Z. Stachura, M. Steck, L. Stenner, P. Swiat, and A. Warczak
J. Phys. B 31, 2601-2609, (1998).
Lifetime of the 3p 2P3, Level in Sodiumlike Bromine (Br XXV)
A. Vasilyev, E. Jasper, H. G. Berry, A. E. Livingston, L. J. Curtis, S. Cheng, and R. W. Dunford
Phys. Rev. A 58, 732-735, (1998).
The Two-Photon Decay in Helium-Like Gold
H. W. Schaffer, R. W. Dunford, C. Kozhuharov, A. Kramer, T. Ludziejewski, P. H. Mokler, H.-T.
Prinz, P. Rymuza, L. Sarkadi, T. Stohlker, P. Swiat, and A. Warczak
Hyperfine Interactions 114, 49-53, (1998).
Higher Order Photon Transitions in H-like and He-like Ions
R. W. Dunford, E. P. Kanter, H. W. Schaffer, P. H. Mokler, H. B. Berry, A. E. Livingston, S.
Cheng, and L. J. Curtis
Physica Scripta T80, 143-144, (1999).
Measurement of the Two-Photon Spectral Distribution from Decay of the ls2s 'So level in Heliumlike
Nickel
H. W. Schaffer, R. W. Dunford, E. P. Kanter, S. Cheng, L. J. Curtis, A. E. Livingston, and P. H.
Mokler
Phys. Rev. A 59, 245-250, (1999).
Angular Distribution Studies for the Time-Reversed Photoionization Process in Hydrogenlike Uranium:
The Identification of Spin-Flip Transitions
T. St6hlker, T. Ludziejewski, F. Bosch, R. W. Dunford, C. Kozhuharov, P. H. Mokler, H. F.
Beyer, O. Brinzanescu, B. Franzke, J. Eichler, A. Griegal, S. Hagmann, A. Ichihara, A. Kramer, J.
Lekki, D. Liesen, F. Nolden, H. Reich, P. Rymuza, Z. Stachura, M. Steck, P. Swiat, and A.
Warczak
Phys. Rev. Lett. 82, 3232-3235, (1999).
Two-Photon Decay in Strong Central Fields Observed for the Case of He-Like Gold
H. W. Schaffer, P. H. Mokler, R. W. Dunford, C. Kozhuharov, A. Kramer, A. E. Livingston, T.
Ludziejewski, H.-T. Prinz, P. Rymuza, L. Sarkadi, Z. Stachura, T. Stohlker, P. Swiat, and A.
Warczak
Phys. Lett. A 260, 489-494, (1999).
Evolution of Beam-Foil-Excited Rydberg States at Femtosecond Time Scales
E. P. Kanter, R. W. Dunford, D. S. Gemmell, M. Jung, T. LeBrun, K. E. Rehm, and L. Young
Phys. Rev. A 61, 042708, 1-5 (2000).
Simultaneous Excitation and Ionization of He-like Uranium Ions in Relativistic Collisions with Gaseous
Targets
T. Ludziejewski, T. Stohlker, D. C. lonescu, P. Rymuza, H. Beyer, F. Bosch, C. Kozhuharov, A.
Kramer, D. Liesen, P. H. Mokler, Z. Stachura, P. Swiat, A. Warczak, and R. W. Dunford
Phys Rev A 61, 052706, 1-9 (2000).

57

I
I

X-ray Interactions with Atoms and Molecules
|HI~~~~~

~~

R. W. Dunford, E. P. Kanter, B. Krassig, S. H. Southworth, L. Young
~Argonne
NationalLaboratory,Argonne, IL 60439

dunford@anl .gov,kanter@anl.gov,kraessig@anl .gov,southworth@anl.gov,young@anl.gov
*I~

|BI

1

~

~

Program Scope: We seek to establish a fundamental and quantitative understanding of x-ray interactions with free
atoms and molecules. We have explored the broad energy range where the dominant interaction evolves from
photoabsorption to scattering, with careful attention to regions near resonances and thresholds. The focus has been
on understanding the limitations of theory, in particular the validity of the independent particle approximation and
the role of multipole effects. In these studies, we have found significant uncertainties (up to 10%) in basic quantities
such as Rayleigh scattering and photoabsorption cross sections even at photon energies far from thresholds and
resonances. Armed with a basic understanding of weak-field x-ray atom interactions, we are now planning to move
into the strong-field regime and are developing laser-prepared targets for such studies.
Forward-Backward Photoelectron Asymmetries of Atoms and Molecules
B. Krassig, S. H. Southworth, R. W. Dunford, E. P. Kanter, and L. Young
Photoionization transition amplitudes due to electric-quadrupole (E2) and higher-order photon-atom
interactions beyond electric-dipole (El) are manifested in photoelectron angular distributions through interference
terms such as El E2. The interference terms give rise to angular distributions which are forward-backward
~asymmetric with respect to the photon propagation vector k. Forward-backward asymmetries were observed in
early x-ray photoionization experiments and understood to vary simply with photoelectron velocity u as u/c
according to Born-approximation calculations. In modem theoretical treatments, transition amplitudes for El, E2,
... interactions are calculated explicitly, and forward-backward asymmetries are predicted to exhibit interesting
variations with atomic number and subshell which persist at threshold. To confirm these predictions, we measured
forward-backward asymmetries of rare gases using 2-5 keV x-rays at Brookhaven's NSLS [1]. Other groups have
on crystalline surfaces.
We have extended our measurements on rare gases to deeper subshells using 4-19 keV xrays at Argonne's
APS. The new experiments have focused on variations near threshold and the search for interchannel-coupling
effects. We have also developed an advanced version of our spectrometer system in which four parallel-plate
analyzers are positioned at "double-magic" angles with respect to k and the x-ray polarization vector e. Forwardbackward asymmetries can be determined from the photoelectron intensities recorded simulaneously at the four
angles, greatly increasing detection efficiency and reducing systematic errors.

a~I

-I~'

*

Ionization of helium with keV x-rays
B. Krassig
The ionization of helium by x-rays with energies above a few keV can proceed either by photoabsorption or
by Compton (inelastic) scattering. To date there are no direct experimental determinations of the cross sections of
either one of these two processes. The existing measurements refer to the attenuation cross section, which is the sum
of these two contributions plus the contribution of Rayleigh (elastic) scattering. We extracted the ratio of cross
sections for Compton scattering and photoabsorption from the data of a COLTRIMS experiment originally designed
to study double ionization in Compton scattering [cf. Pub 5]. The extraction of the photoabsorption contribution
involved careful analysis of the distortions in the imaging of the COLTRIMS instrument in order to identify the
nondipolar angular distributions in the ion recoil momenta. Results for the cross section ratio of Compton scattering
to photoabsorption were obtained for 7, 8, 10, 13, and 16 keV with 5% uncertainty margins. The comparison with
published theoretical results reveals discrepancies with some works greater than this margin, particularly for the
photoabsorption cross section. For the Compton cross section the discrepancies are smaller. Even at the lower end
of our energy range no indication is to be seen that would point to a failing of the impulse approximation used in
some of the Compton calculations. A continuation of these measurements down to 2-3 keV x ray energy is therefore
highly desirable.
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Double K photoionization of heavy atoms
R. W. Dunford, D.S. Gemmell, E. P. Kanter, B. Krassig, S. H. Southworth, L. Young
The most basic multielectron process is the complete emptying of an atomic K shell in photoabsorption.
We recently demonstrated a relatively simple method to investigate such processes in heavy atoms by the creation of
double-K-vacancy states in X-ray photoionization and subsequent detection through the observation of the Khypersatellite transitions as those states relax. Using hard x-rays provided by the Advanced Photon Source, we
unambiguously detected the double K-ionization molybdenum. The presence of these double-hole states is signaled
by the observation of Kp hypersatellite fluorescence detected in coincidence with the subsequent satellite transition
filling the second vacancy. From these data we deduced the relative probabilities for production of double and
single K vacancies by photon impact at 50 keV and reported the most precise measure of that quantity in a heavy
atom [cf. Pub 7].
That ratio has been shown to provide an important probe of electron-electron correlations in high-Z atoms
where theoretical descriptions must consider those correlations simultaneously with relativity and our results suggest
the failure of present theoretical treatments to properly deal with such systems. In order to provide a more definitive
test however, it is important to separate the contributions of shake processes from the double ionization yield.
Recently, we extended these measurements to Ag (Z=47). Because of extensive previous studies of this system
produced by the electron capture (EC) decay of ' 09Cd, the shakeoff contribution is well-known experimentally for
the single-electron final state produced in EC. Thus, our photoionization measurements will isolate the effects of the
dynamic electron-electron scattering (TSI) term. Measurements were carried out at several energies from the
double K-ionization threshold to the region of the expected maximum (from 50-90 keV) in the cross-section and
analysis is currently underway. With the higher-energy beams soon available at the BESSRC wiggler, we expect to
extend these measurements to much heavier atoms such as Au (Z=79) and Pb (Z=82) which can provide a new
probe of the effects of relativity on inner-shell wave functions and can be compared directly with the time-reversed
double K-REC (Radiative Electron Capture) experiments.
Nuclear Excitation by Electronic Transition in 1890s
I. Ahmad, R. W. Dunford, H. Esbensen, D. S. Gemmell, E. P. Kanter,
U. Rutt and S. H. Southworth
Nuclear excitation by electronic transition (NEET) is a rare but fundamental mode of decay of an excited
atomic state. It is a process by which the energy of an excited atomic state is transferred via the exchange of a
virtual photon into excitation of the atom's nucleus. It can only occur when the atomic and nuclear states have
closely matching transition energies and also involve the same changes in spin and parity. The NEET process is
characterized by the probability PNEET of the atomic vacancy state decaying by nuclear excitation. A candidate
system for the NEET process is 189Os, in which an atomic transition between an initially-excited K-vacancy state
and a final M-vacancy state can couple to an excited nuclear state at 69.5 keV. A decay branch of the 69.5 keV state
involves a 30.8-keV metastable state with 6-hr half-life which can be counted off-line with low-background Ge
detectors.
Various methods have been used to measure PNEET in '89Os by generating K-vacancies and counting the
metastable decays. K-vacancies have been produced non-selectively, e.g., by electron impact or bremsstrahlung,
and have resulted in a wide range of values of PNEET, over the 10' 9 to 106 range. A similar wide range of theoretical
values of PNEET has been calculated. We have performed a series of experiments at the Advanced Photon Source
using both broad-band and narrow-band xrays to generate K-vacancies in '89Os as well as to produce the 69.5-keV
nuclear state by direct photoexcitation. We conclude that all previously reported observations of nuclear excitation
in '89Os have been due to direct photoexcitation and that NEET has in fact not been observed [cf. Pub 8]. Our
measurements give an upper limit of PNEET < 3 x 10-10, which is consistent with our own theoretical calculation and
that of Tkalya [2].
Development of a Terawatt Laser Facility for Ultrafast Electron Pulses and Xrays
R. A. Crowell, R. W. Dunford, D. J. Gosztola, C. D. Jonah, S. H. Southworth,
A. D. Trifunac, and L. Young
We are developing a terawatt laser facility to be used for ultrafast electron-pulse chemical radiolysis and xray physics. For pulsed radiolysis applications, an MeV electron bunch with =l nC charge and :1 ps duration can
be produced by focusing the output of a terawatt laser into a He gas jet, as demonstrated by Umstadter et al. [3].
The terawatt laser system at the University of Michigan was used to demonstrate that this method is capable of
generating sufficient charge to produce a measureable amount of hydrated electrons in liquid water [4]. Since the
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electron pulses are synchronized with the laser pulses, ultrafast pump-probe techniques can be applied to the study
of the physical and chemical processes induced by ionizing radiation. The terawatt laser system being assembled at
Argonne uses three stages of amplification in a configuration similar to those developed in other laboratories [5] to
produce an estimated output of l J, 25 fs, 10 Hz, at 800 nm. We also plan to use the laser pulses produced at the
second stage of amplification (%75 mJ, 25 fs, 60 Hz, 800 nm) to produce ultrafast soft x-ray pulses by the phasematched high-harmonic-generation method [6]. These ultrafast x-ray pulses will be used for pump-probe
experiments and, if estimated intensities are realized, the study of nonlinear processes at short wavelengths.
Development of a Li MOT for ionization studies
M.T. Huang, L. Zhang, S. Hasegawa, S.H. Southworth, L. Young
The use of laser-cooled atomic targets to investigate ionization dynamics promises unprecedented
resolution in kinematically complete experiments involving recoil ions and electrons in coincidence [7]. Photon and
charged particle ionization processes have been extensively studied using the COLTRIMS technique with
supersonic gas jet targets, particularly He, to elucidate dynamical electron correlation effects. We chose to focus on
Li to develop the techniques because the potential of theory to address multielectron effects in complex ionization
processes in this three-electron system [8]. Considerable progress has been made in the past year. Direct loading
from an atomic beam results in trapped 7Li atoms at a density of 10 0 /cm 3 and temperature of I mK. The rapid
ballistic expansion of the MOT, as measured by imaging LIF from a probe beam, limits the interaction time for
ionization projectiles to a few ms before recapture or reloading is required. Initial studies will be on low energy
electron impact ionization cross sections where 80% differences between recent theories [Bray95,Chang95] are not
distinguished by earlier measurements. In the future, we plan to use the Li MOT target and recoil ion imaging
technique to investigate high-field effects with short wavelength radiation.

Production of Polarized Rare Gas Atoms
R. W. Dunford, D. Yang, L. Young
Rare gases with high nuclear polarization are termed "hyperpolarized" gases. They are important in tests of
fundamental symmetries, production of polarized targets, studies of surface interactions and NMR imaging of
materials. They are also the basis for a new method of medical imaging of lungs and other organs of the body. Both
3
He and '29Xe gases are currently used in these applications, but although two methods are used for production of
hyperpolarized 3 He gas, only one method has been developed so far for 29Xe: spin exchange with optically-pumped
alkali vapors. We are developing a second method for polarizing '29Xe, which may be more suitable for some of the
applications. This technique can also be used to polarize radon gas. The scheme involves two steps, the first is a
two-photon excitation to a 5p 56p excited state followed by decay to the metastable 5p56s[3/2]2 state. Nuclei of
metastable atoms can be efficiently polarized by optical pumping with 882 nm light. Polarization is transferred to
*~I~
ground state atoms via metastability exchange collisions, which conserve the nuclear spin.
As a first step in this project we have been studying methods for producing metastable rare gas atoms. An
efficient method of metastable production is important for many applications, but of particular interest at Argonne is
the vast enhancement in the overall efficiency of atom trap trace analysis for Kr isotopes. We recently produced
*I
~ metastable Kr atoms using a combination of a Kr resonance lamp and a Ti-sapphire laser to excite the atoms to the
metastable (J=2) first excited state. The transition sequence is 4p 6 'So -> 4p 55s[3/2] 1 -> 4p55p[3/2]2 -> 4p 55s[3/2]2.
The first two transitions are driven by the lamp and the laser, respectively, while the third involves spontaneous
| *~decay into the metastable state (5s[3/2]2). In the near future we will set up the apparatus required to polarize S3Kr .
We will also develop new methods for measuring the polarization of the atoms using direct optical probes. After
developing the methods for Kr gas we will turn attention to polarization of Xe and Rn which are of most interest for
the applications.
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Atomic Physics with Highly Charged Ions : Low Velocity
J.R.Macdonald Laboratory, Kansas State University, Manhattan, KS 66506
cocke@phys.ksu.edu
The purpose of this program is to investigate the interaction of very slow singly and
multiply charged ions with atomic, ionic and molecular targets and with surfaces. The
work is carried out using the KSU CRYEBIS, ECR and Ion-Ion facilities. Some, but not
all, current projects are described here.
Charge Transfer in Very Slow Collisions between Highly Charged Ions and He (B.
D. DePaola, C. W Fehrenbach, K. Okuno*, M. P. Stockli and H. Tawara* ) Electron
capture processes involving very slow, multiply charged silicon ions are known to play a
key role in determining the balance of ions and their abundance in some extraterrestrial
plasmas as well as in material science applications. To date, very few experimental and
theoretical studies of Si q+ collision systems have been reported. Indeed, in the few cases
reported in the literature, there are significant discrepancies (two orders of magnitude)
between the experimental and theoretical results at thermal energies. In an effort to
address this situation, we have measured the one- and two-electron capture cross sections
for Siq+ (q = 3, 4 and 5) ions colliding with He atoms over a few 100 to a few 1000 eV
collision energies. We have then used our results to test recent quantum mechanical
calculations. The experiment was performed using the recently developed octopole ion
beam guide (OPIG) technique which is virtually a copy of the one developed at Tokyo
Metropolitan University and brought to the Macdonald Lab through the TMU K-State
collaboration. The entire OPIG is floated at the decelerating potential, and the ion-atom
collisions take place inside a differentially pumped cell in the interior of the OPIG. An
octopole electric field serves to confine the decelerated primary ions as well as the
product ions. Initial data have been obtained and experimental improvements to the

system are currently under construction.
Tokyo Metropolitan University, Japan;*National Institute for Fusion Science, Japan.
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Rydberg Targets

Our work with Rydberg atoms is largely motivated by their nearly classical nature. In the
limit of very high n, one might expect a Rydberg atom to behave very much like a
classical system, both in its interaction with external fields and highly charged projectile
ions. The interest is partially in determining just how well one can describe these
interactions using classical models. This is important not only on epistemological
grounds, but for the very practical reason that while the classical study of these systems is
relatively simple, the quantum mechanical treatment is extremely challenging. Thus,
experimental results are needed both to validate classical approaches and to provide test
cases against which quantum mechanical results may be tested.
1. Collisions of Slow, Highly Charged Ions with Coherent Elliptical State (CES)
Rydberg Atoms: Electron Capture as a Function of Principal Quantum Number
( B.D. DePaola, E. Horsdal-Pedersen*) Classically, at low collision velocity total
capture cross sections are known to scale with target principal quantum number, n1,as
Croc n 4 . One may arrive at this result via many different models, for example, CTMC
calculations, the Bohr-Lindhard model, or the classical over-barrier model. However, all
these approaches suffer from making simplifying assumptions with respect to the
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classical orbits which the transferred electron is presumed to follow. Using CES of
lithium, total electron capture cross sections have been measured over a range of
principal quantum number from n = 20 to 35, while varying the generalized eccentricity
and the angle between the projectile beam and the normal to the plane containing the
CES. The results indicate that at a scaled projectile velocity of 1.20, the n4 dependence
of the cross section is correct. However, at the higher scaled projectile velocity of 1.68,
the scaling with n is closer to n3 , while existing CTMC calculations at this velocity
indicate powers ranging from 3.5 to 4. These results have been submitted for publication.
*Univ. Aarhus; work performed at Univ. of Aarhus.
2. lon-Rydberg Atom Collisions: Energy Transfer in Charge Exchange (B. D.
DePaola, C. W. Fehrenbach, and S. L. Lundeen*) Charge transfer collisions between an
ion of charge q and a highly excited atom having principal quantum number n occur with
quite large cross sections approximately qn4 ao for sufficiently low collision velocity.
Such collisions are believed to result in a narrow distribution of final states, with the
captured electron being bound by approximately the same energy as in the original
excited atom. No satisfactory quantum mechanical calculations exist for this process, the
most satisfying treatment being CTMC calculations. On the other hand, CTMC is not
expected to be valid at very low velocities, and may not accurately predict final n and I
distributions on the projectile following charge capture. In order to more severely test
theoretical models in ion-Rydberg collisions, it is therefore desirable to make
measurements which are differential in as many parameters as possible, including initial
and final n and 1. In the case of charge transfer cross sections, we have extended previous
measurements to include collisions with multiply charged ions, having q = 1 - 4. In the
case of these investigations, final / quantum numbers were not resolved. However, the
distribution of initial target n was expanded to include n1 = 7 - 18. Using the same
RESIS technique to unambiguously identify the final np of the projectile, the focus of this
study was to concentrate on the relationship between nt and np, over a range of collision
velocities (v = 0.031, 0.057 and 0.100 a.u.) and charge states. In general, the data show a
clear resonance in the capture cross section to a particular energy state as the binding
energy of the Rydberg target is varied. The resonance position differs significantly from
the predictions of the classical over-barrier model, and its width becomes very small
(0.025 eV) at the lowest velocities studied.
*Colorado State University, Ft. Collins, Colorado
COLTRIMS Measurements of Electron Spectra from Low Energy Ionization of
Light Targets (H. Wolf W
WWolff, M. Abdallah, E. Edgu and C. L. Cocke) The purpose
of this project is to identify and characterize as cleanly as possible the process whereby a
slow charged projectile promotes into the continuum an electron from a neutral target.
The projectile velocity is sufficiently low that direct kinematic ionization is forbidden.
The experiments are carried out using Cold-Target Recoil Momentum Spectroscopy
(COLTRIMS) and done in such a way that full electron momentum images are recorded
for experimentally determined vector impact parameters. Our most recent results,
reported in publication (1), show that evidence for ionization via a 2p7t-2p( rotational
coupling followed by a saddle-like promotion to the continuum, seen previously for a He
target, is present even for a molecular hydrogen target. Because theoretical calculations
for this process are available only for a true one-electron target, we are attempting to
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extend the experimental technique to accommodate an atomic hydrogen target. A Slevin
type atomic hydrogen source has been mounted on the COLTRIMS apparatus and initial
measurements have been made. It has not yet been possible to isolate the signal from the
atomic target, however, due to large backgrounds, work on this problem is in progress.

~

Non-Coulombic Effects in the Fragmentation of N2 in Collision with 100 kV/q C4 +
(I. Ali, R. D. DuBois, S. Hagmann, C. L. Cocke.) We have measured the kinetic energy
release of the fragments emitted from the dissociation of N2 in collision with ]00 kV/q
~IC 4+ . The energy of the fragments is calculated from the measured momentum vectors of
both fragments emitted in the dissociation of the diatomic molecule (N2) using a three
dimensional momentum imaging multi-hit detector system. The energy is measured
separately for the ion pairs from the dissociation of the molecule into different
dissociation channels. For the ion pairs with higher charge states, the position of maxima
for the measured energy distributions is higher than the Coulomb energies calculated
from the product of the fragment charges divided by the bond length. This behavior
contradicts the expectation that the Coulomb-explosion model should work better for
more highly stripped molecular fragments as well as quantum chemical ab initio
calculations.
Univ.of Missouri-Rolla .
Low-Energy, Highly-Charged Ions Interacting with Surfaces
The interaction of low-energy, charged particles with surfaces plays an important role in
many technologies. Highly charged ions can carry a substantial amount of electronic
energy which is released in the vicinity of the surface. The area over which this energy is
released depends on the recombination processes of the ions especially as to whether the
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vacancies are filled by X-ray or Auger transitions. These processes can be studied by
measuring the X-rays and electrons that are emitted when charged ions impact on
different surfaces. Most of the present work has been carried out in a new chamber which
allows one to measure absolute emission yields from surfaces that can be cleaned with
low-energy Ar ions in a vacuum environment in the range of 0.1 nTorr.
1. X-ray Emission from Highly Charged Ne Ions Striking an Aluminum Surface (H.
Tawara, C. Fehrenbach and M. P. Stockli) Bare, hydrogen-like, helium-like and Li-like
2Ne ions were directed onto an Al surface with energies in the range between 0.1 and 1.5
MeV. At these low impact energies one observes a significant X-ray yield only if the
impacting ions carry an inner shell vacancy, such as are present in the hydrogen-like and
bare Ne ions. The X-ray emission is normally completely dominated by the projectile KX-rays emitted whenever the inner shell is filled when the ion reaches the surface.
However, with increasing impact energy one can clearly observe a small, but growing
fraction of K-X-rays from the Al target. As the probability for direct impact ionization is
negligible at this energy, the target X-rays are produced after a projectile vacancy is
transferred to the target during a close collision. The transfer is caused by the radial
coupling between 1so and the 2po orbitals that form transiently in close collisions from
the K-shells of both collision partners. In addition one also observes a continuous band of
X-rays which extends well beyond the energies of the characteristic X-rays but with an
intensity which decreases approximately exponentially with increasing X-ray energy.
This band is caused when vacancies in the transient 2po orbital are filled during close
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collisions. The rapidly changing binding energies during close collisions induce a
collision broadening which allows for the emission of X-rays way beyond the static
transition energies. The exponential slope of the observed band scales as expected for
collision broadening. A manuscript is in preparation.
2. Emission of Secondary Electrons from a Gold Surface (J. Krasa', L. Laska, D. Fry
and M. P. Stockli) Highly charged ions impacting on surfaces can emit an incredibly
large number of secondary electrons. The number of secondary electrons and its
dependence on charge state, potential energy, impact-velocity and angle can reveal
important information regarding the neutralization- and energy-loss processes, but are
also of great importance for the calibration of unsuppressed current measuring devices.
The number of secondary electrons emitted from below the surface has to be proportional
to the number of secondary electrons generated at a certain depth below the surface and
therefore is indirectly proportional to the cosine of the impact angle. The number of
electrons emitted above the surface should depend only on the projectile velocity normal
to the surface, and therefore depends only weakly on the impact angle as the secondary
electron emission depends only weakly on impact velocity. In this experiment the number
of emitted electrons per incident ion has been measured for Ta"l+ through Ta 4 1+ with
energies per charge in the range between 15 and 150 kV striking a clean polycrystalline
gold surface with impact angle between 0 (normal incidence) and 70 degrees. Fitting the
measured data with a two component model allowed the deduction that the majority of
electrons (between 50 and 85%) originate from above the surface. The ratio between the
electron yield from above the surface and the electron yield from below the surface
increases with charge state but decreases with increasing velocity. A manuscript has been
submitted for publication. *Czech Scientific Academy
FIVE RECENT PUBLICATIONS
1. "Observation of a 'Quasi-Molecular' Ionization Window in Low to Intermediate
Impact Velocity Collisions of He + Ions with H2 and He," M. A. Abdallah. W. Wolff, H.
E. Wolf, L.F.S. Coelho, C. L. Cocke, and M. Stockli, Phys. Rev. A62, 012711 (2000).
2. "Gain of Windowless Electron Multipliers 226EM and EMI9643/2B for Highly
Charged Ta Ions," J. Krasa, E. Woryna, M.P. Stockli, S. Winecki, and B.P. Walch, Rev.
Sci. Instrum. 69, 95-100 (1998).
3. "State-Selective Electron Capture in (0.5-50)-keV/u C5 +-He Collisions Studied by
Cold-Target Recoil-Ion Momentum Spectroscopy," E. Y. Kamber, M. A. Abdallah, C. L.
Cocke, and M. Stockli, Phys. Rev. A 60, 2907 (1999).
4. "Micro Channel Plate Gains for Ta' + - Ta44+ Ions, Measured in the Energy Range
from 3.7 keV/qup to 150.7 keV/q," W. Mr6z, D. Fry, M. P. Stockli, and S. Winecki
,Nucl. Instrum. and Methods A437, 335 (1999).
5. "Capture and Ionization Processes Studied with COLTRIMS," M. A. Abdallah, A.
Landers, M. Singh, W. Wolff, H. E. Wolf, E. Y. Kamber, M. Stockli, and C. L. Cocke,
Nucl. Instruments and Methods in Physics Research B 154, 73 (1999).
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ATOMIC PHYSICS WITH HIGHLY CHARGED IONS: HIGH VELOCITY

~

J. R. Macdonald Laboratory, Kansas State University, Manhattan, KS 66506
|~~~~~~~* ~richard@phys.ksu.edu
The purpose of this program is to investigate the interaction of high velocity multiply
charged ions with atomic, and molecular targets. The work is carried out using the
tandem Van de Graaffand LINAC accelerators. Some, but not all, current projects are
described here.
Superelastic Scattering of Electrons from Metastable Ions
PatrickRichard, C. P. Bhalla, Peter Zavodzsky, *H. Aliabadi, G. Toth, + andJ. Tanis#
*Michigan
State
University,
Ann
Arbor,
'Kla-Tencor,
Bedford,
MA,

Western Michigan University, Kalamazoo.
We recently performed an experiment where the superelastic scattering of
electrons from ions has been observed by the use of the ion-atom collision technique.
Superelastic scattering of electrons can occur by scattering target electrons from a
metastable ion beam. This process is the inverse of inelastic scattering [Pub.#1] and gets
its name from the fact that the outgoing electron has more energy than the incoming
electron. Direct electron superelastic scattering has been observed for atoms and ions
with very low states of excitation,' but it had not been observed previously for inner
shell excitation of highly charged ions. Figure 1 shows the results of our experiment for
F 7+ + H 2 . The superelastic scattering is from the ls2s 3 S metastable component of the F 7+
beam. The observed superelastic scattering peak is obtained by subtracting the F 6+
DDCS, modified by the F 6+ to F 7+ DDCS enhancement factor, from the F7+ DDCS. The
continuous background is the tail of the binary encounter peak due to elastic scattering of
the target electrons. This observation gives another example of the power of the ionatom collision method in the study of electron-ion collision processes that are not yet
feasible to perform by direct electron-ion collision techniques.
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Charge Transfer and Elastic Scattering in Very Slow H + + D(ls) "Half' Collisions
ltzik Ben-Itzhak, Eric Wells, Kevin D. Carnes, Brett D. Esry, Hossein Sadeghpour*
*Harvard Smithsonian, Cambridge
We have studied charge transfer and elastic scattering in the H + D(ls) collision
system. This system provides an interesting case study for theorists, since scattering
calculations for this system depend on correctly accounting for the difference in nuclear
mass in the HD + structure calculations. Our aim was to study the collision at energies
from about 1 eV down to the charge transfer threshold at 3.7 meV, and below for the
elastic channel. So far we have measured down to about 10 meV, much lower in energy
than previous charge transfer measurements, and we are working on improving our
experiment to meet our original goal. The half collisions are induced by high velocity
ions.
To accomplish this goal we are using ground state dissociation (GSD) of HD + to
measure electron transfer from the Isa to the 2pc state. GSD is the process in which a
vertical ionization of HD populates the vibrational continuum of HD+(lsa), which then
dissociates into either the H' + D(ls) or D + + H(ls) final state [Pub.#2]. The latter is
populated if charge transfer occurs at an internuclear separation of about 12 a.u., around
the avoided crossing. The energy of the resulting H + or D + fragment is typically less than
300 meV, and is determined for each fragment by imaging its momentum vector using a
COLTRIMS-style apparatus.
The measured relative yields of H + and D + fragments as a function of kinetic
energy in the HD+ center-of-mass frame provide a direct measure of the electron transfer
probability from the initial Iso to the final 2po state. This experimental approach
provides a probe of very slow collisions. It is important to note, however, that during the
GSD process the "avoided crossing" is traversed only once in contrast to twice in a "full"
collision. As a result of the "half collision" nature of our experiment, we cannot compare
directly to theoretical results available for full collisions.
Therefore, we performed
coupled channels calculations of the transition probability for both half and full
collisions. The experimental results, shown in figure 1, are in good agreement with the
half collision calculations except near the charge transfer threshold where better
resolution is needed.
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Elastic Scattering of Electrons from Metastable Ions - Formation of Triply Excited
States-PatrickRichard, ChanderBhalla, P. A. Zavodszky, * Tom J. Gray, H. Aliabadi, E.
P. Benis,+ and T.J.M. Zouros+
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*

*Western Michigan University, Kalamazoo; +University of Crete, Greece
The collision of a (ls2s) 3 S metastable ion with a quasi-free target electron can
lead to the capture of the electron into an excited state nQ (nh2) while a Is projectile
electron can be excited into an n'Q' (n'>2) state, producing a double vacancy in the Kshell, i.e., a hollow ion. The experimental signature of the production of triply excited
ionic projectile states is the detection of the electrons resulting from the decay by
autoionization of such states. The process can be written schematically as
e + (ls2s) 3S - (2snn'e') 2S+'Lj e-A + (ls2s) 3S
which can be referred to as resonance elastic scattering or dielectronic excitation plus
decay. We have observed 2s 2p 2 2 D triply excited hollow ionic states in F 7+ + e' [1] and
B3 + + e' [2] systems.
In the process of this research we have discovered a method of producing ion
beams with and without a metastable component. The metastable fraction in an ion
beam depends on the ion beam energy at which the stripping of the ion occurs. It is
possible to produce a beam of a given energy by stripping the ion either in the terminal of
a tandem Van de Graaff accelerator or after acceleration, resulting in beams with
different metastable fractions. For a given beam energy, ion stripping in the terminal of
the tandem occurs at a lower energy than ion stripping after acceleration and can lead to
ion beams with a small metastable component. We came to this interpretation of the
metastable components based on the observation that the Auger electron spectra from the
beams produced by terminal stripping and post-acceleration stripping are different. This
difference in spectra provides us with a unique way of identifying triply excited
:o~resonance states formed by the interaction of quasi-free target electrons with metastable
ions.
'"Evidencefor Triply Excited Hollow Ionic States," by Zavodszky, el al., DAMOP 1999,
Atlanta, GA
'"Production of Triply Excited in Li-like Boron," by Benis, et al., ICPEAC 1999, Sendai,
Japan.

The Dynamics of Double lonization of D2 by High Velocity Charged Ions:l MeV/u
Protons and F 9+
I. Ali, A. Landers,' J. Tanis,* H. Tawara, P. Richard,S. Hagnann,I. Reiser, E. Wells, T.
Osipov, I. Ben-Itzhak, and C. L. Cocke
*Western Michigan University, Kalamazoo
In this work we performed an experiment to study the dynamics of the double
ionization process of D2 in collision with energetic ions (21MeV/u protons and F 9+). The
*interaction
of energetic charged particles and photons with atoms and molecules in
collision processes has a common nature. The time and impact parameter dependent
equivalent electromagnetic field of the projectile E(b,t) results from the superposition of
two pulses propagating along and transversal to the projectile direction. Depending on the
charge and velocity of the projectile, these electromagnetic pulses are quantized to one or
more virtual photons with particular frequencies. In the collision process of an atom or a
molecule (D 2 ) with high energy charged ions, the virtual photons equivalent to the
projectile electromagnetic field can be absorbed or scattered leading to single or multiple
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ionization of the target. Combining the momentum recoil ion spectroscopy and multi-hit
detection techniques, the full momentum vectors of four particles: both charged
fragments and both electrons emitted after the break-up of the molecule are measured.
This experiment provides a kinematically complete measurement of the dynamics of the
double ionization of the diatomic molecule (D 2 ) in collision with energetic charged
particles.
Orientation Effects of the Fragments Emitted from the Dissociation of N2 in
Collision with 1 MeV/u F 9+
S. Hagmann, I. All, C. L. Cocke, H. Tawara and P.Richard
The collision process of a fast highly charged projectile (1MeV/u F 9+) with a
diatomic molecule can lead to the breakup of the molecule and the ejection of energetic
fragments. The breakup of the molecule results from double and multiple ionization of
the molecule in collision with the projectile leading to the dissociation of the molecule
into different dissociation channels with charged fragments that are dependent on the
number of electrons lost in the ionization process. The different dissociation channels
result from different molecular dissociative states. Detection of the ejected electrons or
fragments provides a method to investigate these molecular dissociative states and the
dynamics of the dissociation process. In this experiment both fragments emitted from the
dissociation of the diatomic molecule are detected, and the full momentum vector of each
fragment is measured using a fast position sensitive multi hit detector. The emission
angle of the emitted fragments is calculated from the measured momentum vectors for
the fragments from the different dissociation channels with different charge states.
Orientation effects of the emitted fragments provides an approach to investigate the
molecular dissociative states and the dynamics of the dissociation process

Five Recent Publications:
1.
"Forward-Backward Asymmetry in the Inelastic Scattering of Electrons
from Highly Charged Ions," P. A. Zavodszky, G. Toth, S. R. Grabbe, T.J.M.
Zouros, P. Richard, C. P. Bhalla, and J. A. Tanis, J. Phys. B 32, 4425 (1999).
2.
"Symmetry Breakdown in Ground State Dissociation of HD," I. Ben-Itzhak,
E. Wells, K. D. Carnes, Vidhya Krishnamurthi, O. L. Weaver, and B. D. Esry,
Phys.Rev. Lett. 85, 58 (2000).
3.
"Differential Electron-Cu 5+ Elastic Scattering Cross Sections Extracted
from Electron Emission in Ion-Atom Collisions," C. Liao, S. Hagmann, C. P.
Bhalla, S. R. Grabbe, C. L. Cocke, and P. Richard, Phys. Rev. A 59, 2773 (1999).
4.
"Effect of the Projectile Charge on the Ionization and Excitation of Hydrogen
Molecules by Fast Ion Impact," E. Wells, I. Ben-Itzhak, K. D. Carnes, and
Vidhya Krishnamurthi, Phys. Rev. A 60, 3734 (1999).
5.
"Energy Dependence of Binary Encounter Electron Emission in Collisions of
Screened Heavy Bi 26+ Ions with He Gas Targets," U. Ramm, U. Bechthold,
O. Jagutzki, M. Damrau, S. Hagmann, G. Kraft, H. Bottcher, and H.
Schmidt-Bocking, Physica Scripta T80, 341 (1999).
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Theory of Structure and Dynamics of Atoms, Ions and Surfaces
|I~

~
A.

J. R. Macdonald Laboratory, Kansas State University, Manhattan, KS 66506
Ion-atom collisions Theory

Ionization (E. Sidky, ClaraIllescas and C. D. Lin)
We have developed a new numerical method of solving the time-dependent Schr6dinger
*~I ~
equation in momentum space. This method allows us to extract the momentum distributions of
the ejected electrons which can be compared directly with measurements carried out using the
I|
COLTRIM apparatus. Of particular interest is the so-called saddle point mechanism for
ionization at low impact energies. We have obtained the ejected momentum distributions for the
ionized electrons in proton-hydrogen atom collisions in the 10-100 keV energy region. In view
I|
of the lack of experimental data for this system we have also carried out calculations using the
classical trajectory Monte Carlo method. The two results agree fairly well. Thus, the latter was
used to analyze the mechanism of ionization at low energies, in particular, the relative
importance of saddle point mechanism for ionization and direct ionization where the electrons
I|
are ejected to the continuum at small internuclear separations. We demonstrated that the saddle
point mechanism plays no role for ionization for collisions above matching velocity. We also
that it is not possible to deduce the importance of saddle point mechanism based on the
*showed
measured structure in the longitudinal velocity distribution alone. A report of this work has been
accepted by the Physical Review Letters. We comment that an experiment is in progress for
| *measuring
the ejected electron spectra for proton-hydrogen collisions at the JRM laboratory.
In the coming year we expect to continue this project, first working on the asymmetric
He+ on H collisions. Preliminary results indicate that the transverse momentum distributions
I|
oscillate with collision energies similar to what was observed in proton-helium collisions
[Dormer et al, Phys. Rev. Let. 77,4520 (1996) ]. Classical calculations also will be carried out to
analyze the role of saddle point mechanism for this system.
(i)

(|

Is
*It|

(ii)

Ionization cross sections at low energiesfor antiprotoncollisions with He (Teck Lee and

C. D. Lin)
~
We have calculated the ionization cross sections for antiproton collisions with He at low
energies using the close-coupling method. By performing a careful calculation we have been able
to resolve the earlier discrepancy between experiment and theory. It appears that the
experimental data are too large at low energies. Our new results have been confirmed by a few
other recent calculations. New experiments are expected to be carried out at CERN when the
new antiproton ring becomes available.
(iii)

|~I

I

Charge transfer and other ion-atom collision processes (H. C. Tseng and C. D. Lin)
We continue to investigate selective ion-atom collisions based on the close-coupling
method. The calculations are performed when new experimental data show discrepancy with
other calculations. Recent calculations include C3++H, N 4++H and B4++ H collisions where
charge transfer cross sections were investigated. In the coming year we will investigate the
quenching of He+(2s) in collisions with H and He. This system is of interest since the quenching
can be due to the collisional excitation of He+ from 2s to 2p which decays radiatively. It can also
occur through electron capture process where doubly excited states are formed and then
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autoionize. These two processes have not been investigated theoretically so far, even though
experiments are underway.
Ion-atom collisions at thermal energies ( Teck Lee, A. Igarashi,B.D. Esry and C. D. Lin)
Recent developments in laser cooling and ion trapping makes it possible to perform ionatom collisions at subthermal energies in the near future. The traditional approach for treating
ion-atom collision is based on the so-called molecular approach or the perturbed stationary state
approximation. This approach has fundamental difficulties in that the scattering boundary
conditions are not satisfied. Recently we have shown that the hyperspherical approach can be
used to perform such calculations for a prototype ion-atom collision without the inherent
difficulties of the molecular approach. We have performed the calculation for D++H(ls) charge
transfer reaction and showed that it is a practical method for obtaining benchmark results for
these elementary reactions. We are currently working on implementing the program to deal with
multichannel collisions and to extend the method to include many partial waves such that the
calculations can be carried out at higher energies.
(iv)

B.

Atomic Structure and the De-excitation of multiply excited states and of hollow
atoms

Classificationof triply excited states of atoms ( Toru Morishita and C. D. Lin)
We have analyzed the angular correlation of the 3131'31" triply excited states of a model
atom with three electrons confined to the surface of a sphere. By examining the density
distribution of the three electrons in the body-frame of the atom, we have partially succeeded in
grouping the 64 intrashell 3131'31" triply excited states into different groups where within each
group the energy levels of the states have the pattern of the rotational multiplet structure of a
symmetric top. It is found that mode mixing is not small for the higher excited states in the
manifold, but the main features of electron correlation can still be identified. The analysis
provides a partial classification of these triply excited states.
(i)

Radiative and Auger decays of hollow atoms (K. Karim and C. P. Bhalla)
The Hartree-Fock atomic model has been used to calculate radiative and Auger rates and
the X-ray energies for hollow atoms of Ca and Ar with configurations Is 2s 0 2pn , l s2s'2p n,
ls2s 2 2p n with n=1-6. These data are important for understanding the decay of hollow atoms
which are formed in ion-surface collisions.
(ii)

C.

Interactions of ions with surfaces, thin films and clusters

Close-coupling method (B. Bahrim, and U. Thumm)
For a detailed description of one-electron charge exchange and level hybridization near
metal surfaces and thin films, two-center close-coupling calculations were performed.
The dynamics of the active electron is spanned by a basis of hydrogenic projectile states in
parabolic coordinates and discretized conduction band states. Calculations have been performed
to study the hybridization of He++, Li 3+ and Be 4+ levels and the formation of surface resonances
induced by interactions with an Al surface. The hybridization has also been investigated for the
interaction of ions with thin films .
(i)

71

I
U™

\(ii)

Interactions of highly charged ions with surfaces (Jens Ducree, Uwe Thumm)
The classical over-barrier model (COM) for slow highly charged ion--surface interactions
has been very successful for the case of metal surfaces. We have written a new and extended
COM code which applies to metal and insulating (ionic crystal) surfaces and found good
agreement of our simulated projectile energy gains with experiments on LiF and KI surfaces.
For insulator-specific effects, we included local charge accumulations and work function
changes at the surface.
Soft collisions between highly charged ions and C 60 (Lotten Hdgg and Uwe Thumm)
With respect to interactions with clusters, we investigated the generation and decay of
hollow ions, the simulation of Auger electron and X- ray spectra due to the relaxation of the
collisionally produced multiply excited projectiles, the projectile kinetic energy gain, and angular
distributions.

~ ~| (iii)

3|

~

|*

I

|

D.

Hyperspherical approach to few-body systems ( Teck Lee, Brett Esry and C. D. Lin)

(i)

Weakly bound molecules

We have been investigating weakly bound triatomic molecules using hyperspherical
coordinates. By employing pair interactions, we solved the three-atom system in hyperspherical
coordinates within the adiabatic approximation. From the nature of the hyperspherical potential
curve for each system the existence of bound Van der Waals molecules has been investigated. In
the last year we have examined several systems such as HeHeH, HeHH, He 2H'. These systems
have binding energies of the order of degrees Kelvin or less. In our most recent work we
searched for the existence of excited states of helium trimers with nonzero total angular
momentum. It is known that there are two bound states for 4He 3 for J=0 and thus it has been
*speculated
that there are possible J > 0 excited states. We have carried out the hyperspherical
calculations recently to show that there are no J>0 excited states for the helium trimer.

Asymmetric three-body systems
This is a new initiative to be undertaken by Brett Esry if he is admitted into this program.
One example of an asymmetric three-body system is the antiproton plus H system. Calculating
r *the
protonium formation cross section in this system is a challenging theoretical problem. The
formation is expected to occur at high Rydberg states with principal quantum numbers on the
order of 30. A quantum solution of such a problem has not been addressed adequately. While it
is possible to obtain thousands of potential curves, extracting the collision dynamics from the
*I ~ coupling of these curves is a daunting task. Some diabatization procedures for selected curves
have been proposed and procedures for obtaining selected diabatic curves have been envisioned.
~ ~IThe goal of this project is to find a general method for attacking the class of problems where
high-lying levels are involved.
(ii)

|I

E.

BI~I

|

New Time-dependent treatment of continuum phenomena (B. D. Esly, Z. Zhao and
C D. Lin)

~
The direct solution of the time-dependent Schr6dinger equation has become very popular
in recent years, from the ionization of atoms by ions to ionization of atoms in a laser field.
Practically all of the approaches perform the calculation inside a box since discretization of the
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basis set is often used. These methods make accurate treatment of continuum electrons difficult
since a quantum mechanical wavepacket spreads and acquires a rapidly oscillating phase as time
increases. In a new development, Esry and Sidky have found that most of this "kinetic phase"
can be factored out by introducing a scaled coordinate. Moreover, the wavefunction in the scaled
coordinate is localized, adding to its appeal for numerical calculations. This approach is now
being implemented to study atoms in intense laser fields. We expect to extend the method to ionatom collisions as well in order to extract the ejected electron momentum distributions. The
numerical method discussed in Section A cannot be extended to large internuclear separation
because of the problem of representing the fast phase oscillations, and it is hoped that this new
approach can be useful for treating ionization in ion-atom collisions as well.
Other projects
We expect to continue our close collaboration with our JRM colleagues on problems of
their interest where they fall within the domain of our specialty. In particular, electron-ion
scattering cross sections will be calculated by Bhalla for collision systems studied by Richard's
group. State-selective electron capture cross sections for collisions at low energies with lasercooled atomic targets will be investigated in conjunction with the experimental effort of
DePaola. Similarly, transfer ionization and single electron capture cross sections by multiply
charged ions on He will be calculated in conjunction with the improved precise data from
Richard's group. The phase-amplitude method will be used to obtain the structure of some
molecular ions being investigated by Ben-Ithzak.
E.

Five Selected Publications
I.
2.
3.
4.
5.

Toru Morishita and C. D. Lin, "Comprehensive analysis of electron correlations in threeelectron atoms," Phys. Rev. A 59, 1835 (1999).
Akinori Igarashi and C. D. Lin, "Full ambiguity-free quantum treatment of D++ H(ls)
charge transfer reactions at low energies." Phys. Rev. Lett. 83, 4041 (1999).
T. G. Lee, H. C. Tseng and C. D. Lin, "Evaluation of antiproton impact ionization of He
atoms below 40 keV," Phys. Rev. A 61, 062713 (2000),
U. Thumm, P. Kiirpick, U. Wille, "Size quantization effects in atomic level broadening
near thin metallic films," Phys. Rev. B61, 3067 (2000).
P. Zavodszky, G. Toth, S. R. Grabbe, T. Zouros, P. Richard, C. P. Bhalla and J. Tanis,
"Forward-backward asymmetry in the elastic scattering of electrons from highly charged
ions," J. Phys. B32, 4425 (1999).
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A~Atomic,
~~I Molecular, and Optical Sciences at LBNL

*~~
|HI~~~~

The goal of the program is to understand the structure and dynamics of atoms and
molecules using photons and ions as probes. The current program focussed on studying
~
inner-shell x-ray photo-ionization and photo-excitation of atoms, laser-dressed atoms,
|~I
and molecules, and on studying molecular orientation effects. The experimental and
theoretical efforts are designed to break new ground and to provide basic knowledge that
|*
~
is central to the programmatic goals of the Department of Energy. Unique LBNL
facilities such as the Advanced Light Source (ALS), the ECR ion sources at the 88-inch
cyclotron, and the National Energy Research Scientific Computing Center (NERSC) are
used to perform experimental and computational work. The program makes full use of
the unique resources and expertise of the Laboratory in engineering, detector
S *~development and computation. The work at the ALS centers on studies of inner-shell
photo-ionization and makes use of both synchrotron radiation and the newly constructed
1.5 GeV electron and photon beam line at the ALS booster.

|
|

*with

I|

This abstract summarizes progress made in the studies of inner-shell photo-ionization
at relativistic energies, x-ray scattering and absorption by atoms and molecules dressed
strong laser fields and measurement of dipole polarizability of cesium. For
summaries of other parts of this program refer to the abstracts submitted by M. Prior,
"Photon and Heavy Particle Collisions with Aligned Molecules" and by H. Gould,
"Slowing, Storing and Cooling Neutral Molecules with Synchrotrons".
Photo-ionization
~11.
and double-ionization at relativistic energies (A. Belkacem and
B. Feinberg)

~I

I

Belkacem, H. Gould and M. Prior
Chemical Sciences Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720
Email: abelkacem@lbl.gov

|

|

~~A.

~

At relativistic energies, the cross section for the atomic photoelectric effect drops off
as does the cross section for liberating any bound electron through Compton scattering.
However, when the photon energy exceeds twice the rest mass of the electron, ionization
~may proceed via electron-positron pair creation. We set up a first experiment to study this
photo-ionization process, vacuum assisted photo-ionization, at an intense cobalt Source at
the Lawrence Berkeley National Laboratory. A beam of 2x108 photons/second, and 1.17
MeV and 1.33 MeV energies, is produced through collimation of an intense cobalt
source. A signature of vacuum-assisted photo-ionization is given by the simultaneous
detection of a K-vacancy and a positron emitted. We measure a ratio of vacuum-assisted
photo-ionization to pair production for an Au target to be 2 x 10' 3, a value that is a factor
of five larger than the theoretical value. This preliminary number constitutes the first
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observation of a new ionization mechanism that is entirely due to the relativistic nature of
the photo-ionization process.
We used the same experimental set up to measure the ratio of double K-vacancy to
single K-vacancy creation in Au. Using a target dependence measurement technique and
extrapolating to very thin targets we obtain a value of 0.5-1 x10 -4 . This low value is at the
limit of sensitivity of this set up and the result should be considered an upper limit. Our
experimental value agrees reasonably well with the theoretical values.
In order to study in more detail photo-ionization at higher energies we built a new
beam line at the ALS booster ring, branching off the transfer line between the booster and
the ALS storage ring. The 7-m long beam line consists of a front-end magnet to extract
the 1.5 GeV electron beam, a radiator-target that produces bremsstrahlung photons. We
use a high-Z high-density radiator (tungsten) to suppress the emission of low-energy
(below 1 MeV) photons through the Landau-Pomeranchuk effect. Downstream from the
radiator, a vertical magnet separates the produced photons from the electron beam. The
two-beams enter the end-station simultaneously with the electron beam located 5-cm
below the photon beam. This configuration allows us to carry electron impact as well as
photon impact experiments with the same set up. Both beams are very stable with tunable
intensities ranging from 103 to 1010 electrons/second, 2-3 mm diameter and a repetition
rate of 11 Hz. The end-station contains a thin Au target and an electron-positron
spectrometer consisting of a permanent magnet and an array of scintillator detectors set in
the horizontal plane. The energy of the electrons and positrons is given by the position of
the scintillator detector hit. We adjusted the spectrometer to cover the energy range of 10
MeV to 100 MeV, an energy range in which the cross sections of vacuum-assisted photoionization, photo-ionization through the Compton effect and photoelectric effect are
comparable. A germanium detector, set 2.5 cm from the Au target, is used to detect a K
x-ray resulting from the filling of the Au inner-shell vacancy. The first measurement of
1.5 GeV electron impact ionization of Au K-shell yields a value of 25 barns, which is
somewhat smaller than the value of 34 barns predicted by theory. However our current
beam calibration is not yet reliable to point to a discrepancy theory-experiment. We are
currently measuring and analyzing the first data of vacuum-assisted photo-ionization.

II. Laser-synchrotron two-color experiments (T. E. Glover and A. Belkacem)
Multiphoton processes driven by combined synchrotron (x-ray) and laser (optical)
radiation provide a basis for novel scientific directions. From a fundamental perspective,
synchrotron x-rays can probe unique states of matter formed while a gaseous or solid
target is exposed to intense electromagnetic (laser) radiation. We performed a two-color
experiment on a Si (111) photo-emission. Experiments are performed at the Advanced
Light Source using -700 eV synchrotron light and 800 nm (1 Khz, 100 fs - 40 ps) laser
light. The laser intensities were varied from 1010 to 1014 W/cm 2 . A hemispherical
analyzer records x-ray photoelectron spectra (XPS) in the vicinity of the Si 2p photoemission peak and the arrival time of laser pulses (relative to the x-ray pulses) is varied
using an optical delay arm. The ALS is operated in two-bunch mode and electronic
gating is used to collect photoelectrons produced by ALS pulses temporally overlapped
(or nearly overlapped) with laser pulses. We observe two. modifications to the XPS when
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are overlapped. First, the Si 2p peak is shifted to lower binding energy (up to 1 eV
at high laser intensities). Second, the peak is broadened. These laser-induced
modifications are transient. We note two possible mechanisms for the observed effects.
First, laser dressing of the continuum can produce a lower amplitude, broader peak (via
scattering of laser photons) while also shifting the XPS to lower binding energies (via AC
stark shift). A second possibility, the 2p binding energy may be shifted as a result of
highly transient excited states of Si created by the laser. Experiments are still in progress
to shed some light on the mechanisms involved and possibly distinguish between the two
possibilities.

III. Measurements of the dipole polarizability of cesium (H. Gould)

I~|

The traditional method of measuring the static dipole polarizabilities of condensable
~
atoms is the E-H gradient balance technique. This balances the deflection due the dipole
polarizability, in a transverse electric field gradient. The difficulty of precisely aligning
electric and magnetic field gradients including end effects, and the small deflection,
- ~the
s
when using thermal beams, limits accuracy.
~
|~I
The longitudinal acceleration of slow cold atoms entering an electric field can be used
to measure the dipole polarizability. The energy decrease of the atom exiting the electric
field in the atom slowing experiment is given by A KE = -1/2 a E2 . Knowledge of the
electric field, and the initial and final velocities allows one to determine the
polarizability. Since the change in energy of the atom passing through an electric field is
path independent, details of the field geometry are much less critical. The feasibility of
this method was demonstrated by Maddi, Dinneen and Gould (Phys. Rev. A60, 3882
[1999]). The velocities will be measured, as in the atom slowing experiment, but with
Is ~
careful control of any systematic effects. An accuracy of 0.25% will be attempted for
cesium. This would be an improvement of a factor 8 over the best previous measurement
which has a 2% accuracy.
To measure the static dipole polarizability of the cesium atom, a new set of precisely
machined electric field plates, an accurate voltage supply, and precise timing electronics
have been added to the apparatus previously used to measure time-varying electric field
gradient slowing and cooling. The electric field plates, made from tungsten coated
aluminum, have reached their design electric field of 1 x 107 V/cm with a 0.4-cm gap.
Bunches of cold cesium atoms, from the magneto optic trap, launched, by moving
molasses, have passed through the plates.

I|
|

|~I

I
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IV. Future plans

~~I ~

Finish the measurements of the cross section of vacuum-assisted photo-ionization for
Au and Ag targets. Modify the detection technique for the inner-shell from fluorescence
to the detection of Auger electrons to extend the measurement to lower Z-targets. In the
next step we plan to use a gas target (Ne, Ar and Xe) and a COLTRIMS to discriminate
between the two competing mechanisms (pair creation on the nucleus and pair creation
on the electron) that contribute to the vacuum-assisted photo-ionization cross section.

~
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At relativistic energies the transverse fields induced by the electrons on a target are
multiplied by the Lorentz factor which in this case is 3 x 103 . Different from the situation
at low energies, at relativistic energies, the corresponding magnetic field has the same
amplitude as the electric field. Thus the relativistic electron is equivalent to a very intense
photon pulse with a duration of 10- 21 s. We plan to use the COLTRIMS at the 1.5 GeV
electron beam line to study the orientation effects in the dissociation of simple molecules
by this highly transient and strong transverse field.
We plan to continue the measurements of the modifications of 2p Si photo-electron
spectrum as a function of the time delay between the femtosecond laser and the x-ray on
the ALS beam line 5.3.1. Parallel to this we will install a gas jet to perform gas phase
studies in Argon using the COLTRIMS. These new studies will focus on the
modifications of x-ray ionization and x-ray excitation of atoms and molecules dressed
with femtosecond high-power laser light.
The measurement of the cesium dipole polarizability will be completed and analyzed.
The goal of the experiment is to reach 0.25% accuracy - a factor of eight improvement
over the current value. This would test the calculation of the Cs core polarizability to
about 10%. Results will be submitted for publication. As this is a sensitive new technique
for these measurements, it is expected that other laboratories will pursue the
measurement in other trappable atoms. No additional work on atomic dipole
polarizabilities is planned at LBNL.
V. Recent publications
[1] A. Belkacem, D. Dauvergne, B. Feinberg, D. Dauvergne, J. Maddi, and A. Sorensen,
"K-shell ionization and double ionization of Au atoms with 1.33 MeV photons", AIP
conference proceedings 506, "X-ray and inner shell Processes" edited by R. W.
Dunford et al, Chicago, Illinois, page 153 (1999).
[2] J. A. Maddi, T. Dinneen, and H. Gould, "Slowing and Cooling molecules and neutral
atoms by time-varying electric-field gradients", Phys. Rev. A 60, 3882 (1999).
[3] D.C. Ionescu, A. Sorensen, and A. Belkacem, "Inner-shell photo-ionization at
relativistic energies", Phys. Rev. A 59, 3527 (1999).
[4] D. C. Ionescu and A. Belkacem, "Relativistic collisions of highly charged ions",
Physica Scripta, Vol 80, 128 (1999)
[5] A. Belkacem, N. Claytor, T. Dinneen, B. Feinberg, and H. Gould, "Electron capture
from pair production by Au79+ at 10.8 GeV/n", Phys. Rev. A 58, 1253 (1998).
[6] A. Belkacem and A. Sorensen, "Bound-free heavy lepton pair production for photon
impact on atomic nuclei", Phys. Rev. A 57, 3646 (1998).
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The DOE Atomic, Molecular and Optical Physics program supports studies which "seek
to obtain the most accurate and complete fundamental knowledge of the properties and
interactions of photons, electrons, atoms, and ions " t . This portion of that program performs
measurements of unprecedented detail and/or which extend to unexplored species or collision
processes. Advanced energy and related technologies, applied plasma environments, planetary
and solar atmospheres, involve media wherein many atomic and molecular processes operate
simultaneously. Accurate modeling of these environments ultimately must rely upon improved
theoretical/computational methods, and the performance of novel and detailed experiments is an
essential spur to their development. It is a goal of this program to contribute substantially to that
process. A portion of this program is collaborative with colleagues from outside
institutions.
t Program Descriptions, DOE, ER, BES Summaries of FY 1997 Research in the Chemical Sciences
I. Electron Emission from Core Excited, Fixed in Space CO Molecules

I| ~

_II|

~

Using the techniques of electron and ion momentum spectroscopy, we have measured the
complete emission patterns of core photoelectrons emitted from the C and O atoms for any (and
all) relative orientations of the CO molecular axis and the linearly polarization of the incident
soft X-ray photons. This has been done for photon energies extending to 30 eV above the Kshell thresholds for both the C and O atoms at beamline 9.3.2 at the LBNL Advanced Light
Source. This energy range covers the region of the a shape resonance in this system, which
occurs at about 10 eV photoelectron energy. The emission patterns, when referenced to the
molecular frame, show rich structures in their angular variation which reflect the propagation of
the photo electron wave in the two center molecular potential.
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Polar plots of carbon K photo-electron emission patterns from oriented CO molecules near the

peak of the a shape resonance (10 eV electron energy ). E, is the axis of linear polarization for
the photons which propagate normal to the page. The above represent a very small fraction of
the results of these measurements, which cover all relative orientations of the molecule and ,
and photo electron energies extending to 30 eV; the experiment also made the same
CI~~~

measurements for electrons emitted from the O K shell. The scale changes in the panels
h~indicate the prominence of the C (E 1molecular axis) versus 7 (E _ mol. axis) excitation.
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In terms of a multiple scattering view, the intensity at a given angle with respect to the
molecular axis is the net result of the addition of a direct wave from the atomic K-shell with
waves scattered one or more times from the other atom in the molecule. Our measurement show
that the electron emission patterns can be accurately described by a set of real amplitudes and
relative phases for excitation of o and n transitions to electron partial waves with angular
momentum < 4; the analysis provides the values of these amplitudes and phases. When the
analysis is complete, the energy dependence of the amplitudes and phases will be obtained for
photo electron energies up to -30 eV. Accurate and complete knowledge of intramolecular
scattering, beyond its intrinsic value as a test of electron wave propagation in multiple centered
potentials, can refine the understanding of photo absorption and electron emission diagnostics of
materials and surfaces. The various near edge diagnostic methods used in solid and surface
analysis (XAFS; NEXAFS, XANES) are manifestations of the electron wave propagation in a
situation with many more scatterers than in a diatomic system such as CO investigated here. The
observation of multiple scattering effects in the outgoing propagation of a core photoelectron
from one of the atoms in CO thus represents a basic and reduced example of a phenomena
widely applied to materials and surface analysis. Theoretical approaches which successfully deal
with the CO system can have application to these important and more complex environments.
This work is collaborative with groups from U. Frankfurt, Kansas State Univ. and Western
Michigan U.

II. Double Ionization of D 2 in Intense Laser Fields
The behavior of simple molecules exposed to intense femto-second laser pulses includes
the dynamics of electron motion in the combined molecular and photon fields and the nuclear
motion in the molecular potentials modified ("dressed") by the intense field. Studies of H 2 (or
D 2) in high intensity optical fields has revealed interesting phenomena, such as "bond softening",
where breakup of the molecule occurs via avoided crossings in the manifold of field dressed
molecular potentials. Or the phenomena of enhanced ionization at inter-nuclear separations much
outside the equilibrium values. An intense linearly polarized field may also orient the molecule
along the polarization axis, yielding highly non-isotropic distributions of ionization products.
Nearly all of the experimental studies of double ionization of H2 (or D 2 ) molecules in intense
laser fields, have been rationalized in terms of a sequential process wherein the molecule is first
singly ionized, and then ionized again in a second step as the singly charged molecule, separating
on a dissociative curve, passes through inter-nuclear separations where enhance ionization
occurs. Often concentration is upon the second step in the process and, although a neutral
molecule is the target, the studies are often labeled as ionization of H2+ (or D2+ ) ions.
This
situation contrasts markedly with studies of the double ionization of He, where a direct nonsequential process dominates for all except the highest laser intensities.
We have utilized the technique of coincident momentum spectroscopy to measure, for the
first time, the momentum of both D+ ions following the double ionization of D2 by 790 nm 100200 fs pulses. Our results reveal a new channel for the double ionization of D 2, where the two
ions have substantially more energy (5 eV or more each) than seen in the previously observed
enhance ionization process (where the ions have about 2.5 eV each). Furthermore the
measurement of the complete distribution of the ion momenta into 4n solid angle, reveals that this
new channel shows a very broad, nearly isotropic, distribution. This contrasts strongly with the
more commonly observed distribution from the enhance ionization mechanism, which is strongly
peaked along the laser polarization axis. We have made these observations for laser field
intensities ranging from 0.65 to 8.5 x 10' 4 Watts/cm 2 . As the field intensity increases. the
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energy distribution of the ions in the new channel changes from one with a peak at about 5
eV/ion, to one which is much broader with ion energies ranging up to 10 eV/ion or more. It is
important to stress that this new channel, which is substantially weaker than the enhanced
ionization channel, could not have been observed without utilization of the high efficiency
coincident momentum spectroscopy technique. The mechanism of the new channel is yet to be
determined, but may reflect a direct, non-sequential process, or the effects of rescattering of
electrons created by single ionization early in the laser pulse. Andre Staudte (graduate student,
U. Frankfurt), C.L. Cocke (on sabbatical leave from KSU), C. Ray (LBNL CSD), H. HW Chong,
(LBNL MSD), T.E. Glover (LBNL MSD), R. Schoenlein (LBNL MSD) , A. Belkacem (LBNL

CSD) and the PI participated in this work.
III. Molecular Alignment Dependence in Slow Charge Transfer Collisions.
The ability to determine the sensitivity of a bi-molecular interaction to the relative
orientation of the partners is a level of experimental description rarely achieved but which
challenges understanding at the finest scale of detail.
In the past we have performed
measurements of charge transfer in molecular ion-atom (HeH+ + He) and ion-molecule (He+ + +
D2) collisions which displayed the dependence of the transfer probability on the momentum
transfer and the orientation of the molecular partner. During the last FY we began to explore a
molecular ion-molecule collision where the relative orientation of the two molecular axis would
In the system HeH+ + D2, charge transfer from, and ionization of the D2
be determined.
yields neutral HeH and two D + ions. Detection of the He and H from the rapidly dissociating
HeH and the two D+ ions in 4-fold coincidence on two position sensitive detectors yields the
orientation of the two molecules at the time of transfer and ionization. Charge transfer with
excitation of the D2+ ion to a dissociating state will also reveal the molecular orientations via the
three fold coincident He, H and D+ products. Measurements sensitive to these processes have
been made and are in process of analysis. Andre Staudte, Graduate Student from U. Frankfurt
and C.L. Cocke, on sabbatical leave from KSU, and the PI worked on this project.

IV. Future activity
Study of core electron photo emission from oriented molecular systems will continue at
the LBNL Advanced Light Source. This will be extended to more complex systems such as
acetylene (C2H2), ethylene (C2H4) and ethane (C2H6) to study the effect of increased CC bond
length on the C K-photoelectron emission patterns and their variation across a shape resonance in
these systems. In calendar 2001, single photon double ionization of He by circularly polarized
light will be studied at the elliptically polarized undulator beamline (BL 4.0) at the ALS. This
will allow definitive measurements of the circular dichroism in this simple atomic system and
resolve conflicts between existing measurements and theoretical predictions. Intense laser field
studies will continue along two paths, one will mount a momentum spectrometer assembly at the
new femtosecond beamline at the ALS to study K-shell photo emission from targets dressed by
synchronous, intense laser fields (This work in collaboration with co PI's A. Belkacem and T.E.
Glover, see the abstract of A. Belkacem). Either at the same installation or utilizing a separate
laser system, extensions of previous measurements will be made to further describe the new
channel observed in the double ionization of D 2 by intense fields. This will include measurement
of the electron momenta and the use of circularly polarized laser fields, to modify the strength of
electron rescattering collisions processes.
Evaluation of oriented molecule collision
measurements made on the HeH + + D2 system will be made to determine the feasibility of
continued study of this system and to prepare present results for publication.
*_~
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with Materials and Atoms, 154, 166 (1999).
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Program Scope or Definition

The research on ion/surface interactions with slow (- 3 keV/amu) highly charged ions (up to
Th 8o+) covers the absolute measurements of enhanced emission yields for sputter ions, formation
of hollow atoms and their decay dynamics, energy loss studies, highly charged ion driven
emission microscopy, and single ion-induced phase transformations in surfaces. Spectroscopic
measurements of the ions in the trap provide data on electron-ion and ion-atom interactions as
well as accurate transition energies of lines relevant for understanding QED, nuclear
magnetization, and the effects of relativity on complex, state-of-the-art atomic calculations.
*

Recent Progress

Due to the indirect nature of its band gap, bulk silicon is typically a poor photon emitter upon
external excitation. However, as the crystal size approaches nanometer scales, the band gap
widens due to quantum confinement and may become direct allowing for more efficient photon
emission. Phase transformations induced by intense, ultrafast electronic excitation from slow,
highly charged ions have produced nanometer-sized structures in silicon. Beams of highly
charged ions of various charge state from 20 + to 69+ and various kinetic energies from 5 to 14
keV times charge have been utilized to induce this phase transformation in clean, silicon
surfaces. The new phase is characterized by ex situ photoluminescence from the irradiated area
after excitation with laser wavelengths from 379 - 514 nm. Photoluminescence spectra from the
exposed areas show emission centered at -540 nm. This is consistent with emission observed
from 1-2 nm silicon nanocrystals. A series of sharp lines at 565, 555, and 548 nm are present in
the photoluminescence spectrum from areas exposed to Xe 44+ which are characteristic of an
excitonic series in nanometer-sized material. This is the first observation to the authors'
knowledge of excitonic structure in nanometer-sized silicon structures.
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In situ spectroscopy of ion-electron and ion-atom interactions within the trap was carried out for
a variety of systems and resulted in dielectronic recombination data involving Ar 6+ , magnetic
sublevel specific electron-impact excitation data for Ti 20 +, as well as ratios of the triplet to singlet
excitation in seven heliumlike ions between Mg"° + and Fe 24+ . Moreover, measurements of the xray emission following ion-atom interaction in the trap provided a novel window on chargeexchange processes. The observed spectra revealed the principle quantum number of the
captured electron and its angular momentum value. At the low interaction energies studied with
our technique (- 20 eV/amu), statistical assumptions are no longer valid and electrons were
shown to be captured in large part into states with angular momentum equal to unity (p states).
These states decay directly to the I s ground state, if a K-shell vacancy is available, as is the case
if charge exchange involves a bare or hydrogen-like ion. The resulting x-ray is clearly
distinguished in the observed spectrum, as shown in Fig. 2 for the case of Au78+ ions interacting
with neutral neon atoms. The intensity of this "prompt" x-ray can be compared to theoretical
predictions providing a stringent test. Systems studied during the past year extended throughout
the entire period table from Ne' °+ to U 9 '+ and revealed surprising deviations from standard
predictions.
Our optical spectroscopy of in situ ions has yielded the most accurate value of the ground-state
transition in a titanium-like ion. Our measurement of W 52+ was an order of magnitude better
than studies carried out by other groups, allowing us to provide a very precise benchmark for
theoretical approaches aiming to calculate such a complex ion in the high-Z limit. An effort is
now under way to identify and measure the 1s hyperfine transition in hydrogenic thallium. This
measurement will provide detailed information on the nuclear structure, especially on how the
magnetic fields are distributed within the nucleus.
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Future Plans

Intense (>1 0 3 W/cm 2 ), ultrafast (<10 fs) electronic excitations drive solid surfaces far from
equilibrium. The relaxation of the energy imbalance has the capability to transform nanometer-
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The studies of ion-atom interactions will be extended to more complex systems. We will study
systems involving ions with an open L-shell and no K-shell vacancy. Our optical measurements
will continue to study transitions in complex ions that may enable the development of more
accurate calculations. Our focus will remain on the Ti-like isoelectronic sequence, and we intend
to complete our measurements of the 1s hyperfine transition in hydrogenic thallium.

~
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r/sized regions to produce novel material properties, i.e. light emitting silicon. We propose to
determine the threshold for phase transformation in crystalline, covalent semiconductors due to
intense, ultrafast electronic excitation induced by slow, highly charged ions. We further will
endeavor to determine the mechanisms for transfer of intense, ultrafast electronic excitation into
many-body nuclear motion to form surface structures. The hypothesis that collective electron
action (plasmons) mediates the electronic energy transfer will also be probed. A further goal will
be to determine the effects of the atomic and electronic structure of the surface on the phenomena
(phase transition and secondary particle emission) induced by intense, ultrafast electronic
excitation.
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OVERVIEW
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The atomic collision physics research can be broadly characterized in three closely related
parts: accelerator-based atomic physics, atomic collisions of low-energy, highly charged ions as
supplied by an ECR source, and theoretical atomic collision physics.
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The scientific objective of the accelerator-based atomic physics program is development of
detailed understanding of the interactions of charged and neutral atoms and molecules with
electrons, atoms, surfaces, and solids through investigations employing beams of particles
accelerated to high energies. Facilities at ORNL used for the experimental phase of this research
include the EN Tandem Van de Graaff and the Holifield Radioactive Ion Beam Facility (HRIBF).
Off-site facilities such as the Heavy-Ion Medical Accelerator (HIMAC) in Tokyo and the Super
Proton Synchrotron (SPS) at CERN, Geneva, Switzerland, are also used to extend the range of
energies examined. Electron-molecular ion interactions at extremely low relative energies are
being studied at the CRYRING heavy-ion storage ring in Stockholm, Sweden.
The goal of the ECR-based program is improved understanding of the collisional interactions
of low-energy molecular and atomic ions (singly and multicharged) with electrons, atoms, ions,
and surfaces. Merged beams are also being used to measure total and state-selective charge
exchange and ionization cross sections for multiply charged ions colliding with hydrogen
(deuterium) atoms at very low kinetic energies. Analysis of ejected electrons and scattered ions
is being performed to study the interaction of low energy multiply charged ions with solid
surfaces. The theoretical effort has focused on the dynamics of strongly perturbed systems, such
as atoms, ions, solids, surfaces, and nanostructures subject to electromagnetic fields or particle
interaction. It also does synergistic support and interchange with our present and future
experimental programs.
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I. High-Energy Atomic Collisions
Multiple Ionization in Fast Ion-Atom Collisions: Simultaneous Measurement of Recoil
Momentum and Projectile Energy Loss - (M. A. Abdallah, C. R. Vane, C. C. Havener, D. R.
Schultz, H. F. Krause, N. Jones, and S. Datz)
Using the ORNL EN Tandem high-resolution Elbek Spectrograph in conjunction with the
COLTRIMS technique, we have performed experiments to measure simultaneously the full
momentum vector of recoil ions, along with projectile energy loss and scattering angle in ion-atom
collisions. We studied multiple ionization in the collisions of 0.83-MeV/u 07+ with Ne. Recoil ions
(Ne q+ , q = 1-8) were detected in coincidence with single capture to O6+. The results give the first
experimental evidence for the increase of the average electron energy with increasing recoil
charge state q. The average ejection angle shows a dramatic decrease with q. Results have
been compared with n-electron classical trajectory Monte Carlo (nCTMC) calculations.
These experiments present the first measurements of the average energy and longitudinal
momentum of the ejected electrons in multiply ionizing collisions. They also give the first
experimental determination of the electron average ejection angle as a function of recoil charge
state in such collisions. We have found that the average energy of electrons increases while the
average ejection angle decreases with increasing recoil charge state, and therefore decreasing
collision impact parameter. In the transverse direction, the role of the ejected electrons in
transverse momentum balance is minimum for large recoil charge states (two-body behavior), but
important for low charge states as the projectile suffers small deflection (dipole behavior). The
measurements represent an advance in determining the full (vector) momentum distribution
of all free particles in atomic collisions and therefore provides a rather strenuous test of the
theoretical understanding of multiply ionizing collisions, and the validity of the extension of
nCTMC calculations to these multi-electron systems. The results of measurements and nCTMC
calculations for these specific collisions systems were reported in Phys. Rev. Lett. 85, 278 (2000).
Radiative Electron Capture at Ultrarelativistic Energies: 33-TeV Pb8 2 Ions - (C. R. Vane,
H. F. Krause, and S. Datz)
Experimental cross sections for radiative electron capture (REC) by 33-TeV Pb82* ions
in Be and C targets have been extracted from an analysis of measurements of total electron
capture by these ions in Be, C, Al, Cu, Sn, and Au targets. The REC cross sections in the Be and
C targets, where REC is significant, were obtained by subtracting measured cross sections for
electron capture from pair production (ECPP), the only other significant capture process at these
energies. The ECPP contributions in Be and C were determined from smooth extrapolations of
measured cross sections in the heavier targets where the ECPP process dominates with suitable
accounting for slightly decreased screening effects for the light targets. The measurements
represent the highest energy observation of REC by far, and permit unambiguous tests of
the process in a regime where magnetic effects dominate over non-relativistic calculations.
Whereas radiative recombination cross sections at extremely low energies are found to
deviate significantly from theory (with no explanation in sight), we obtain an experimental
K-REC cross section of (0.010 ± 0.002 b/electron/Pb K-vacancy), which agrees with a calculation
of REC made by applying detailed balance to the corresponding process of radiative
recombination and using tabulated photoelectric effect cross sections. A comparison is also
presented of the present experimental result with other heavy-ion measurements made at lower
but still high collision energies, and with very recent results of non-relativistic and relativistic
calculations, which differ considerably in this energy regime. The results have been published
as a "Rapid Communication"in Phys. Rev. A 61, 10701 (2000).
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II. Atomic Processes in Plasmas: Ion-Atom and Molecular-Ion Collisions
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Work continued on the study of three-body breakup in dissociative recombination. The new
modification is the introduction of timing to the detection system that greatly increases the
resolution of the experiment. The system under study again was
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Dynamics of Three-Body Breakup in Dissociative Recombination - (S. Datz)
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H2 0' + e - OCP) + H + H
O('D) + H + H.

The CRYRING facility at Stockholm allowed ion storage at 4.5 MeV to relax vibrational excitation
and a merged electron beam that gave relative collision energies of -0.001 eV. The three
fragments struck an imaging detector consisting of three-stacked microchannel plates and a
phosphor screen. The screen is imaged onto a CCD camera and onto a multichannel-photomultiplier tube. The former records the separation of the fragments and the latter the difference in
arrival time. The point is to pick out those events where the plane of the three particles is parallel
to the detector plane. This is signaled by the maximum total distance and the minimum time of
arrival difference. A resolution of <800 ps was obtained. Using a 2.5-micron Al filter at the beam
center stopped the H atoms, but allowed the identification of O atoms and the problem was
reduced to the sum of two two-body systems. The results gave good separation between the
0(3P) and O('D) channels. The results are (1) the ratio of O(3P):O(1 D) is -4:1; (2) the kinetic
energy distribution are randomly distributed indicating a lack of an intermediate (OH') state; and
(3) the angular distributions show a monotonic rise with decreasing angle with no resemblance to
the -110' angle in H20 and H20 molecules. This work has been submitted to Physical Review
Letters.
Using the same technique, the system
NH2 ++ e - N( 4 So) + H + H + 3.67 eV

N( 2D 0)+ H + H +1.29 eV
was also investigated. Unlike the H2O + case where the most exothermic channel was dominant,
the 2Do channel is dominant in the NH2+ DR. The data are presently being analyzed.
The most fundamental case of three-body DR is the H3+ + e - H + H + H. This channel has
-80% of the total cross section. It is substantially constant up to -0.5 eV (-6000°K) and hence is
a contributing factor in the composition of low temperature plasmas.' A new technique has been
devised which should allow the study of the dynamics of this reaction. An experiment is
scheduled for December.
1. S. Datz et al., Phys. Rev. Lett. 74, 896 (1995).

High-Energy Heavy-Ion Radiation of DNA - (S. Datz, H. F. Krause, and C. R. Vane)
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Using Atomic Force Microscopy (AFM), it had been observed by a group at George
Washington and Georgetown Universities that electron irradiation of aqueous DNA generally
gave single double-strand breaks (DSB) whereas high LET proton radiation gave multiple DSBs
with a propensity for the production of small fragments. The latter result indicated a coordinated
attack on the DNA. The problem of introducing protons at their Bragg peak energy (-150 keV)
through a window and into an aqueous sample was partially solved by using neutrons to form
proton recoils from collisions with H20. Our approach was to use heavy ions at much higher
energies but with the same LET as 150-keV protons. This was done using 100-MeV Be ions at
the Holified Radioactive Ion Beam Facility at ORNL and 16-GeV Ar ions from the HIMAC Facility
in Japan.
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The damage to the DNA is done by secondary electrons either directly or via the free radicals
that are formed. Although the LET (dE/dx) for the three different projectiles is the same, the 5 ray spectra are quite different. The total energy loss is due to inelastic collisions with electrons,
but the 16-GeV Ar creates fewer electrons, but at higher energy than does the 100-MeV Be, or
the 150-keV protons. This means that damage will take place further out from the track. To test
the effect of the 5 -ray spectrum and hence, e.g., the efficacy of proton versus heavy-ion therapy,
we irradiated a matrix of 16 targets using four different doses with four concentrations of free
radical quenchers. AFM analysis is presently underway. Initial results look promising.

Development of an Ion Beam Electrostatic Trap for Molecular Ion Physics - (H. F. Krause)
A totally electrostatic (and therefore mass independent) reflecting ion beam trap based on the
design of Zajfman et al.' has been constructed and tested with beams produced by a Colutron
discharge ion source. Automated control and data acquisition systems have been developed and
integrated into operation of the trap. Long-term (many seconds) storage of N,2 and other ions
has been demonstrated in -10 1' ° Torr vacuum by detection of neutrals expelled from the trap.
The operating characteristics have been thoroughly explored and lifetimes of numerous atomic
and diatomic cations produced by the Colutron have been surveyed with significant trapping
efficiency (-20%, and up to 10s ions per fill at energies of 1.3 - 3 keV). Lifetimes appear to scale
inversely as the charge exchange cross sections (Massey criterion) and trap pressure. Other ion
sources that will be needed to produce sufficient intensities of large (interesting) molecular and
cluster ions are being investigated. A commercial electron impact source has been purchased.
1.

M. Dahan, et al., Rev. Sci. Instrum. 69, 76 (1998).
Ion-Atom Interactions - (C. C. Havener)

Current studies of electron-capture processes are motivated by the fact that they constitute
reaction channels of fundamental importance in many environments, e.g., in fusion devices and in
the ion implantation process of semiconductors. The ORNL ion-atom merged-beams apparatus
is unique in its ability to provide benchmark measurements' of electron capture for multi-charged
ions and H at eV/u energies. Our recent experimental and theoretical study2 of C7 + D shows an
unexpected decrease in the cross section at low energies, in contradiction to what is expected
from a popular simple model and speculation from previous measurements for highly charged
(7+) ions.with multi-electron cores. The observed low energy behavior is interpreted using newly
developed couple-channel molecular-orbital hidden-crossing calculations for N7+ + D. The fact
that the cross section for the highly charged multi-electron ion Cl7+ does not remain flat toward
decreasing energies shows that the actual quasi-molecular structure and associated dynamics
remain important. Future efforts will explore other highly charged multi-electron ions with opened
and closed shells to determine for which ions, if any, simple models are adequate.
When targets other than atomic H are considered, the presence of more than one electron on
the target makes theoretical modeling a challenge that increases the need for benchmark
experiments. This last year our gas-cell measurements of B3+ + H2 at keV/u energies resolved
discrepancies between two coupled-channel molecular-orbital calculations. In collaboration with
Okuno's group at the Tokyo Metropolitan University, Japan, electron-capture measurements for
02* + He were performed using an octopole beam guide with 02+ ions from a mini-EBIS source.
These measurements are being analyzed and will be compared to ion trap rate measurements
from the Univ. of Las Vegas, Nevada which suggest that the cross section at eV/u energies is two
orders of magnitude too low compared to theory.
The ion-atom merged-beams apparatus is being upgraded to allow measurements with a
variety of neutral targets such as Li, S, Fe, Na, 02 and CH2 A negative ion-sputter source has
been installed and the demerge section magnet is currently being redesigned to accommodate
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heavier neutral beams. A new computer control program has been written which accommodates
a variety of beam-chopping schemes that will allow for better signal/noise separation. Collision
systems under consideration include Na + He 2+ where strong shape resonances have recently
been predicted at eV/u collision energies. Collisions with neutral beams like Fe and S will permit
exploration of electron capture from multi-electron systems where accurate, ab-initio, coupledchannel calculations are generally not available. For systems like Ar + + Li and Fe2+ + Fe, we will
be able to study the competition between single electron capture and simultaneous (or correlated)
double-electron capture at low energies. Such detailed measurements will serve as benchmarks
for emerging theories.
1. R. A. Phaneuf, C. C. Havener, G. H. Dunn, and A. Muller, Rep. Prog. Phys. 62, 1143 (1999).
2. J. S Thompson, A. M. Covington, P. S. Krstic, Marc Pieksma, J. L. Shinpaugh, P. C. Stancil,
C. C. Havener, "Low Energy Capture by C17+ D Using Merged Beams", submitted to Physical
Review A (2000).
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III. Particle-Surface/Solid Interactions
and C. R. Vane)
Low energy ion-surface interactions play major roles in determining the characteristics of
edge and divertor plasmas of magnetic fusion devices, are at the core of all plasma processing
*1
~ ~techniques, and form the basis of most low energy particle detection approaches. Using the
recently developed floating surface scattering chamber experiment, we have focused this year
on obtaining a more complete picture of the kinds of scattering events leading to projectile
neutralization in quasi-binary backscattering collisions from the surface of Au (110). Exploiting the
fact that a Au(110) surface has pronounced surface corrugations along the [100] direction, we
have made systematic measurements of the charge fractions for low energy Ar ions
backscattered from this corrugated surface as function of the azimuthal target orientation for
a wide range of incident charge states (2+-13+). The scattered charge fractions exhibited
significant variations with target azimuth, which, moreover, were different for different scattered
charge states. Using extensive Monte Carlo trajectory simulations based on the MARLOWE
I| ~
code' we were able to deconvolute the observed variations into contributions from different
surface collisions. We have found that, at least at the lower energies investigated in the range
(i.e. 5 -10 keV), there are significant differences in the neutralization probabilities between
backscattering collisions with Au atoms located on the corrugation ridges and those located in the
corrugation valleys and side-walls. For example, we found that, while backscattered projectiles
are fully neutralized in single collisions with target atoms in the valleys even for initial charge
states as high as 11+, for collisions with ridge atoms, there is more than a 90% probability of
I| ~
surviving in charge state 1+ or higher. This suggests additional contributions to projectile
neutralization from, e.g., nearest neighbors in the surface and/or the electron selvedge, the
g *~~relative importance of which can vary along the corrugation profile. The results of this work have
been recently submitted as a Physical Review Letter.2
In addition, we have extended the projectile backscattering measurements to higher
energies. At the lower energies initially studied, essentially complete equilibration was still
observed, with neutrals being the dominant scattered charge state, even for incident charge
~
|*I
states as high as 13+. In contrast, at the highest energies attainable with the present set-up, i.e.,
30-35 keV, the dominant scattered charge states are 2+- 3+ for incident Ar13 *, and, in general,
show significant dependence on incident charge state. Having attained a non-equilibrium regime
I|~
with these measurements, and having determined the energy dependence of the scattered
charge fractions from 2-35 keV, a set of results has now been obtained that is expected to
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provide a much more sensitive test of neutralization models and simulations than the previous
lower energy data.
In the coming year, analysis of the backscattering data obtained for the Au (110) target will
continue. In addition, new measurements will be initiated using an insulator target, in order to
study the effect of reduced target electron mobility on projectile neutralization. During the abovesurface neutralization phase, electrons pulled from the surface leave a positive surface charge in
the case of insulator targets, which is thought to reflect, at eV energies, incompletely neutralized
projectiles prior to actual impact on the surface. We will search for this effect using a highly
charged incident projectile, by systematic monitoring of scattered charge distributions and energy
losses, down to lowest attainable energies, which should show dramatic changes if a transition
occurs from backscattering in a binary collision to reflection from an extended repulsive surface
charge distribution.
1. M. T. Robinson, Rad. Eff. Def. Solids 130, 3 (1994); Phys. Rev. B40, 10717 (1989).
2. V. A. Morozov and F. W. Meyer, "Path Dependent Neutralization of Multiply Charged Ar Ions
Incident on Au(110)", submitted to Physical Review Letters (June, 2000).
Sub-Surface Neutralization of Hollow Atoms and Ultra-Fast Electron Dynamics - (C. R.
Vane)
We are developing experimental methods previously used for investigating chemical effects
on high-resolution X-ray satellite spectra to measure electron transfer rates of slow, highly
charged ions rapidly undergoing neutralization in various dense environments. The energies and
intensities of satellite X Rays vary depending on the availability of ligand or other weakly bound
electrons to quickly transfer into vacancies of the slow moving ions. Experiments were previously
carried out at the ORNL EN tandem measuring electron refilling rates for Ar and Cl implanted
in Ni. These are being continued and expanded at the ORNL Holifield Tandem accelerator
(HRIBF) to include measurements of X Rays from Ar and Cl in semi-conducting and insulating
environments. The goal is to elucidate the mechanisms by which slow, very highly charged ions
become completely neutralized in exceedingly short times.
Extensive theoretical and experimental research has been carried out at the ORNL ECR on
studies of scattering of slow ions from surfaces, and considerable progress has been achieved
in understanding the underlying physics. Less is understood about the sub-surface processes.
Most data from ion surface scattering experiments are sums of signals from both the aboveand below-surface phenomena. By measuring neutralizing relaxation signals from hollow atoms
created in atoms initially located (and always remaining) within dense environments, one can
completely isolate the processes occurring below the surface. The intent of the work described
here is to complement the on-going ECR-based efforts in understanding these fundamental
neutralization processes, and also to use the experimental techniques developed to obtain unique
information on the electronic and atomic characteristics of the new materials and structures.

IV. Theoretical Atomic Physics
(Reinhold, Macek, Schultz, Ovchinnikov, and Burgdorfer)

The dynamics of strongly perturbed atomic scale systems, such as atoms, ions, solids,
surfaces, and nanostructures subject to electromagnetic fields or particle interactions, form the
focus of our theoretical development as does synergistic support and interchange with our
experimental programs.
We concluded our development of a quantum transport theory of atomic states through
solids. Comparison of classical and quantum simulations for the stripping of light ions showed
that the stochastic nature of the interaction destroys most quantum effects. Excitation of highly
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charged ions is expected to provide a better test of non-classical transport. Thus, we are
currently investigating the transport of atomic states of highly charged ions (Ar'17 and Kr35
through carbon foils). These systems provide a unique opportunity to apply our quantum
transport theory. The fine structure and the Lamb shift for these ions can be so large (tens of eV)
that they should play an important role in the atomic dynamics. Additionally, highly charged ions
decay very rapidly, which is expected to affect considerably the dynamics of ions during transport.
We have extended our studies of the kicked Rydberg atom, and we have focused on the
classical and quantum stabilization properties of this system for both unidirectional and
alternating trains of pulses. For low frequencies, the kicked atom exhibits various classical stable
islands within which the atom can be stabilized. These islands disappear, as Rydberg atoms are
subject to trains of kicks with a high frequency: i.e. the classical system becomes chaotic. In this
case, we have observed clear signatures of quantum localization which were not expected to
have any classical analog. Surprisingly, we have shown that the stable quantum states of the
system are, in fact, "scarred" wave functions which are localized around the unstable periodic
orbits of the system. Since both classical and quantum localization are such that the atom ends
up in a well-defined region of phase space, we plan to use this property to tailor well-defined
coherent states.
Measurements of slow electrons are a unique capability of the COLTRIMS technique. We
have used the hidden crossing theory to identify characteristic features of a top-of-barrier
mechanism for producing these slow electrons. We find several such characteristics, including
interference of terms with differing symmetry and proportionality with excitation cross sections.
To check that these features are indeed characteristic of the proposed mechanism, we have
solved a model problem that lacks a top-of-barrier and find that the electron distribution also lacks
the characteristic features. Conversely, exact numerical calculations using a model with a
potential barrier did show the expected features. We are further developing our capability to
compute electron energy and angular distributions in low-energy ion-atom collisions.
We have extended our ability to apply a direct, time-dependent, high-order lattice-function
approach to atomic collision problems, treating larger angular momenta in electron-hydrogen
scattering than previously, and modeling antiproton helium collisions through a four-dimensional
(electronic coordinate) approach. We have initiated work to use these techniques in studying the
transport and exciton properties of nanostructures and to support experimental exploration of
basic properties of photo-response of nanostructures. Finally, we continue to employ our
expertise in few-body atomic rearrangement physics to support, guide, and interact with ongoing
experimental (COLTRIMS) investigations of fundamental collision dynamics of interest to
applications such as radiation physics.
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Program Scope:
This program investigates the molecular structure and the collisional dissociation and
ionization of selected molecules and free radicals. The work focuses (1) on electron-impact
induced ionization studies and (2) on studies of electron-impact induced neutral-molecular
dissociation processes. Recent and future targets of choice for ionization studies include C2F6,
C2F 5, SiF4, TiC14, SiC14 and CCl4 and its radicals, the molecular halogens Cl2 , Br2 , and F2, TiClx
(x=1-3), and BCI3 and its radicals. This choice is motivated on one hand by the relevance of
these species in specific current and future etching applications (e.g. poly-Si and amorphous Si,
Al and Al-Cu, and WSi2 and TiSi2 etching and the etching of thin magnetic films) as well as by
basic collision physics aspects (SiClI and CClx are of similar molecular structure as the species
studied previously and thus complement the existing data base for these targets; Br2 , F2 , and Cl 2
are simple diatomic molecules for which the collisional and spectroscopic data base is extremely
scarce). The first targets of choice for the neutral molecular dissociation studies include SiH 4,
Si(CH3)4 (tetramethylsilane), SiF4, and BC13. The fragments to be probed are Si(S), Si('D),
SiH(X 211), BCI(X 'X), and B( 2PO). The scientific objectives of the research program are:
(1) to provide the atomic and molecular data that are required in efforts to understand the
properties of low-temperature processing plasmas on a microscopic scale
(2) to identify the key species that determine the dominant plasma chemical reaction pathways
(3) to measure cross sections and reaction rates for the formation of these key species and to

attempt to deduce scaling laws
(4) to establish a broad collisional and spectroscopic data base which serves as input to modeling
codes and CAD tools for the description and modeling of existing processes and reactors and for

the development and design of novel processes and reactors

3*

(5) to provide data that are necessary to develop novel plasma diagnostics tools and to analyze
more quantitatively the data provided by existing diagnostics techniques
Electron Impact Ionization Studies
We have two experimental techniques at our disposal to study electron impact ionization
properties of stable molecules and free radicals and other transient species. The fast-neutralbeam technique is used for the radicals and transient species. Briefly, a dc discharge is ignited in
a commercial Colutron ion source which is operated with a positive bias using a suitable feed
gas. Primary ions are extracted from the ion source, accelerated to about 3 keV, mass selected in
a Wien filter, and sent through a charge-transfer cell filled with a suitably chosen charge-transfer
gas for resonant or near-resonant charge transfer. The residual ions in the beam are removed
from the neutral target gas beam by electrostatic deflection and most Rydberg species are
quenched in a region of high electric field. The fast neutral target beam is subsequently crossed
at right angles by a well-characterized electron beam (5 - 200 eV beam energy, 0.5 eV FWHM
energy spread, 0.03 - 0.4 mA beam current). The product ions are focused in the entrance plane
of an electrostatic hemispherical analyzer which separates ions of different charge-to-mass ratios
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(i.e. parent ions from fragment ions).
electron multiplier (CEM). Absolute The ions leaving the analyzer are detected by a channel
calibration of
two ways. The fast-beam
relative cross sections can be achieved
apparatus affords thethecapability
in
to measure all quantities that
determine the absolute cross section directly. The
deposited by the fast target beam into a pyroelectric target density is obtained from the energy
detector, which is first calibrated relative to
a well-characterized ion beam. As an alternative,
the well-established Kr or Ar absolute
ionization cross sections can be used to calibrate
the pyroelectric crystal. The calibrated
detector, in turn, is then used to determine
second procedure avoids the frequent and the absolute flux of the neutral target beam. The
prolonged exposure of the sensitive pyroelectric
crystal to fairly intense ion beams.
A time-of-flight mass spectrometer (TOF-MS)
is used for the experiments involving
stable targets. It consists of two interconnected
stainless steel vacuum chambers evacuated to
a
base pressure of 1 x 10- 6 Pa. One chamber
contains the electron-impact ion source
and
the other
chamber houses the ion flight tube and the ion
detectors. The TOF-MS can be operated either
in
a linear mode or in a reflection mode. The ion detectors
are micro channel plates (MCP) of 40
mm diameter. The ion source chamber is filled
with the target gas(es) under study at pressures
about 1 x 10- 4 Pa which is measured with
of
a spinning rotor viscosity gauge. The ion
efficiency
curves (relative partial ionization cross sections)
are measured simultaneously for Ar and the
target gas under study in a well-defined
mixture
in an effort to ensure identical operating
conditions for all ions and the measured relative
partial ionization cross sections are put
on an
absolute scale by normalization relative to
the
total
Ar
ionization
cross section at 70 eV.
electron gun is operated using electron pulses
of 90 ns width at a repetition rate of 15 kHz. The
electron beam has a diameter of about 0. 6
The
mm in the interaction region and the dc-equivalent
electron beam current is in the range from
I - 10 /aA with an energy spread of about
0.5 eV
(FWHM). Extraction voltages up to 3 kV
roughly 10 ns after the incident electron with a 10 ns rise time are employed to the repeller
pulse has passed through the ionization region.
After
passing through the exit aperture the ions
are accelerated by a -3 kV bias voltage
applied to the
entrance electrode of the flight tube. The ion
for the deflection of the ions in the horizontal deflector section consists of two pairs of electrodes
(z) and vertical (y) directions. The deflection
plates
in conjunction with the Einzel lens allow minor
corrections of the ion trajectories. The ions are
detected by the MCP detector whose output
is preamplified and recorded with a 2 GHz
multiscaler with a time resolution of 500
ps. Our TOF-MS is operated in such a
way that no
more than one ion is created during
each electron pulse.
C 2 Fs: The ionization of C F is
dominated by the formation of C +
2 5
CF3+ fragment ions. The two cross
2F 5 parent ions and
sections are similar in shape except
for a slight shift in the
appearance energy of the
+
3 partial ionization cross section to higher
absolute cross sections at CF
energies. We determined
70 eV of 3.5±0.6 x 10-16 cm2
(CF 3 +) and 1.3±0.2 x 10-16 cm 2
(C2F5+).
The peak cross sections for the formation
of all other singly charged fragment ions
and multiply
charged ions were less than 0.1 x 10- 6 2
cm . We also determined the appearance
C2F5+ and CF3+ ions. Our values of 12.5±0.5
energies
eV (C 2 F 5+) and 14.5±1.0 eV (CF +) cannot for the
readily
3
be compared with tabulated ionization energies
and appearance energies due to the lack
of
reliable thermochemical data including
the
ionization
energy
for
the
C
We used the modified additivity rule
2F 5 radical in the literature.
to calculate also the total
single ionization cross
sections for the C 2F 5 radical. The
agreement between the measured
and calculated total single
ionization cross section is good only
in the regime of low impact energies
higher impact energies the calculated
up to about 50 eV. At
cross section systematically overestimates
the measure
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cross section and the discrepancy increases with increasing impact energy. We have no simple
explanation for this behavior.
TiCI4; We studied the electron impact ionization of TiC14 for electron energies from
threshold to 500 eV. Absolute partial cross sections for the formation of all singly charged
positive ions and for four doubly charged positive ions were measured using a time-of-flight
mass spectrometer (TOF-MS). Dissociative ionization was found to be the dominant process. At
lower impact energies up to 40 eV, the ion abundance varies drastically with impact energy,
whereas at higher energies, two ionization channels dominate, the formation of the molecular
TiCI3+ fragment ion with a maximum cross section of 3.75 x 10- 16 cm 2 at 100 eV and the
formation of the atomic C1+ fragment ion with a maximum cross section of 4 x 10'16 cm 2 at 70
eV. All fragment ions with the exception of TiCl3 + are formed with excess kinetic energy with
the C1+ ion showing the broadest distribution of kinetic energies. The cross section values of the
doubly charged ions are about one order of magnitude smaller than those of the singly charged
ions. The experimentally determined total single ionization cross section of TiC14 is compared
with results of semi-empirical calculations and good agreement is found at all impact energies.

Electron Impact Neutral Dissociation Studies

3*

The experimental apparatus for these studies consists of an electron-beam and a gas-beam
intersecting at right angles inside a vacuum chamber in conjunction with a tunable laser beam
which propagates either parallel or antiparallel to the electron beam in order to maximize the
overlap of the three beams. Optical detection of the LIF signal from the interaction region is
made perpendicular to both the electron beam and the gas beam. The energy of the electron
beam can be varied between 5 eV and 400 eV with typical beam currents of 3 uIA at 25 eV and
20 pA at 100 eV and an energy resolution of about 0.5 eV (FWHM). The electron beam is
collected in a Faraday cup which consists of three electrically insulated elements which enables
us to measure the beam current as well as the beam divergence. The gas beam is an effusive
beam emanating from a multi-capillary array of rectangular shape which is positioned about 8
mm above the electron beam axis. The laser system consists of a pulsed Lumonics EX-520
excimer laser operating at 308 nm (XeCI) which is used to pump a Lumonics HD-500 dye laser
using Exalite 392A as the dye of choice in the wavelength region under study. The laser system
produces 0.0015 nm wide pulses of less than 10 ns duration of up to 3 mJ energy per pulse in the
wavelength range from 375- 397 nm. The laser beam enters and exists the vacuum chamber
through Brewster-angle windows and the beam intensity passing through the vacuum chamber is
monitored by a laser pulse energy meter. The fluorescence from the interaction region is imaged
onto the cathode of a thermoelectrically cooled Hamamatsu R1 104 photomultipler tube (PMT).
Spectral isolation is achieved by a narrow-band interference filter. The output pulses of the PMT
are processed by a gated photon counter whose output, in turn, is directed into a personal
computer for data storage and further analysis. Absolute calibration is achieved by comparison
with previously determined benchmark cross sections.
SiH 4: Preliminary results were obtained for the formation of final-state specific Si('S)
atoms following electron impact dissociation of Si4 for energies from 20 eV to 100 eV. The
Si('S) ground-state atoms were detected by pumping the Si (3p)2 'S - (3p)(4s) 'P transition at
390 nm with a tunable dye laser and recording the subsequent Si (3p)(4s) 'P > (3p) 2 'D
fluorescence at 288 nm. We found a peak cross section for the formation of Si('S) atoms from
SiH 4 of 4.5 x 10- 17 cm2 at an impact energy of 60 eV. This leads to a branching ratio of 0.037 for
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the formation of Si('S) atoms in the electron-impact
induced neutral dissociation of SiH .
4
Experiments aimed at determining the cross section
for the formation of Si('D) atoms are
underway as are experiments with other Si-bearing
molecules such as SiF and Si(CH ) .
3 4
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Program Scope The focus of the present experimental research program is upon low-energy, ionsurface and ion- molecule collisions. In the case of the ion- surface studies, the goal has been to
examine and understand the effects of adsorbates upon the secondary emission properties of both
metallic and semiconductor substrates. Secondary emission is induced by ion (Na+) impact, the
adsorbates studied thus far are oxygen and chlorine, and the substrates have included both crystalline
and amorphous samples of Al, Mo W, Ag and Si. The adsorbate coverage is indirectly determined
and ranges from none up to a few monolayers. In the ion- molecule studies we have measured absolute
cross sections for a number of reactants which are involved in the chemical dynamics of various types
of discharges, ranging from CF 4' to SF6-. Processes examined include charge transfer, electron
detachment, collisional decomposition and heavy particle exchange. In both the surface and ionmolecule collision studies, "low energy" implies collision energies ranging from a few up to 500 eV.

Ir~

Recent Progress
Surface studies. We have completed an initial investigation of the secondary emission of

~I ~

anions from a Si(100) surface upon which resides a known coverage of oxygen. The details of oxygen

|*I
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~

~

adsorption to the many facets of silicon have been a subject of numerous theoretical and experimental
surface studies. In the case of Si(l 00), oxygen is thought to chemisorb both in its atomic and molecular
form, with the former occurring in the initial stages of oxidation. In particular, it is thought that 02
molecules initially adsorbed are unstable and dissociate as the surface topology of Si(100) relaxes back
to that of a "perfect" surface. [The surface structure of clean Si(l00) is not that of the perfect crystal.
Every other pair of Si atoms on the surface moves closer together forming what is designated as a 2 x 1
surface topology. As oxygen is adsorbed on this 'reconstructed' surface, the espoused Si atoms move
apart and the surface topology reverts to approximately that of the perfect crystal.] The oxygen atoms
that adsorb do so essentially as 0-; i.e., each adsorbed atom is calculated to gain 0.98 electrons from
its neighboring silicon atoms. One of the goals of the present experiments is to see if these ideas about
oxygen adsorption might be tested by sputtering experiments carried out at low impact energies.

3

Shown in figure 1 is a mass spectrum of sputtered anions resulting from 250 eV Na+ ions
impacting a silicon surface which has been exposed to 100 Langmuir of 02. [this exposure is thought to
correspond to a coverage of about 0.5 monolayer oxygen] The dominant secondary ion is 0, but
there is
asurprising amount of, apparently, 03 . If this peak centered around 48 amu is, in fact, 03,
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Figure 2 shows the absolute
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Figure 1 A time-of-flight mass spectrum is shown for Na
as a fnction of oxygen coverage.
impactingsilicon at 250 eV. The Si(100) has been exposed to The impact energy for those data in
100 Langmuir of 2.
figure 2 is 250 eV. Perhaps the

most interesting result from these
initial experiments is the absence (or
very low level) of the secondary ion
02'. Even if it is somewhat obscured
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by the SiH2- emission, there simply is
not much sputtered 02.
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observation seems somewhat at odds
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with previous calculations which

indicated primarily molecular (dimer)
adsorption of oxygen to silicon. The
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time of flight spectra in the current
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experimental arrangement are highly
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dispersive owing to the fact that the
sputtered ions have a fairly large kinetic
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energy distribution and traverse a

0

rather complicated path in transit from
the surface to the detector. In order to
confirm the mass assignments given in

0.0

figure 1,a quadrupole mass
spectrometer will be inserted in the
place of the energy analyzer. With this
improvement the spectrum should be
identified without the current
ambiguities.
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Figure 2 The absolute sputtering probabilities for 250 eV Na+
impacting a Si(100) surface; as a function of exposure to oxygen.
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Gasphase collision studies. We are completing a series of experiments in which cross
sections for collisions of SF,6 with a number of molecular targets are being measured. Cross sections
for electron detachment and collisional decomposition are being determined in an attempt to discover
the connection between inelastic collisions and dielectric strengths for various gas mixtures which have
been proposed for use as gaseous insulators. Shown in figure 3 are the branching ratios for collisional
decomposition of SF6' into (1) e- + SF6 , (2)
SF5- + F ,and (3) SF5 + F-. These branching
ratios are simply Ri = oa / Saj , where ij = 1
- 3. For the experiments [panel (b)], the

1.0

o.-8

-

F'

target is N 2 and the abscissa is the relative
6

collision energy, E. The top panel is the result

.(
0.4

of a calculation which illustrates the way(s) in

0

which SF6' will decompose if it is collisionally

wh 0.2

excited to an internal energy, U, subsequently
decomposing in a manner governed by simple

0n

.-

/

-

0.0

statistical considerations. The minimum
energy required for the decomposition of SF6

'

,
2

3

Total internal energy of S

is its electron affinity, taken to be 1.0 eV. It is
clear that a plausible mapping of U(E) will

1.
0.8
0.6-

bring the calculation into reasonable accord

with the observed branching ratios. At this
point, the experimentally observed cross

0.4

sections and branching ratios seem to be

0.2

(eV)

SF

F

largely independent of target, suggesting that a
o.o
..
two-step process - viz., collisional excitation
1
10
100
Collision energy (eV)
followed by unimolecular decomposition may provide a universal description of the
Figure 3 The top panel (a) gives calculated
collisional dynamics for SF6 - and targets
which are not electronegative.

branchingratiosfor the decomposition of SF6 - as a
function of the internal energy, U, of the molecular

anion. The bottom panel shows the same ratios
experimentally observedfor an N2 target as a
function of relative collision energy, E.
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Future Plans Our immediate plans for future investigations include an upgrade to the surface apparatus
in which we will install a general purpose ion source to replace the alkali positive ion source currently in
place. The new source will utilize three stages of differential pumping (to maintain UHV conditions),
and be able to provide both positive and negative, low energy ion beams for surface probes. The
discharge ion source will also be capable of producing ion beams of reactive species such as CF3+ ,
which will enable us to perform experiments related to semiconductor etching, etc. In the area of gas
phase collisions we will complete the present experiments involving SF6- and then turn to examine the
ion molecule chemistry for reactants involving SF5+.
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Recent Results

I

During this past year, we have observed and characterized amplitude modulation in strontium
Rydberg wave functions, and we have used our new method of identifying Rydberg state
populations to begin characterizing the redistribution of Rydberg states due to an intense
unipolar, or half-cycle pulse (HCP).
The basic idea of our wave function modulation technique is to excite and de-excite a core
electron with two short laser pulses while a second electron is in a Rydberg state. This type of
transition is commonly called an Isolated Core Excitation (ICE) since the laser excitation does
Is
not affect the Rydberg electron directly. However, during the short time between the excitation
and the de-excitation pulses, the new core electron wave function changes the potential seen by
the small r portion of the Rydberg electron. This modulates the Rydberg electron wave function.
d
~I Our initial studies used barium, but the potential change was too small to accomplish much
modulation. We have now shifted one of our studies to strontium, where we have modulated
5snl wave functions by driving the transitions 5snl-->5pnl at 412 nm. We expected strontium to
In
show much more modulation because the 5snl states are strongly perturbed by the 4d6s
configuration. When the core electron is excited, this perturbation is removed, so the effective
potential changes considerably. We did, in fact, observe considerable redistribution in
strontium, as we reported last year. During this past year, we have taken detailed data. Our
signal generally consists of two parts: one portion oscillates at the optical frequency and
represents our desired separated-step process; a second term varies slowly and represents the
*I ~
interference between the two transitions driven during either of the two core pulses.
The accompanying figure shows typical results
following core excitation/de-excitation of the 5s43d

|*

~

state resulting in a shake into a 5s44d state.
Although we simultaneously observe shake into

8

other states, this transition is the strongest. The

6-

figure shows how this transfer varies as a function of
delay between the two core-laser excitation pulses.

42
o0

This data is the coefficient of only the very fast

~I

oscillation (at the optical frequency) to isolate the
excitation due to one photon transition during each

pulse. We are finishing the development of our data
fitting routines and expect to have a complete
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Delay (Rydberg orbits)

1.5

2

analysis within three months. Julie Grossen will shortly defend her thesis that describes these
measurements in detail. These results will then be submitted to Physical Review A.
Our current method for detecting Rydberg wave packets is Selective Field Ionization (SFI)
which determines the relative population in each Rydberg state. SFI is very simple to
implement, one merely applies an increasing electric field to the Rydberg atoms, and collects the
ions or electrons after field ionization. The arrival time of the products clearly marks the
specific field at which an atom ionized, and consequently determines the atom's Rydberg state.
However, field ionization is a slow process (compared to the classical Rydberg orbit time scale)
so it can never be used to determine the relative phase between Rydberg states. Since wave
function modulation creates phase and amplitude variations to make a coherent wave packet, a
different technique (which can respond on a fast time scale) is necessary. We are currently
exploring fast electric field redistribution and/or ionization as an alternative scheme.
But, before we can use fast electric field redistribution and/or ionization, it is also necessary to
characterize that process on an isolated atom - and even that requires an improvement on the
standard SFI Rydberg state detection. SFI has several limitations that are especially troublesome
when one needs to characterize a mixture of various values of n and 1. First, classical field
ionization values (315/n4 MV/cm) only work for low angular momentum states of heavy atoms,
while higher 1values for all atoms ionize at the more complicated hydrogenic field ionization
values. Also, spin couplings between valence electrons can broaden or split the effective field
ionization thresholds. Depending on the rate at which the electric field pulse increases, many
states show more than one threshold as the path to ionization encounters many curve crossings
which are neither purely diabatic nor purely adiabatic. The net result is that field ionization must
be characterized for each state of each atom before it can be used for truly comprehensive state
analysis. Finally, the state density can be so high for Rydberg states, that even the best SFI
detector will not be able to separate adjacent I state thresholds.
In order to study state redistribution by an intense HCP, we have combined SFI and ICE. ICE
alone can provide a very specific state determination due to two features in the ICE spectra.
Most noticeably, the zeroes in the transition moment (e.g. 6snd->6pndin barium) occur exactly
where the effective quantum number of the final state differs by an integer from that of the initial
effective quantum number. This affect alone has enabled us to measure the initial effective
quantum number to an accuracy of better than 0.1 which clearly separates all the nl states with
1<3 in barium. Secondly, the positions and the line widths of the autoionizing 6pnl states differ
significantly with 1,showing a rapid monotonic decrease for l>3. Finally, the asymmetry near the
zero depends on the ratio of the change in quantum defect (with and without core excitation)
divided by the line width of the excited, autoionizing resonance. So, the zero position easily
determines n, while the shape of the spectra near the zeroes determines 1. Of course, this process
is complicated considerably if there are many different values of n and / in the any particular
mixture of Rydberg states. However, that is precisely where the additional use of SFI allows us
to telescope in to just a few values by setting our time gate to monitor only those atoms which
ionized at a specific field.
During this past year, we have shown that our combined technique can measure the effects of
applying an intense HCP to Rydberg states with 30<n<40. The next figure shows the results of

103

applying a modest (-1.2 KV/cm) HCP to a barium 6s35d state. The right-hand panel shows the
SFI signature, which had been a single peak at 280 ns in the absence of the HCP. The left-hand
panel shows an ICE spectrum taken at each of the time delays designated by the arrows. The
wealth of structure allows us to unambiguously identify the myriad of states that are overlapping
in their SFI spectra, and the far-left identifies the major component of that spectrum. For
example, the clear, sharp peaks in the spectrum at 330 ns identify that as almost entirely due to
the 6s35p state, even though it is not distinct in the SFI spectra.
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Jonathan Curley has developed this method in great detail, and has observed some initial
tendencies of the HCP irradiation of Rydberg states. He will defend his thesis before the end of
August, and has already prepared a paper describing the combined SFI/ICE technique to submit
to Physical Review A.
Recent Publications
"Technique for measuring the linewidth of autoionizing Rydberg states," Grzegorz Waligorski,
Lei Zhou, and W. E. Cooke, Physical Review A 55, 1544 (1997).
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SEMIEMPIRICAL STUDIES OF ATOMIC STRUCTURE
L. J. Curtis
Department of Physics & Astronomy, University of Toledo, Toledo OH 43606
email: lic(gphvsics.utoledo.edu,

URL: http://www.physics.utoledo.edu/~ljc/sesas.html

Program Scope and Definition
This project strives to produce a comprehensive and reliable base of accurate atomic structure data for
complex many-electron systems. The atomic properties studied involve primary data (wavelengths,
frequency intervals, lifetimes, relative intensities, production rates, etc.) and derived structural
parameters (energy levels, ionization potentials, line strengths, electric polarizabilities, branching
fractions, excitation functions, etc.). Large blocks of data are systematized and parametrized along
isoelectronic, homologous, isoionic, Rydberg, and yrast series. This is accomplished through the use
of sensitive data-based mapping reductions, precise experimental measurements, and specialized ab
initio theoretical computations. Measurements are made primarily through the use of fast ion beam
excitation methods, which are combined with available data from laser- and tokamak-produced
plasmas, ion trap studies, astrophysical sources, and conventional spectroscopic light sources.
Recent Progress
Earlier studies on this project have demonstrated that high precision interpolative, extrapolative, and
statistically smoothed predictions can be made through suitable semiempirical reductions of measured
data. By incorporating information from spectroscopic energy level measurements, atomic transition
probability data can be presented in an exposition that removes the effects of intermediate coupling,
and permits the perturbative effects of configuration interaction, higher order moments, etc, to be
accurately characterized by a regular and slowly varying parametrization. Thus a small number of
precision measurements can be used to generate a large base of reliable and comprehensive data.
These methods have been successfully applied to the alkali-metal-like, alkaline-earth-like, and inertgas-like isoelectronic sequences, and we have summarized the state of knowledge of these systems in
a comprehensive review presented as a chapter in a recent monograph [5]. During the past year we
have further refined and extended these methods, applying them to many-electron systems of
increased complexity and to branched transitions. This has been aided by the increasingly large base
of precision data that is becoming available, especially through the utilization of recent measurements
of intercombination transitions near the neutral ends of several isoelectronic sequences.
The singlet-triplet mixing angle formulation has been particularly successful by virtue of its ability to
combine in a single exposition [5] measurements for both resonance and intercombination lines in
either the alkaline-earth-like or the inert-gas-like systems. This allows measurements of resonance
transition rates to be used to predict intercombination rates and vice versa. This is quite advantageous
because these data tend to have a complementary measurability, with the resonance lifetimes being
very short at high Z and the intercombination lifetimes being very long at low Z. New methods (ion
traps, etc.) yield precision values for intercombination lifetimes near the neutral end of the sequence.
This has provided a very sensitive probe of the mixing angle formulation, because the intercombination line strength is dependent on the sine of the mixing angle, which is very small near the neutral
end of the sequence (and thus introduces a large correction in the semiempirical parametrization).
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An extension of the mixing angle formalism has been made [14] to include the effects of spin-otherorbit interaction as well as differences between singlet and triplet radial wave functions. In the
simplest singlet-triplet formulation, the diagonal and off-diagonal magnetic parameters are both set
equal to the standard spin-orbit energy. However, already in 1932 Wolfe [Phys. Rev. 41, 443 (1932)]
showed that this formulation can be extended to include the spin-other-orbit interaction energy, since
this correction contributes constructively to the diagonal and destructively to the off-diagonal matrix
elements. The same effective parametrization with a different phenomenological origin was independently suggested in 1939 by King and Van Vleck [Phys. Rev. 56, 464 (1939)]. They argued that the
radial wave functions may be slightly different for singlet and triplet states within the same configuration, and hence yield different diagonal and off-diagonal spin-orbit integrals. The quality and scope
of the data base now available finally permit accurate testing of these early suggestions, and this
parametrization has been found to significantly improve the systematization. Since both of the
physical mechanisms described above lead to the same expression, the determination of these parameters from measured spectroscopic data can effectively account for both spin-other-orbit interaction
and differences between the singlet and triplet radial wave functions, as well as any other contributions that mimic their isoelectronic behavior.
As evidenced in the exposition of Ref. [5], ns-np transitions in alkali-metal-like and ns2-nsnp transitions in alkaline-earth-like systems are now well characterized for the entire isoelectronic sequence.
However, as pointed out in [5], these methods can presently be applied only to the lowest lying An=0
resonance and intercombination transitions since there the decays are unbranched, allowing line
strengths to be deduced directly from lifetime measurements. The regularly and slowly varying
isoelectronic behavior exhibited by the line strength does not occur for reciprocal lifetime data for a
branched decay, since this involves a sum over many different line strengths, each multiplied by a
wavelength factor with a complicated isoelectronic variation. For An>0 transitions, significant
branching usually occurs, and the reduction of lifetime measurements to line strength factors requires
a knowledge of branching fractions. As indicated in Ref. [5], measurements for these quantities are
virtually non-existent in multiply charged ions. The reasons are clear, since the intensity calibration
of the detection apparatus using continuum radiation standard lamps poses many problems, and
intensity calibration standards based on line radiation in the UV are presently lacking. We have thus
undertaken a program of determination of branching fractions of ionic transitions in the UV region.
One portion of this work involved a beam foil study [16] of Sn II, combining a lifetime measurement
of the 5s 25p 2DIn level with a measurement of the branching fraction of its decay transitions 5s 25p
2P/.3/2 - 5s25p 2D1n at 1400 and 1489 A The lifetime measurement utilized the cascade-correlated
ANDC method, yielding a value 0.44+0.02 ns. The branching fraction measurement required a
calibration of the relative efficiency of our detection apparatus in this wavelength region, which was
carried out with NIST-calibrated argon mini-arc secondary standard. The measurement yielded a
branching ratio of 0.76±0.04 which combines with the lifetime measurement to give a transition
probability for the .1400 A resonance transition of 1.762±0.084 ns'.
Another portion of the work involves the development of standards of line radiation in the UV to use
in calibrating detection equipment. We have shown earlier [1] that transitions of the form ns2np 2 ns2npn's in Si I and Ge I are virtually free of configuration interaction, hence their branching fractions
can be accurately predicted from intermediate coupling amplitudes deduced from measured spectroscopic energy level data. In this case both the upper and the lower levels are characterized by singlettriplet mixing angles. Our earlier predictions for Ge I [1] were strikingly confirmed by subsequent
branching fraction measurements [Li et al, Phys. Rev. A 60, 198 (1999)]. This motivated the
extension of these semiempirical methods to the ions P II, S III, Cl IV and Ar V in the Si sequence
[13], to As II, Se III and Br IV in the Ge sequence [13], and to Sb II, Te IV, I IV, Xe V and Cs VI of
the Sn sequence.
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A similar situation holds for low lying transitions in the Zn, Cd, and Hg isleoectronic sequences. In
these cases we have carried out a study [14] predicting branching fractions and relative transition
probabilities for the ns2-nsnp and nsnp-nsnd supermultiplets in Ga II, In II and T II. In this work we
also applied the extended singlet-triplet mixing angle formalism that incorporates spin-other-orbit
interaction and differences between the singlet and triplet radial wave functions. The transition
moments between these configurations can also be expressed in terms of the mixing angles and the
transition moments in pure spin-orbit coupling, and in the non-relativistic Schr6dinger approximation
the radial matrix element is the same for all members of a given supermultiplet. In cases for which
lifetime measurements are available for the individual values of J for the upper level, it is possible to
test whether the J-independence of the supermultiplet radial matrix element, and if that independence
is verified, to use these branching fractions to predict lifetimes for the entire supermultiplet given a
known lifetime for a single upper level. Using this formalism, we were able to predict the 3Dj
lifetimes in Ga II of the J=1,2 levels from a measurement for J=2 level. In In II all of the sd lifetimes
have been measured, so it was possible to predict the individual transition probabilities.
These new results in these ionic systems provide a set of branching fractions that can both specify
transition probability rates from lifetime measurements for these ions, and serve as a set of lines of
known relative intensities for application to the calibration in the UV region of detection apparatus
used in fast ion beam studies.
Future Projects
Because of the success of these semiempirical methods at presenting measured data in a concise and
predictive manner, we plan to develop a convenient and user-friendly graphical exposition by which
nonspecialist users can obtain the line strength for any desired resonance or intercombination line for
any sequence for which an adequate base of isoelectronic data exists. Part of such an exposition
already exists in the linearization of the reduced line strengths factors S,(Res) _ S(Res)/cos2 6 and
Sr(Int) - S(Int)/sin20, but to obtain the physical line strengths, a similar predictive linearization is
needed for the mixing angles themselves. A promising formulation in which the quantity cot 20
appears empirically to follow a simple power law dependence in the quantity 1/(Z-C) for the Be, Mg,
Zn, Cd, and Hg sequences, with this power law being nearly linear for the Zn, Cd, and Hg sequences.
These methods are now being applied in a comprehensive study of the Cd sequence. This is a
particularly interesting isoelectronic system, since it begins at a sufficiently high value of Z to
possesses a very complex core, and yet is low enough in Z to contain many isoelectronic members
before reaching the radionuclides (as occurs at the fifth member for the Hg sequence). Thus permits
an investigation of the apparent trend of these semiempirical systematizations to be more reliably
applicable to complex many electron systems (where ab initio calculations are difficult) than they are
for simpler systems (where ab initio methods are already quite effective). As part of this study we
perform ab initio calculations over the entire sequence, taking care to maintain a consistent approach
for all Z, in efforts to investigate and verify the apparent linearities revealed in the semiempirical
studies. Through this theoretical buttressing of the empirical studies we hope to determine the
accuracy with which the trends observed for low and intermediate Z can be used to predict values to
much higher Z.
A number of projects are also planned utilizing the Argonne ATLAS facility in collaboration with
ANL and the University of Notre Dame. For example, we shall explore the use of tilted foils and of
magnetized layers to develop a beam of polarized one-electron ions in the metastable 2 2S/2 state.
Such a beam will permit new types of experiments involving measurement of the angular distribution
of decay radiation induced by an external electric field. We also plan to measure state-specific cross
sections in the intermediate energy regime for collisions of He-like Ni with various gas targets. These
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data would extend the state specific information to a region where relativistic corrections to the
energy levels of the projectile ion are more important.
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High Intensity Laser Interactions with Atomic Clusters
Principal Investigator:
Todd Ditmire
Laser Science and Technology, Laser Program
Lawrence Livermore NationalLaboratory
P. 0. Box 808, L-477
Livermore, CA 94550
Phone: 925-422-1349
FAX: 925-422-5537
e-mail: ditmire l@llnl.gov
Program Scope:
The development of ultrashort pulse table top lasers with peak pulse powers in excess of 1 TW has
permitted an access to studies of matter subject to unprecedented light intensities. Such interactions
have accessed exotic regimes of multiphoton atomic and high energy-density plasma physics. Very
recently, the nature of the interactions between these very high intensity laser pulses and atomic clusters

of a few hundred to a few thousand atoms has come under study. Such studies have found some rather
unexpected results, including the striking finding that these interactions appear to be more energetic
than interactions with either single atoms or solid density plasmas. Recent experiments have shown
that the explosion of such clusters upon intense irradiation can expel ions from the cluster with energies
from a few keV to nearly I MeV. This phenomenon has recently been exploited to produce DD fusion
neutrons in a gas of exploding deuterium clusters. Under this project, we have undertaken a general
study of the intense femtosecond laser cluster interaction. Our goal is to understand the macroscopic
and microscopic coupling between the laser and the clusters with the aim of optimizing high flux fusion
neutron production from the exploding deuterium clusters or the x-ray yield in the hot plasmas that are
produced in this interaction. In particular, we are studying the physics governing the cluster explosions.
The interplay between a traditional Coulomb explosion description of the cluster disassembly and a

plasma-like hydrodynamic explosion is not entirely understood, particularly for small to medium sized
clusters (<1000 atoms) and clusters composed of low-Z atoms. We are focusing on experimental
studies of the ion and electron energies resulting from such explosions through various experimental
techniques. We are also examining how an intense laser pulse propagates through a dense medium
containing these clusters.

Recent Progress
Much of the research undertaken this year has been focused on the interaction of our intense 30 fs
pulses with deuterium clusters. This work is motivated by our recent observation of DD fusion in a gas
of laser irradiated deuterium clusters. One of the principal goals of this project is to understand the
explosion mechanisms of these clusters so that they can be manipulated to enhance the fusion yield.
We have also undertaken studies of third harmonic generation from these intense cluster interactions to
gain understanding of the electron oscillation dynamics during the interactions. Finally, we have
examined hot electron generation from quite large clusters to gain information about how the nature of

109

the interaction evolves from the sub wavelength scale clusters to clusters of size approaching the laser
wavelength (a size scale which may also, ultimately, be interesting for fusion research).
1) Interactionswith deuterium clusters
We have conducted a variety of studies on the interaction of 30 fs pulses focused to intensity >10' 6
W/cm2 into gases of deuterium clusters. For example, we have conducted deuterium ion time of flight
energy spectroscopy. These measurements were conducted from ions escaping the plasma in a high
density gas jet (and were consequently not ideal because of space charge problems and ion slowing
down in the surrounding gas. Future experiments solve these problems.) This measurement indicated
that ions with energy out to 30 keV are produced in the exploding clusters, however, detailed studies of
ion energy spectra require an apparatus enabling interactions with a low density cluster beam.
One of the principal diagnostics in these experiments has been the measurement of the 2.45 MeV
fusion neutron production. To gain information on the explosion mechanisms, we examined the fusion
neutron yield as a function of cluster size (see ref [1]). We find that the fusion yield increases rapidly
as the average cluster size increases from 5 to 8 nm. We vary the average cluster size by changing the
temperature of the gas jet backing reservoir with liquid helium cooling. The rate of the yield increase
with cluster size increase appears to be consistent with a Coulomb explosion model of the ion ejection
(In this model, the laser field strips the cluster of its electrons on a time scale much faster than the
cluster expansion. The Coulomb forces between ions then drive an explosion. In this simple picture,
the ion energies should scale as the square of the cluster size.) In addition, we find that as we increase
the average cluster size further to 10 nm, the yield rolls over. We have conducted extensive
interferometric probing of the plasmas to gain information on the laser propagation dynamics and now
believe that this roll over is the result of increased laser absorption and energy depletion in the front
edges of the gas jet. These results are currently under analysis and will be submitted for publication
shortly.
*I

~

~2) Two colorpump probe experiments
We have also begun pump probe experiments to explore the expansion dynamics of larger, laser
heated clusters. In particular, we have constructed an experiment to examine the third harmonic
generation of 800 nm pulses in a gas of xenon clusters as the clusters expand from the photoionization
and heating of a an initial pump pulse (which has a wavelength of 400 nm). This pump-probe
experiment is designed to yield information on the nonlinear oscillation dynamics of the electron cloud
in an expanding cluster. This experiment follows on experiments conducted at LLNL two years ago on
the linear absorption of a probe laser pulse in xenon clusters as a function of delay after an ionizing
pump.
We have conducted initial experiments and have seen some variation of third harmonic signal as
delay between the 800 nm and 400 nm pulses. We have not yet reproduced the original absorption
measurement (which used 800 nm pulses for both pump and probe) and attribute this to inadequate
intensity in the pump pulse to drive the xenon explosion. We have procured appropriate optics to
enhance the pump intensity and will begin another round of experiments in the fall.
3) Interactions with large, wavelength scale clusters
Finally, we have conducted a series of experiments on the production of fast electron during the
interaction of our intense femtosecond pulses with clusters of diameter approaching that of the laser
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wavelength. In these experiments, we produced water clusters with diameter around 1 pm using a
special jet developed in a collaboration with Tom Donnelly at Harvey Mudd College. The 30 fs laser
pulse was focused to an intensity of nearly 10i 8 W/cm 2 into a spray of these small water droplets (whose
sizes were characterized by Mie scattering).
The laser produced hot electrons which then produced hard x-rays via bremsstrahlung. We
measured the x-ray spectra to gain information about the electron spectra. These measurements
indicated that the laser irradiation produced electrons with an effective temperature of around 1 MeV
[3]. This result is remarkable because hot electrons produced from a planar target under nearly
identical irradiation conditions exhibited a hot electron temperature only half that from the water
droplets. We have compared these experimental results with particle-in-cell calculations and have
found that this enhancement in hot electron temperature is a result of the laser field distribution around
the wavelength scale particle. We are conducting further studies to ascertain the scaling of hot
electrons with cluster size.

Future Research Plans
Our future research plans are aimed at an understanding of the interactions between the laser and
single clusters to understand in more detail the energy deposition mechanisms. Studies during the
previous year have concentrated on interactions of the laser pulse with high density gas jets containing
clusters. By using a low density molecular beam of clusters, we intend to undertake a series of studies
on single cluster interactions.
To do these future experiments we have constructed a time-of-flight spectrometer coupled to a
molecular beam. We have fitted a chamber with a cryogenically cooled gas jet, capable of producing
large hydrogen and deuterium clusters with sizes ranging from a 1 to 10 nn. Laser pulses are focused
with an aspheric lens into this beam of clusters and fast ejected particles are detected along an axis
perpendicular to both the laser and the cluster beam. This spectrometer is designed to yield information
on both ion and electron energy spectra. Ion spectra will be characterized both through direct, field free
ion time of flight as well as through the use of charged retarding grids. This spectrometer will allow us
to examine ions with energy up to IMeV and will allow charge state differentiation on ions with energy
to charge state ratios up to 20 keV/Z. We will also analyze electron spectra, which will be measured by
scanning the voltage on the retarding grids.
1) Our first set of experiments will be to examine the ion energy distributions from hydrogen clusters.
This is important information in calculating the expected fusion yield from exploding deuterium
clusters. We intend to examine these distributions as a function of average cluster size (varied by
changing the gas jet temperature) as well as laser intensity, wavelength and pulse width. We will also
examine electron energy distributions. This information will be compared to simulations of the laserhydrogen cluster interactions being developed by Ken Kulander now at LLNL. This round of
experiments will essentially examine explosions in the pure Coulomb explosion regime from low Z
species. Information derived here will then be used to optimize fusion yield in the high density
deuterium gas jet experiments.
2) We then intend to examine spectra from higher Z species (namely N2, Ar, Kr and Xe) This will
allow us to explore the nature of the cluster explosions as it evolves from a pure Coulomb explosion to
a hydrodynamic explosion. Here, electron and ion spectra will be compared with particle dynamics
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simulations (i.e. the Kulander model) as well as with hydrodynamic simulations (i.e. the Hyades hydro-

~code).
3) Additional experiments will follow up on the two color pump probe experiments. While we intend
to continue the third harmonic experiments in Xe clusters, we will also begin to look at electron and ion
spectra from these two pulse interactions. Once again, we will likely concentrate on deuterium clusters
with an eye toward optimizing ion energies for fusion studies.

|

4) Finally, we will follow up on the micron scale droplet experiments. In particular, we will likely
examine the electron spectra directly. We will begin with the electrostatic TOF spectrometer, however,
it is likely that we will require a magnetic spectrometer to fully characterize the fast electrons produced
in these interactions.

I

Papers published or submitted on work supported by this grant:

~1)
J. Zweiback, R.A. Smith, T.E. Cowan, G. Hays, K.B. Wharton, and T. Ditmire, "Nuclear Fusion

I

Driven by Coulomb Explosions of Large Deuterium Clusters," Phvs. Rev. Lett. 84, 2634 (2000).
2) T. Ditmire, J. Zweiback, V. P. Yanovsky, T. E. Cowan, G. Hays, and K. B. Wharton, "Studies of
Nuclear Fusion in Gases of Deuterium Clusters Heated by a Femtosecond Laser," Phys. Plas. 7,
1993 (2000).
|*s

~

I
|*s

~ ~

3) T. D. Donnelly, M. Rust, 1. Weiner, M. Allen, R. A. Smith, C. A. Steinke, S. Wilks, J. Zweiback, T.
E. Cowan, and T. Ditmire, "Hard X-ray Production from Intense Laser Irradiation of WavelengthScale Particles" Phys. Rev. Lett., submitted.
4) J. Zweiback, T.E. Cowan, J. Hartley, G. Hays, R. Howell R.A. Smith, C. Steinke, and T. Ditmire,
"Characterization of Fusion Bur Time in Exploding Deuterium Cluster Plasmas," Phvs. Rev. Lett..
submitted.

I

I

I
I

112

Collective Few Body Coulomb Excitations
James M. Feagin
Department of Physics
California State University-Fullerton
Fullerton CA 92834
jfeagin@fullerton.edu

Advances in light source technology have promoted photo double ionization as a fundamental
technique for studying the few-body Coulomb problem and especially few-body fragmentation.
This project aims to advance our basic understanding of interacting charged particles, in particu-

lar, few body Coulomb systems composed of negative electrons and the positive ions they are
attached to. In the past ten years, we have seen experiments in helium above and below the
double ionization threshold evolve through third and fourth generations. Nevertheless, excitations
near threshold on the order of a few eV above or below remain largely unexplored both experimentally and theoretically due to the extremely complicated, likely chaotic, dynamics involved. In
recent years there has thus been a shift towards development of first generation photoexcitation
experiments with small molecules, because of their experimental accessibility but also because of
their intrinsic interest. The few-body fragmentation of these systems also lends itself to fundamental studies of the quantum multiparticle correlations. Peculiarities of quantum entanglement
aside, the modern quantum mechanic seeks to exploit these correlations to establish new probes
of the quantum and semiclassical excitation amplitudes.
We continue to place strong priority on research relevant to experiment and to maintaining collaborations with experimental groups in this country and in Europe. Our recent efforts
in this project have concentrated on: (1) advanced light source ionization of small molecules and
understanding the resulting collective excitation; (2) quantum correlations and entanglement
with recoil ions as novel probes of few-body fragmentation; and (3) lattice wavepacket simulation of collective excitations relevant to, for example, quantum computing and electron transport
in mesoscopic devices. These projects are a continuation of work begun by the principal investigator and supported by the Department of Energy.
Full Photofragmentation of Molecular Hydrogen The coincident measurement of two continuum electrons has been extended to the photo double ionization of molecular hydrogen in the
experimentally convenient isotopic form D2. Reddish and coworkers1 in Newcastle and Schmidt
and coworkers 2 in Freiburg have demonstrated a remarkable likeness of D2 and helium triply differential cross sections (TDCS). L. Cocke along with D6rner and coworkers in Frankfurt have
performed at the Advanced Light Source in Berkeley similar experiments but detected instead the

1 T. J. Reddish, 3. P. Wightman, M.A. MacDonald, and S. Cvejanovic, Phys. Rev. Lett. 79, 2438 (1997); J. P. Wightman,
S. Cvejanovic and T. 3. Reddish, J. Phys. B 31, 1753 (1998).
2 N. Scherer, H. Lorch and V. Schmidt, 3. Phys. B31, L817 (1998).

113

ion pairs in coincidence with the escaping electrons. 3 This is a system of fundamental interest
since the final state is one with four unbound Coulomb-interacting particles, which introduces
several new twists in the physics of double ionization. For example:
*

The finite separation of the two nuclei in the initial state and their relative momentum in the
final state are new vector quantities that clearly influence the electron angular distributions.
The spherical symmetry of the initial state is broken and the electrons in the final state no
longer see a point charge.

*

The two-center geometry of the nuclear field can give rise to interference effects which can
be used to probe the electron-pair continuum correlations in novel ways.

*

In atoms, the nucleus acquires at most a small recoil energy of the order of meV, while in
molecules the 'Coulomb explosion' of the nuclei results in ionic kinetic energies of several eV,
which can be on the order of the final electron energies. The ion pair thus forms a key element of the few-body continuum.

In atoms, the true double-ionization threshold corresponds to the three particles all having zero
energy at infinite separations, a highly correlated configuration with all the elements of the threebody problem. In H2 or D2, the corresponding four-body configuration is not directly accessible by
photon absorption, since a single photon puts the molecule at an energy corresponding to the
Coulomb explosion energy and therefore well above the four-body breakup threshold. The question of the relevance of a threshold analysis for the molecule is nevertheless subtle. The relevant
quantities deciding the Coulomb correlation are not the energies of the particles but their relative
velocities. In a vertical transition, even when the electrons are ejected with only tens of meV, the
ions are still moving slowly with respect to the electrons at the time of breakup. Only later do
they begin to move apart under their mutual repulsion. Hence, when all four particles are close
together there is likely an influence on the ionic motion by the electronic motion and the formation of a correlated continuum even though the system is far from the true four-body threshold.
In the experiments reported so far, where the electrons have 10 eV energy initially, it would
seem that they are first ionized and leave the molecular region before the ions have moved significantly.
We have thus been motivated to extend our helium double ionization description to D2(y,
2e) angular distributions. 4 At 20 eV above the photo double ionization threshold, one essentially
observes a sudden exit of the electron pair followed by a Coulomb explosion of the ion pair along
the alignment direction of the molecule at the instant of photoexcitation. Within this 'axial recoil'
approximation, we introduce our electron pair excitation amplitude from helium but replace the
photon polarization vector by an effective polarization defined by the alignment of the molecular
axis. We thus derive a helium-like expression for the electron-pair angular distribution which
depends on the orientation of the ion axis at the instant of photoionization.
When integrated over the alignment of an undetected ion axis for comparison with the
data of Reddish and of Schmidt, we obtain an expression with two contributions: one identical in
3 R. Dorner et al, Phys. Rev. Lett. 81, 5776 (1998); R. Dorner and L. Cocke, private communication.
4 J. M. Feagin, J. Phys. B 31, L729 (1998).
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form to the helium TDCS, and one with an angular distribution independent of the photon polarization direction and proportional to the square of the difference in amplitudes for parallel and
perpendicular molecular excitation. The result is in good agreement with measured ratios of the
TDCS in D2 to that in He and explains observed increases in the ratios where the individual angular distributions vanish due to an exact parity-exchange selection rule.
It has been demonstrated that photo double ionization in helium with circularly polarized
photons leads to a circular dichroism in the electron-pair angular distribution. 5 6 We have thus
extended our description of molecular photofragmentation to include dichroism. 7 Although the
phenomenon has a long and rich history in molecular physics, we focus on it as a tool to probe
few-body Coulomb dynamics, viz. the transfer of photon chirality to the electron and ion pairs,
and provide phase information on excitation amplitudes with a 'look in the mirror'. 6 7 A new
generation of synchrotron experiments is being planned to study this fundamental probe. 8
Molecular Symmetry of Electron-Pair Atomic States Although resonant states for low-lying
double excitations in helium can be classified according to H2 quantum numbers, it is known
that this classification breaks down generally for high-lying resonances. Indeed, calculations
show that just below threshold, the underlying classical mechanics is chaotic. Nevertheless, we
continue to investigate the general significance of the saddle-inversion label A introduced by Lin,
which we have found to be fundamental to the overall classification of electron-pair states above
and below threshold. 9 10
Quantum Correlations with Recoil Ions We have begun to examine electron and recoil-ion coincidence detection with interferometers following impact ionization. Besides using charged particles-as opposed to photons-to study entanglement and complementarity,llwe find the approach provides new tools for probing scattering amplitudes and few-body Coulomb correlations.
For example, we find that the electron detection rate following two-slit interference depends on
the product of ionization amplitudes evaluated at the electron momentum corresponding to passage through each slit.12 Thus, coherent phase information is gained, analogous to the technique of 'quantum phase-space tomography', which is normally lost in conventional scattering
experiments.
Diffraction Realizations of Quantum Computing We continue to explore with wavepacket

5 J. Berakdar, H. Klar, A. Huetz and P. Selles, J. Phys. B26, 1463 (1993).
6 V. Mergel et al, Phys. Rev. Lett. 80, 5301 (1998).
7 T. J. Reddish and J. M. Feagin, J. Phys. B32, 2473 (1999).
8 L.Cocke and R. Dorner, private communication.
9 R. Dorner, H. Brauning, 3. M. Feagin et al, Phys. Rev. A57, 1074 (1998).
10 J. M. Feagin, M.Walters and J. S. Briggs, J. Phys. B, in press (2000).
11 W. K. Wootters and W. H. Zurek, Phys. Rev. D19, 473 (1979).
12 j. M. Feagin, Workshop on Many Particle Dynamics (Bad Honnef), invited talk, May (2000); Si-ping Han and J. M.
Feagin, in preparation (2000).
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3

*~I~simulation how a Grover quantum-computer search 13 can be realized by diffracting electrons
through a mesoscopic junction, and in particular how such a device might be optimized with
multiple correlated electrons on atomic length scales. With wavepacket simulation, we have
shown that a Grover search can be realized with special spatial filtering within a laser cavity operated in pulsed mode. 14 Much of our research effort has been in looking for ways to implement
quantum entanglement into our device, which is widely believed to be a key advantage of quantum over classical computing. We have found, however, that this claim, while accurate by and
|* ~
~large, is incomplete: it is possible to obtain quantum speedups using special-purpose devices
such as ours that do not necessarily exhibit strong entanglement. 1 5 We are also investigating
electron wave-packet correlation and propagation in various quantum corrals. We find that an
|*I ~
electron wavepacket dropped on one focus of an elliptical corral will form a 'whispering-gallery
image' at the other focus, simulating an effect which has been spectacularly demonstrated with
~
scanning tunnelling microscopy. 1 6

Is*
~I
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13 L.K. Grover, Phys. Rev. Lett. 79, 325 (1997); I. L. Chuang et al, Phys. Rev. Lett. 80, 3408 (1998).
|

14 A. T.Jurhs, 3. Soneson and 3. M.Feagin, in preparation (2000).
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C.
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Studies of Autoionizing States Relevant to
Dielectronic Recombination
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University of Virginia
P.O. Box 400714
Charlottesville, VA 22901
tffg(virginia.edu
The scope of this program is slightly broader than the title suggests. We are in fact,
investigating problems which exist in two valence electron atoms but not in single valence
electron atoms. Our major focus has been on questions directly relevant to dielectronic
recombination, but we have also been working on inner electron ionization. Many of the insights
derived from the study of two electron atoms have turned out to be applicable to more complex
systems, such as molecules.
In the past.year we have worked on two topics; dielectronic recombination (DR) from a
continuum of finite bandwidth, and multiphoton inner electron ionization.
DR, the recombination of an ion and an electron through an intermediate doubly excited
autoionizing state, is the dominant electron-ion recombination mechanism in high temperature
plasmas. Such plasmas are found in fusion plasmas and in stars. The Rydberg autoionizing
states play a central role in the process, and as a result it is not surprising that small electric fields
can have a significant effect.' Electric fields mix low angular momentum character into high
angular momentum states so that more states contribute to DR, which tends to raise the total DR
rate. On the other hand, electric fields also depress the ionization limit, reducing the number of
available states, which tends to lower the DR rate. Taking both effects into account, the
maximum DR rate for singly charged ions and electrons can be increased by a factor of two by
an electric field of - 1 V/cm. Several years ago Robischeaux and Pindzola suggested that
relatively small B fields, of approximately 100 G, could increase the DR rates by an analogous
mixing of states of different magnetic quantum numbers. 2
The enhancements produced by EandB fields occur at low fields, which are nearly
impossible to reach in beam or storage ring measurements of DR. In contrast, it is
straightforward to make such measurements even in zero E and B fields using a continuum of
finite bandwidth. During the past year we have published a report of an experiment on DR from
a continuum of finite bandwidth, in the presence of combined E and B fields.3
The experiments are done with Ba, and the continuum of finite bandwidth is the broad Ba
6p3/21 Id state which straddles the Ba + 6p\/2 limit. We excite Ba atoms to the continuum of finite
bandwidth, the 6p3/21 Id state, at a well defined energy. The quasi continuous 1ld electron can
be captured into 6p1/2 n6 state, which decays radiatively to the bound 6s1/2 n6 state which we
detect by field ionization. Here n, 6, and m, denote the principal, orbital angular momentum, and
azimuthal angular momentum quantum numbers. We have used E fields of 0, 0.5, 1.0, and 2.0
V/cm and B fields from 0-240 G. We found a clear increase in the DR rate with B 1 E but no
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increase with B | E . There is no increase when B IJE because the m quantum number remains
good and there is no m mixing. Our experiments suggested that the magnetic field enhancement
saturated at 240 G, a finding consistent with that of Bartsch et al., who found that the DR rate
declined as B (with B 1 E) was raised from 200 to 600 G.4
It was clear that it would be useful to raise our magnetic field beyond 240 G, and an
apparently equivalent approach is to take advantage of Larmor's theorem and use a rotating, or
circularly polarized, electric field. With this thought in mind we have examined DR in the
presence of microwave field with linear and circular polarization. An 8 GHz frequency is
equivalent to a 5 kG field. To our initial surprise, we could not see any difference between linear
and circular polarization. What we did see though is resonant enhancement of DR when the
microwave frequency matches the An = 1, 2, or 3 spacing of the autoionizing Rydberg states.
We have verified that the effect is resonant by changing the microwave frequency and observing
that the enhancement in DR occurs at the energy for which the An spacing matches the
microwave frequency. The origin of resonant enhancement is easily understood. When the
microwave frequency matches the An separation the microwave field couples high 6 states
differing in both 6 and n by one. In other words, there is a resonant 6 mixing analogous to that
produced by a static electric field. As mentioned earlier, two valence electron atoms exhibit
phenomena which can be exploited in other systems, and the resonant enhancement of DR is an
excellent example. We expected that an analogous resonant enhancement should occur in ZEKE
spectroscopy and have demonstrated that, indeed, it does.

3H
~

We plan to continue this line of research in two ways in the coming year. First, we plan
to explore a wider range of microwave frequencies, to compare more carefully linear and
circularly polarization, and to examine combined microwave and static fields. Second, we plan
to return to the magnetic field enhancement with a stronger magnetic field so that we can map
the whole region from 0 to 1000 G.
The second area of research is inner electron ionization. When an alkaline earth Rydberg
atom is exposed to a laser pulse of duration shorter than the Kepler orbit time of the Rydberg
electron that it is possible to eject the inner electron while leaving the outer electron bound to the
atom. The reason for this observation is straightforward. If the pulse is so short, in some of the
atoms the outer Rydberg electron does not come near the ion core and can not absorb the photon,
while the inner electron easily absorbs the photon and is ionized. The outer electron is thus
projected onto the ionic Rydberg states.
The description given above is a time domain description which suggests that if we
started from a Rydberg wavepacket we should see the probability of inner electron ionization
oscillate as the wavepacket moves radially in and out. We have made wavepackets of Sr and
have just observed the expected oscillation in the inner electron ionization.

BUI~~In
the coming year we plan to explore this process more fully. First, we plan to measure
not only whether or not inner electron ionization occurs, but also the dependence of the final Sr+
states distribution on the position of the wavepacket. Second we plan to examine inner electron
ionization from Sr Rydberg eigenstates of different 6.
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~* 1. Program Scope

Is|

The objectives of our research are to develop new methods of aligning and deflecting
~ molecules and to study the time-dependent behavior of aligned particles. We are using imaging
techniques to observe the alignment and deflection of molecules, ultrafast laser techniques to
monitor the time evolution of aligned molecules, and high Rydberg excitation to alter the
I| ~
polarizability of molecules.
The time evolution of aligned molecules is of particular interest for the following reason.
If the aligning field is turned off slowly compared with the rotational period of the molecule (e.g.,
on a nanosecond scale), the molecule returns adiabatically to its unaligned state. But if the field
is turned off rapidly (e.g., on a picosecond scale), the molecule may realign periodically after the
field is turned off. This long-term coherence of the aligned state could be put to practical use, as,
for example, in steroespecific collisions with an aligned target and nanolithography with an
aligned projectile.

I
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The motivation for promoting a molecule to a high Rydberg state is that the polarizability
of an atom or molecule (and hence its propensity to be aligned or focused) may change
dramatically with its electronic state. For example, the static polarizability of an atom varies as
its principle quantum number raised to the seventh power. A complication is that for highly
excited electronic states the polarizability becomes negative, so that particles in such states are
repelled, rather than attracted, by a focused laser beam. This phenomenon is of interest in itself,
and will be investigated in our molecular optics experiments.
2. Recent Progress

|IJ~

3

I

~
In the process of building our imaging apparatus and setting up the alignment experiment,
we discovered an unusual phenomenon in the multiphoton excitation of various molecules. This
2 At
effect is illustrated in Figures I and 2 for iodobenzene (C 6H,).'
5
certain wavelengths (e.g., at 266 and 304 nm) the iodine ion image
consists of a set of anisotropic rings that are produced by partitioning of
the available energy between the various degrees of freedom of the
-^1:'
.5'-~'t'
^ fragments. The rings in Figure 1, for example, are assigned to n-a* and
71;-n * transitions of the molecule, producing I(2P 3 2)and I(2 P,2)
fragments. The available energy is partitioned between vibrational energy
of the phenyl ring, spin-orbit energy of the iodine atom, and translational
energy of the fragments. In a collaboration with Attila Berces at the
Fig. 1. C6H5I (266 nm)

3
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Fig. 2. C6H1 (532 nm)

Steacie Institute (NRC, Ottawa), we have performed density functional
calculations of iodobenzene which support these assignments. At longer
wavelengths (532, 560, 570, 575, 609 nm), however, the image is
dominated by what we call an "hourglass" feature. As shown in Figure 2,
this feature consists of a continuous distribution of velocities, with an
intense spot at zero kinetic energy and a channeling of the recoiling atoms
along the polarization direction of the laser beam. We observe a similar
feature in CH 3I excitation. Our initial thought was that this effect is
caused by alignment of the molecules by the electric field of the focused

laser. Further experiments, however, showed that the hourglass effect is insensitive to laser
intensity and rotational temperature of the molecule, ruling out a pure alignment mechanism.

Fig. 3. 12 (532 nm)

Fig. 4.I2 (558.8 nm)

Fig. 5. 12 (564.4 nm)

Further insight into the origin of the hourglass effect emerges from the photoexcitation of
12 molecules, as illustrated in Figures 3-5. At 532 nm (Figure 3) we observe an anisotropic ring
perpendicular to the direction of the laser polarization, which results from single-photon
excitation to the dissociative A31, state. In contrast, at 558.82 nm (Figure 4) the image consists
of a set of rings parallel to the polarization vector and a continuous feature sharply peaked at zero
velocity. For a diatomic molecule, a continuous energy distribution can result only if a third
body carries away the excess energy. Here the third body is an electron, and the hourglass
feature is the consequence of dissociative ionization (DI). The detailed mechanism involves a
super-excited molecular Rydberg state that simultaneously undergoes dissociation and
photoelectron emission. The amount of energy carried off by the electron depends on how far the
nuclei have recoiled prior to emission of the electron. It is likely that DI is also responsible for
the central spike observed in C6 HsI and CH 3I, although for molecules as complex as these it is
possible that vibrational degrees of freedom also play a role in the energy budget.
The rings in the I image (Figures 4 and 5) have the interesting property that their radii are
independent of photon energy, as demonstrated by the nuclear kinetic energy distributions shown
in Figure 6. This property is further evidence that the electron carries away a variable amount of
energy, in this case leaving the nuclei with the same kinetic energy regardless of the excitation
energy. A third property, illustrated in Figures 4 and 5, is that the anisotropy is strongly
wavelength dependent. We found evidence that the reduced anisotropy in Figure 4 is caused by a
resonance located at an intermediate energy. Together, these effects provide a new
understanding of multiphoton dissociative ionization and the role played by three-body
interactions.
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In another experiment, performed in collaboration with M. Kawasaki at Kyoto University,
we demonstrated alignment of CH3I by a non-resonant focused laser beam. 3 We used the
fundamental frequency of a pulsed (3 ns) Nd:YAG laser to align the molecule, and a tunable dye
laser to photodissociate the molecule and photoionize the iodine fragment. We found that the
anisotropy parameter, 3, increases from 1.5 to 1.9 as the aligning laser intensity increases from 0
to 1.4x10" W/cm 2.
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Figure 6. Kinetic energy distributions of the I atom fragments.

3. Future Experiments
We are currently setting up two new experiments which are running concurrently. The
goal of the first experiment is to produce rotational recurrences of molecules that have been
aligned non-adiabatically with pulses shorter than the rotational period of the molecule. The idea
is to produce rotational wave packets that retain their coherence long after the end of the laser
pulse. This experiment is being performed in Prof. Schroeder's ultrafast laser laboratory, using
Prof. Gordon's imaging apparatus. The ultrafast laser produces pulses of 795, 398, and 265 nm
radiation, with a pulse duration ranging from 100 fs to 10 ps, and with repetition rates of up to 1
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kHz. Operating the molecular beam nozzle at a rate of 500 Hz, we have produced images of I
from 12 molecules, and I+, 35C+ and 37C1+ images from ICI. Our next step is to use a relatively
long (1-10 ps) and weak (1012 - 1013 W/cm 2) pulse to align these molecules and a more intense
(150 fs) pulse to dissociatively ionize them after a variable delay. We expect to find a P value
that oscillates with the time delay between the pulses.
In the second experiment we will produce molecules in very high Rydberg states and
measure their threshold for photoionization by a strong, non-resonant laser field. The objective
of this experiment is to determine the conditions for alignment of molecules in high Rydberg,
zero electron kinetic energy (ZEKE) states. The idea is that molecules in such states will have
greatly enhanced polarizabilities and greatly diminished ionization cross sections. The reason for
the latter property is that electrons in ZEKE states have nearly circular orbits and therefore do not
interact with the nuclear core. Our plan is to use one or two dye lasers to prepare a molecule
such as NO in a high Rydberg state, which will be detected by delayed field ionization. We will
next introduce an intense Nd:YAG laser (1.064 Ipm or 532 nm, 8 ns duration) in order to measure
the intensity threshold for ionization of the ZEKE states. Once the threshold for non-resonant
ionization of the ZEKE states has been determined, we will use the Nd:YAG laser to nondestructively focus and deflect the molecular beam.
4. Publications
Two papers on the dissociative ionization of iodine and iodobenzene have been

submitted. In addition, the following have been published:
1.R. J. Gordon, L. Zhu, S. Unny, Y. Du, K. Truhins, A. Sugita, M. Mashino, M. Kawasaki, and
Y. Matsumi, "Photofragment Imaging Studies of Aligned Molecules," Imaging Chemical
Dynamics, A. G. Suits and R. E. Continetti, eds, (ACS, Washington, DC, 2000) pp 87-112.
2. R. J. Gordon, General Discussion, Disc. Of the Faraday Society 113, 87 (1999).
3. A. Sugita, M. Mashino, M. Kawasaki, Y. Matsumi, R. J. Gordon, and R. Bersohn, "Control of
Photofragment Velocity Anisotropy by Optical Alignment of CH 3I," J. Chem. Phys. 112, 2164
(2000).
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We employ intense and/or short laser pulses to investigate and control time-dependent
electron correlation within multi-electron atoms. In one line of experiments, coherent
pulse sequences are used to generate doubly-excited Rydberg wavepackets in atoms with
two valence electrons (i.e. alkaline-earth atoms). By controlling the excitation laser pulse
(or pulse sequence), we can manipulate dielectronic dynamics and alter the branching
ratio for electron ejection into different energy and angularly resolved continua. In
addition, we are developing methods to directly probe the time-dependent electron
scattering responsible for configuration interaction in these autoionizing systems. In some
cases, strong-field effects are an important aspect of the experiments; e.g. electronelectron interaction during a non-perturbative laser excitation. However, the principal
focus of these autoionizing wavepacket experiments is observation and alteration of the
field-free evolution of the two-electron system.
In a second line of experiments, we intend to study the role of electron-correlation in
strong-field, multiple ionization of atoms. Two-electron ejection via sequential and nonsequential ionization processes will be investigated as a function of the temporal shape of
the ionizing laser pulse. Atoms with very different ionization potentials and ratios of
single to double ionization potentials will be examined. Laser pulse shaping will also be
employed in attempts to optimize the production of ionic Rydberg states formed during
the strong-field laser-atom interaction.

I* ~

Recent Progress
DOE BES support for this project began June 1, 2000 and aided in the completion of an

experimental and theoretical project on autoionizing wavepacket manipulation that began
earlier in the year. The following paragraphs provide a brief background and summary of
the work that was described in two contributed conference presentations in June and a
manuscript that was recently submitted to Physical Review Letters [R. van Leeuwen, K.
Vijayalakshmi, and R.R. Jones].

U*)
~

Manipulation of Differential Electron Yields via Autoionizing Wavepacket Control
In general, the quantum systems under investigation in studies of laser control are quite
complex.[l] As a result, the pulse sequences and quantum dynamics that deliver the
highest "yield" in an experiment may not lend themselves to simple interpretation.[2]
Nevertheless, taking an intuitive approach to the control of a particular process, by
manipulating the spatial distribution of the reactants for example, might be appealing in
some cases - even if the result is not precisely optimal.
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We have examined the feasibility of "intuitive control" by experimentally addressing the
following question: Can fine control over single-electron dynamics be exploited to
intuitively manipulate differential decay yields in systems with additional electronic
degrees of freedom? Specifically, we used a femtosecond laser pulse to create an
angularly localized, 4snL Rydberg wavepacket in calcium. In this singly-excited
configuration, the 4s and nL electrons are essentially independent, and the motion of the
angular wavepacket is equivalent to that in a single-electron atom. However, when a
second short laser pulse promotes the 4s "inner" electron to a 4p excited state,[3] the two
electrons exchange energy and angular momentum via their mutual Coulomb repulsion.
This coherent, time-dependent scattering leads to bound-state configuration mixing and
autoionization in addition to the angular motion of the Rydberg wavepacket.
For the particular Ca states of interest, spectroscopic measurements suggested that the
lifetime of the autoionizing wavepacket is significantly less than its angular period.[4]
Under those conditions, the angular motion of the Rydberg electron is essentially frozen
during the autoionization process. Accordingly, we expect that the angular distribution of
the autoionized electrons will be highly dependent on the orientation of the wavepacket at
the instant of the inner electron's excitation. From a basic physics perspective, freezing
the angular distribution of the bound Rydberg electron allows us to examine intra-atomic
electron scattering for specific impact angles with minimal change in total cross-section.
The experiment proceeds by measuring the angular distribution of electrons ejected into
two energetically distinct continua, 4sEL' and 3dsL', as a function of the delay between
the laser pulse that creates the wavepacket (the "launch" pulse) and the pulse that drives
the isolated-core excitation (the ICE pulse). [3]
Significant modification of the number of electrons ejected at specific angles, without
any variation in the total electron yield, is indeed observed. However, the coarse features
of the angular distributions are affected less than might be anticipated from the intuitive
picture presented above. Nevertheless, the experimental results are in excellent agreement
with an R-matrix, quantum defect theory[5-7] calculation that reveals a breakdown of the
simple "frozen-wavepacket" picture. Our results have implications for the use of intuitive
control in other multi-configurational systems as well as for the feasibility of extracting
molecular reaction dynamics from time-resolved, fragment distributions.

Future Plans
We are continuing our studies of time-dependent configuration interaction in Rydberg
autoionizing states. Our next project will concentrate on the autoionization of doublyexcited radial wavepackets. First, we will measure the decay of these non-stationary
states which is predicted to proceed through a series of short electron ejection bursts,
resulting in a "stair-step" decay of the bound wavepacket probability distribution.
Second, we will attempt to produce a localized radial wavepacket, from a stationary
Rydberg level, using a strong off-resonant ICE laser pulse. The off-resonant excitation
should ensure that only that part of the Rydberg wavefunction that is near the ionic core
participates in the ICE.[8] We will then probe the decay of the non-stationary
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autoionizing state and look for the characteristic radial wavepacket "stair-step" decay.
Third, we will explore methods for coherently inhibiting autoionization decay through the
interference of two radial Rydberg wavepackets with different mean energies and Kepler
periods. By adjusting the launch time and phase of the two component packets, we hope
to modify the time-dependent probability for finding the electron near the ion core, and
consequently, alter the lifetime of the autoionizing state.
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Nonperturbative laser-atom interactions for nonlinear optics
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Project Description
The goal of this project is to study of the interaction of atoms and molecules with intense and
very short (< 20 femtosecond) laser pulses, with the goal of developing novel sources of radiation in
the VUV and soft x-ray regions of the spectrum. In past work, we demonstrated that ultrashort
pulses are ideally suited for generating coherent x-ray high-harmonic radiation, and devised new
techniques for phase-matched generation of ultrashort light pulses in the ultraviolet and soft x-ray
regions of the spectrum.[1-3] In this project, we are expanding on that research, to investigate new
techniques for extending the capabilities of these sources, and to develop theoretical models that
allow us to understand in detail the physics of the processes involved.

Recent progress
During the first year of this project we have made very substantial progress, resulting in a
number of publications in press and submitted for publication. Two major results from this work
are: 1) the first use of temporally-shaped optical pulses for "coherent control" of XUV harmonic
emission; and 2) the first demonstration of cascaded four-wave mixing generation of ultrashort
VUV pulses.
Coherent control of XUV light emission
The process of high-harmonic generation (HHG) is an extreme example of nonlinear optics.
Atoms subjected to an intense short pulse of light emit x-rays as a result of their electric fieldinduced ionization. The HHG process can be understood in a "recollision" model-after
ionization, the newly-freed electron begins to oscillate in the oscillating electric field of the driving
laser. If this electron re-encounters its parent ion, it can recombine with it, and release its kinetic
energy at impact as a photon in the XUV region of the spectrum. In this picture, repeated ionization
and recollision events result in XUV emission in a series of attosecond-duration "bursts,"
separated in time by 1/2 optical cycle, or -1.2 femtoseconds. This periodic emission results in the
spectral characteristic of the emission as a series of peak separated in energy by twice the
fundamental photon energy.
The XUV emission from each of these bursts can interfere constructively or destructively with
emission from subsequent half-cycles; the exact character of this interference determines the
spectrum of the HHG emission. In recent work published in Nature,[4] we have shown that by
controlling the exact shape of the -20 fs duration light pulses that drive the HHG process, we can
dramatically alter-in a useful way-the spectral characteristics of this emission. The result is in
some cases an order-of-magnitude increase in intensity of the selected harmonic.
This work required the development of a laser system capable of controlling the shape of a highintensity light pulse less than 10 optical cycles in duration. To accomplish this, we took advantage
of our past work in ultrashort-pulse laser amplifier systems,[5] and incorporated a new type of
pulse-shaping device using a micromachined deformable mirror. This simple type of pulse shaper
works by separating the color components of an ultrashort light pulse (which span -80 nm
bandwidth centered on 800 nm), then reflecting them from the deformable mirror.[6] Subsequently,
the color components are reassembled back into a pulse. The arrival time of each color component
can then be controlled by altering the exact shape of the mirror. Since this mirror has 19 actuators,
very precise control of the pulse shape is possible. Although this type of pulse shaper is limited in
that it is a "phase-only" shaper and cannot alter the actual spectrum of the driving pulse, this has
not proven to be a significant limitation in controlling a highly-nonlinear process such as high-
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harmonic generation: color-components that are not wanted can always be moved to early or late
~I times within the pulse where no HHG is taking place.
To demonstrate that precisely-shaped pulses are useful for driving the high-harmonic generation
process, we used a two-step procedure. First, we optimized the laser system itself to produce a
fourier-transform-limited pulse; i.e. a pulse where all frequency components arrive simultaneously.
We do this by performing an optimization of the laser system based on second-harmonic
generation. A fraction of the laser output is sent into a second-harmonic crystal. The conversion
efficiency of the SHG increases with the peak intensity of the fundamental pulse; thus a transformlimited light pulse should result in the highest possible conversion efficiency. We optimize this
|1B ~
pulse using an "evolutionary" algorithm. Starting with a collection of population "members",
each of which corresponds to particular voltages applied to the 19 mirror actuators, the secondharmonic intensity is measured experimentally. Each population member is then ranked for
*s| ~
"fitness." The best solutions are then "mutated" by randomly changing some actuator voltages to
create a new "generation." This computer optimization converges after about 100 generations of
about 100 trials each (10,000 total "experiments). This optimization takes -10 minutes of real time,
and converges very well to a fourier transform-limited pulse.
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Fig. 1. Optimization of a single (27 'h ) harmonic in argon while suppressing adjacent harmonics.
The HHG spectrum for the best pulse of each iteration. The intensity of the 27th order is increased
by nearly an order of magnitude, resulting in >75% of the total XUV emission into this harmonic.
This pulse can then be used as the starting point for optimization of high-harmonic generation.
In the HHG-optimization setup, we use phase-matched high-harmonic generation in a hollow-core
fiber. Harmonics in the range of 21 to 31 are generated, and we observe these harmonics using a
grazing-incidence spectrometer and x-ray sensitive CCD camera. We acquire the spectrum obtained
with a transform-limited driving pulse, and then apply the evolutionary algorithm to optimize the
high-harmonic emission. The simplest fitness criterion to use is simply to observe the peak
intensity of a single harmonic order; alternatively, it is possible to optimize to obtain enhancement
primarily of only one harmonic order. Figure 1 shows the result of such an optimization. We see
that the intensity of the 27t harmonic can be increased by an order of magnitude over that which
was obtained using a transform-limited pulse. Furthermore, the brightness of other harmonic orders
does not increase nearly as much, and the spectral bandwidth of the harmonic order decreases. This
is very desirable for application experiments such as time-resolved photoelectron spectroscopy that
need monochromatic emission.
n~* mThis
result is remarkable in that we have shown that although second-harmonic emission is
optimized using the highest peak-power, transform-limited pulse, high-harmonic emission is
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optimized with a non-transform limited pulse. This is a manifestation of the fact that HHG is
fundamentally a non-perturbative process, and slight changes in pulse shape can "channel"
excitation from one harmonic order to another. The optimized pulse shape is actually only slightly
different from the transform-limit-21 fs as opposed to the 18 fs fourier-transform limit.
Very recently, we have developed a successful theoretical model of this outcome, and a paper
describing this model is in preparation.[7] In the model, we applied the evolutionary algorithm to a
numerically-optimized theoretical simulation of HHG emission. This model runs at speeds
comparable to the experiment, and finds an optimized pulse shape and emission spectrum that is
very similar to experiment-an HHG peak enhancement of ~8x, and a pulse shape that is slightly
longer than the fourier transform limit. The theoretical pulse also has a nonlinear "chirp" that is
very similar to that of the experimental optimized pulse shape. Furthermore, this model is a novel
theoretical approach that couples a full quantum-mechanical description of the HHG process with a
semiclassical picture of the evolution of the ionized electron's wavefunction. This model clearly
illustrates the physics behind the shaped-pulse optimization. The total x-ray signal is the result of
coherent interference of the emissions resulting from a number of electron trajectories that emit the
correct photon energy on recollision. The number of contributing trajectories is ~12, corresponding
to two trajectories every half-cycle of the laser, during the rising edge of the laser pulse (-3 optical
cycles). In general, for a transform limited pulse the phases of these individual trajectories do not
add wholly constructively. On the other hand, the optimized pulse shape clearly shows that the
classical trajectories resulting in that harmonic energy are now precisely "in-phase." The pulseshaping results in timing adjustments within the laserpulse that correspond to coherent control of
the wavefunction evolution on the 10 attosecondtime scale.
Coherent VUV generation using cascaded nonresonant four-wave mixing
In other work, we demonstrated for the first time a new method for generating coherent light in
the vacuum ultraviolet-- using a cascaded four-wave mixing process in a gas. In past work, we
demonstrated a new technique which allows us to efficiently up-convert very short (20fs) pulses
into the ultraviolet.[2] This technique uses nonlinear four-wave mixing in an atomic gas to generate
the UV light, and phase-matches the conversion process by using a waveguide structure to alter the
propagation velocities of the various colors involved in the interaction. It makes use of a very
different regime of laser-atom interaction than that of high-harmonic generation, in that in this case
we are not ionizing the nonlinear medium, and we are generating light at wavelengths below the
ionization threshold of the gas so that there is no linear absorption of the generated light.
Our original work demonstrated a conversion efficiency of -20% of the injected light at 400 nm
into light at 267 nm. However, subsequent theoretical modeling of this process indicated that we
should be able to expect higher efficiencies. Further optimization of the alignment of the waveguide
allowed us to obtain conversion efficiencies of up to 40%-- the theoretically predicted amount-and
to routinely obtain >30% efficiency. In this case, the intensity of the signal light in the UV is
comparable to the intensity of the pump light. This allows us to drive cascaded processes.[8] For
example, if we inject light at 400 nm and 800 nm into the capillary, the first step in the mixing
process is 400nm + 400nm - 800nm = 267 nm. We can then drive the processes 400nm + 267nm
- 800 nm = 200 nm, and 267 nm + 267 nm -800 nm = 160 nm. To observe these processes, we
set-up a capillary wave-mixing apparatus including differential pumping and a VUV spectrometer.
On observing emission from the capillary in the range 80 nm - 267 nm, we see light in a number of
wavelength regions, including 267 nm, 200 nm, 160 nm, 133 nm (400 nm + 400 nm + 400 nm=
133 nm), and light at a number of discrete wavelengths in the range of 80-110 nm. This cascaded
process has an efficiency on order 10% for 200 nm, -1% for 160 nm, and ~0.1% for light in the
range of 80-130 nm.
Modeling of this nonlinear interaction in the case of cascaded processes complicated by the fact
that light can be generated in a large number of waveguide spatial modes. Nevertheless, quite a good
correspondence between experiment and theory can be obtained, and this correspondence allows us
in many cases to distinguish, for example, a cascaded third-order process from a single-step fifth-

129

I
I

order process and to obtain an estimate of the relative strength of various nonlinear interactions. An
enexample comparing experiment with theory is shown in figure 2.
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Figure 2: Pressure tuning curve of the 3co signal at 267nm. Experiment (points) and theory (lines).
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During the next year, we are planning to expand on our work in a number of areas. In the area of
coherent control of high-harmonic generation, this system is a unique testbed for the coherent
control of highly nonlinear systems. Learning algorithms such as the evolutionary algorithm have
great potential as tools to learn about the quantum system being controlled.[9]Combined theoretical
and experimental work will likely yield new insights into this extreme regime of nonlinear lightatom interaction, as well as about the real-world application of learning algorithms to complex
systems. We will also continue to parametrize and characterize this system for its use as an
ultrashort-pulse short-wavelength light source.
In the area of VUV light generation, the models we have developed are already helping to guide
experiments to increase the source brightness. We expect that a number of other improvements will
allow us to further optimize the conversion efficiency. Given the highly nonlinear nature of
cascaded processes, there is a real possibility of obtaining highly-efficient frequency conversion
into the VUV. We are also working to apply the coherent control techniques that have been so
successful for high-harmonic generation to this application. We are working on pulse compression
of this light, to obtain sub-5 femtosecond pulse durations at very short wavelengths-a light source
particularly well-suited for dynamics studies of small molecules and hydrocarbons.
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Future plans
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High Resolution Spectrocopy of
Cluster Ions in Discharges, Clusters in Jets, and Nanoparticles
John W. Keto
Physics Department, The University of Texas at Austin, Austin,TX 78712
keto@physics.utexas.edu
1.0 Introduction

We are using high resolution and time dependent laser spectroscopy to measure the eigenstates
and dynamics of clusters and "quasimolecules" of clusters. Spatial or mass selective techniques
are combined with laser resolution sufficient to resolve individual quantum states of the clusters.
Several experimental technologies are used to produce clusters including high-pressure discharges,
supersonic jets, and laser ablation of microspheres (LAM).I
The latter is capable of producing
large quantities of nanoparticles (larger clusters, 1-50 nm dia.) which can be assembled into
interesting structures.
Each of these technologies have unique advantages and disadvantages. The discharge and
supersonic jet produce smaller clusters than LAM and operate in dilute environments where the
clusters have free surfaces and are only weakly perturbed, but experiments must average over a
large ensemble of particles (the ensemble is mass specific). In contrast, using clusters
manufactured with LAM and deposited onto substrates, we can use near-field scanning optical
microscopy (NSOM) which has nanometer scale spatial resolution to measure the laser
spectroscopy of a single isolated cluster or assembly of clusters. Though neither technique is free
of scientific difficulties, comparison of similar particles with the two techniques should help
develop a clear understanding of the quantum states for semiconductor nanocrystals. Time
dependent spectroscopy will be used to study the dynamics and reactions of clusters in their
environments.
2.0 Single-particle spectra of semiconductor clusters

We have achieved single particle spectra of quantum dot islands using microluminescence, and
efforts using NSOM are continuing (DOE publications 3,4,5). The microluminescence instrument
uses the spectral separation of the light emitted by the quantum dots to measure the centroid of the
diffracted image. Thus the position of the nanoparticle along the slit of the spectrograph can be
determined to ±40 nm, and we can correlate lines in the spectra to a particular dot even though
many dots are localized within a distance smaller than the resolution of the microscope. It has been
easier to use microluminescence than NSOM for temperatures studies. As the temperature of the
cold finger and sample holder change, differential expansivities cause the cluster to move. The
larger field of view for microluminescence makes it easier to chase the particle. To solve this
problem for NSOM in future experiments, we have designed a sample holder and cold finger
which minimize the motion of the particles with temperature.
We have also used microluminescence to examine the spectra of isolated nanocrystals. Initially
we found that semiconductor particles produced by LAM were highly chained. We have found
that for metal particles chaining is unlikely because photoionization by the laser generates a high
state of charge with a resulting coulomb repulsion between nanoparticles. The chaining in
semiconductor systems results either from a more rapid recombination of the charge of the cluster,
or that a higher charge state is required to prevent chaining of semiconductor clusters as compared
to metals. If the particles are collected within 5 cm of the laser ablation region, little chaining
occurs. We also found that particles can be collected at larger distances downstream at lower
pressures. This is consistent with slower electron-ion recombination at the lower pressures.
1Hong
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High resolution spectra have already been obtained for single, colloidally grown CdSe
nanocrystals. 2 Interestingly, the spectra exhibited fluorescence blinking; and it was suggested that
the blinking results from photoionization of the nanocrystal. For surfactant coated nanocrystals
these charges are trapped on the molecule and the exciton experiences a stark shift. 3 The single dot
~I
~lineshape
~
changes with the number and depth of trap states, the temperature of the sample, and the
length of time for acquisition of a single dot spectrum. No one has yet succeeded in correlating the
single dot fine structure with the size of the particle. Spectral shifts with size have been measured
by many groups for ensembles of particles of varying sizes, but these spectral shapes are
|*I
~
sufficiently broadened by the dispersion in particle sizes (6dia/dia >5%) so that the fine structure
cannot be resolved, and spectra cannot be compared with theoretical predictions for energy levels
in the cluster.
We have obtained fluorescence spectra from isolated, individual CdSe nanoparticles (see Fig.
*~I
1)
made by LAM and collected dry on sapphire substrates. Charging and blinking was not
observed though we found that only about 70% of the nanoparticles observed by dark field
scattering were fluorescent. We have not yet made sequences of spectra over longer time periods,
nor have we yet measured spectra at low temperatures. Such studies are planned in the future.
CdSe on sapphire

'''''''

~8000 ............

|

7000

6000
5000

14000
3000

1"^
*It|~

~510

2000

------

515

520

525

530

535

540

545

550

Wavelength (nm)
Fig. 1. Microluminescence of a single CdSe nanocrystal made by LAM and collected dry on a
sapphire substrate The spectra shown was taken at room temperature, and the lines are broadened

by phonon scattering. The shoulder appearing at longer wavelengths results from sapphire
fluorescence.
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There has been significant controversy about surface states vs. triplet states as the cause of the
Stokes shift (PL shifted from PLE) observed for many of the nanoparticle systems. For CdSe this
question seems to have been resolved. Bawendi, and coworkers 4 concluded that surface states
were not involved; the exciton is likely a triplet state. In theoretical calculations for CdSe and InP,

2 M. Nirmal, B. 0.Dabbousi, M. G. Bawendi, J. J. Macklin, J. K. Trautman, T. D. Harris, and L. E. Brus,
Nature 383, 802(1996)
~3S. A. Emmpedocles and M. G. Bawendi, Science 278, 2114(1997)
4A1. L. Efros, M. Rosen, M. Kuno, M. Nirmal, D. J. Norris, and M. Bawendi, Phys. Rev. B54, 4843(1996)
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Zunger 5 and Whaley 6 in separate efforts concluded that oxide and dangling bond surface states are
not in the band gap. In many experiments with heavily oxidized, silicon nanocrystals, a blue/green
fluorescence is observed whose wavelength does not vary with the size of the particle. This
fluorescence band is likely from a surface state. Clusters formed by Si+ ion implanted SiO2 which
are then annealed in oxygen show a size independent red band. Other expermenters have
suggested that this fluorescence results from oxide surface states and is quenched when exposed to
atomic H.7 In contrast, Brus, et al., obtain stable size-dependent red to green fluorescence (size
selective shift from 0.2 to 0.8 eV) from Si particles purposely capped with oxygen. 8,9 The variety
of experimental results, gives only a confusing picture for the structure and states present in Si
nanoparticles.
Recently, Liu, et al. have calculated the effects of dangling bonds and hydrogen surface states
on the energy levels of silicon nanoparticles. 10 Surface defects partly fill the band near the edge of
the HOMO, but a clean gap is present. However, if the surface state is allowed to reconstruct, they
find the band completely fills because of the resulting strain which distorts the crystal structure
throughout the cluster; the particle is essentially a metal. Hydrogen passivation after relaxation
preserves this condition, but if the surface is passivated before the nanocrystal relaxes, the bandgap
is nearly that of bulk silicon even after relaxation. The use of LAM for synthesis may be a test for
this model as the nanocrystals are ejected into the carrier gas at high temperature (-5000 K). If we
add hydrogen, passivation may occur before crystal relaxation.
We have attempted experiments to observe fluorescence of Si nanoparticles made by our
process collected both on sapphire or Si substrates with stable native oxides; no fluorescence was
seen. Fluorescence was quenched either by nonradiative trap states, the gap is filled as suggested
by Liu, et al., or the excitation tunnels to the substrate before fluorescence. Experiments by
Krauss, et. al 1 suggest that native oxide on silicon should prevent the tunneling.
Following these initial experiments and as a test of the theory of Liu, et al., we prepared
samples of silicon nanoparticles produced by LAM in He/H 2 and pure He carrier gases. In the
case of the He/H 2 carrier gas, hot nanoparticles (T-5000K) are ejected into the laser plasma formed
in the He/H 2 carrier gas; we had hoped that they would grow a hydride capping layer before
surface reconstruction. A second set of samples produced in a pure He carrier gas were exposed to
air after collection so that they formed native oxide coatings; a third set of samples were first
exposed to H 2 while cold on the collection wafer. No fluorescence was observed for any of the
samples. Subsequent high resolution transmission electron micrographs (TEM) and selected area
electron diffraction indicate that the silicon nanoparticles are amorphous, while the CdSe were
crystalline.
3.0 Future Research
We are now experimenting with different growth conditions to determine if the amorphous
character for silicon nanoparticles is dependent upon experimental parameters. We will also
5
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83, 2815(1998).
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9L. E. Brus, P. F. Szajowski, W. L. Wilson, T. D. Harris, S. Schuppler, and P. H. Citrin, J. Am. Chem.
Soc. 117, 2915(1995)
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prepare CdSe nanoparticles with different surface capping layers like we have done for Si particles.
We will observe the effects on both the structure and fluorescence of the particles.
We are also continuing efforts to obtain high resolution (6v ~ 1 GHz) spectra of nanoparticles
with NSOM so that the spectra can be correlated with the size. Our previous low temperature
NSOM was run vertically within a Dewar tip submerged in liq He. We had difficulties with
unreliability in the approach to the surface at low temperatures. To return to a horizontal motion
we designed a unit employing a cold finger for the sample with the NSOM tip penetrating the heat
shield though a small hole. This unit offers two advantages: we could more rapidly change fiber
tips and we could place a lens (100x objective) so as to image the fluorescence of the sample onto
the ccd camera. This unit is then a hybrid of an NSOM apparatus and the microluminescence
apparatus.
We will also use LAM to generate a high density (cluster density >10 14 cm-3 ), flowing, high
pressure aerosol of clusters. This aerosol will be expanded through a supersonic jet into vacuum
where REMPI will be used to measure the high resolution excitation spectra with mass selective
detection. REMPI can observe the spectra of dark states, so that the surface and defect states of
even non fluorescent Si clusters can be observed.
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Spectroscopic Studies of Hydrogen
Atom and Molecule Collisions
John Kielkopf
Physics Department, University of Louisville, Louisville KY 40292
j ohn(aurora. physics. louisville. edu

Program Scope
In this project the processes which occur in low energy collisions of excited states of
atomic hydrogen with other atoms and ions are being studied with infrared, optical,
vacuum ultraviolet, and laser spectroscopy. The purpose of this study is to understand low-energy atom-atom collisions during which light is emitted or absorbed. The
transient quasi-molecular state produces radiation far from the unperturbed atomic
spectral line. The theory of the line shape is still incomplete, and quantitative experiments are lacking on systems for which the atomic interactions are understood. Thus
this work is fundamentally interesting because it allows us to view into the femtosecond duration event during which two or more atoms approach, interact, and separate,
and to probe the transient quasi-molecular state. There is a practical side to it as
well, since once the spectrum is understood theoretically, it may be used to diagnose
the environment under which it is produced, whether that is a chemical reaction, a
laser-generated plasma, or the atmosphere of a white-dwarf star.
Because of their fundamental character, radiative collisions with the hydrogen
atom play a central role. Some hydrogenic interactions, particularly those for lowlying electronic states, can be calculated very accurately, namely those of H 2 , H + , H3,

and H3, and simpler diatomic radicals such as CH. The interactions become quite
complex, even for a diatomic system, with electronic excitation of one of the atoms,
because large numbers of molecular states are involved in what appears to be a single
asymptotic atomic transition. Furthermore, the radiative transition probability of
colliding atoms changes with their separation, an effect which is very significant when
the atoms are close and strongly perturbed, and which is only understood well for lowlying diatomic states. In a gas in which there is a large degree of molecular dissociation
and ionization of the resulting atoms, the spectrum is also influenced by the presence
of several different perturbers, including electrons, interacting simultaneously, and by
the effect of the interactions on the statistics of the ensemble. Thus while the basic
physics of atomic spectra and atomic collisions is understood, a complete theory for
the spectrum from a gas in which radiative collisions are taken into account is not yet
available. Experiments in which the diatomic potentials and transition probabilities
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for low-lying states are known a priori, as is the case for atomic hydrogen, allow us to
develop and test the theory without resorting to assumptions about the interactions.
The primary difficulty on the experimental side of this program is the development of
techniques to observe atomic hydrogen spectra from the mid-wave infrared to the far
vacuum ultraviolet at densities high enough for spectral line broadening effects to be
detected, and to characterize quantitatively conditions under which the spectra are
created.

Recent Progress
Experimental work has been directed in the past year toward studies of plasmas
produced by the shock wave that results when a laser is focused into dense H 2 gas
targets. With pulses of a few nanoseconds and energies less than a Joule, the energy
deposited is sufficient to totally ionize the gas at the focus, and to create a shock
front that travels several millimeters outward from the focus and leaves in its wake
a bubble of partially ionized atomic hydrogen. The optical and plasma properties of
this source are characterized as a function of time after the initiating laser, and as
a function of space around the focus. Space- and time-resolved spectroscopy of the
source allows us to tune the conditions and select different degrees of ionization, and
different densities of atoms and ions. For a pure H 2 target, we can control the relative
importance of collisions of excited H with other unexcited H atoms, and with H+ and
e-.

New experiments this year include measurements in sources at initial densities up
to 100 atmospheres. A small-volume static high pressure cell was used for these measurements, and spectra were recorded for Lyman a above 1500 A, and for Balmer c
from 6000 to 10,000 A. The Lyman a profile showed a continuum extending from
1600 A at the singlet B-X satellite to 2700 A. This continuum is qualitatively in
agreement with the predictions of the line shape theory when the effects of three-body

neutral atom collisions are included. For Balmer a, a new near-infrared satellite was
found that is due to ion-atom interactions, that is, due to quasimolecular H' + .
The theoretical effort in collaboration with N.F. Allard (Institute of Astrophysics,
Paris) has produced profiles for Lyman a, Balmer a, and Lyman l. The major
development in the past year has been the systematic inclusion of the dependence of
the radiative dipole transition moment on interatomic separation. For spectral regions
or gas densities where multiple-perturber effects are not important, this allows us to
correctly model collision-induced effects. These turn out to be quite significant, in
some cases enhancing spectral satellites that would not otherwise be seen in the far
wing of the line. The Lyman a theory includes broadening both by neutral H and
by H+, all of the excited contributing states from the asymptotic n = 2 atomic state,
variation of the radiative dipole moment, and trial calculations of velocity averages.
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The Lyman a profile also was computed for densities sufficiently high (1021 cm - 3 )
to shift the spectrum out of the vacuum ultraviolet to regions above 2000 A for
comparison with experiments at elevated density.
The theory of Balmer ao and Lyman /, both of which access the n = 3 atomic
state, was developed for collisions with protons. The case of Balmer a is of special
interest because it is a strong spectral line in the visible and is accessible for both
laboratory plasma diagnostics and ground-based stellar astronomy. The theoretical
profiles predict a satellite in the near infrared, that is, structure in the continuum
between Balmer a and the Paschen-series limit that is due to radiative collisions of
n = 3 atomic hydrogen with a proton. Lyman f3 is somewhat simpler because the
lower state is n = 1 rather than n = 2, but in the vacuum ultraviolet the small
perturbations responsible for the far wing of Balmer a map into regions close to the
Lyman 3 line center, while the far wing of Lyman f3 reveals the effects of very strongly
perturbing close collisions.
In 1999-2000 three students completed their M.S. degrees with theses in this
program: Kim Edmondson, The Continuous Spectra of Molecular Hydrogen; Taka
Tsuchiya, Numerical Modeling of Laser-Produced Blast Waves in Real Gases; and
Jeremy Cole, Analysis of Laser-Irradiated H2 Using a Time-of-Flight Mass Spectrometer.

Future Plans
During the coming budget year, our work will be directed toward understanding
the Lyman 3 profile, and the region between it and Lyman a. This gives access to
interactions in the n = 2 and n = 3 states, in support of the theoretical work on
the combined Lyman a and Lyman 3 system. The experiments require the use of a
pulsed gas source, rather than a static cell. The valve we have developed generates
a gas column about 1 mm in diameter and 2 mm long with a density of the order
of 1019 cm - 3 . The interaction of this target with the laser differs from the static
cell in that the shock wave progresses only to the extent of the jet, and there is no
subsequent hot gas bubble. However, the hot front in the first 100 ns after the laser
pulse produces a highly ionized, dense, hydrogen gas in which the effect of collisions
with protons is important. The use of a pulsed valve permits observations of the
target with a windowless spectrometer, and gives us access to the spectrum below
the MgF 2 cutoff at 1150 A which includes the Lyman 7, Lyman /3 and the blue wing
of Lyman a.
Work in collaboration with N.F. Allard on the theory of Lyman / due to collisions
with neutral H is underway. Most of the potentials and radiative transition moments
which are needed for the work are now available. The computation will include the
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neutral and ion collision effects in the Lyman series from the blue wing of Lyman 3
the red wing of Lyman a for comparison with experiments. This is a first step
toward computing a complete spectrum for a broad range of excited states, rather
than for single isolated lines. We also are considering electron collision effects, which
are important in the very early emission from the plasma when it is highly ionized.
The effect of the interactions on the statistics of the perturber distribution in the
vicinity of the radiator is another factor of interest, since we have seen experimental
evidence of enhancements in the line wing that are due to the clustering of perturbers
around an excited atom to which they are strongly attracted.
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Project Abstract
DoE Grant DE-FG03-94ER14473
Nonclassical Spectroscopy with Localized Atoms
H. J. Kimble
Norman Bridge Laboratory of Physics 12-33
California Institute of Technology
Pasadena, CA 91125
hjkimble@its. caltech.edu

1

Program Scope

This DoE sponsored research program investigates fundamental atomic radiative processes for single atoms
localized on the spatial scale of the optical wavelength. This is a new domain of strong focussing in optical
physics with optical excitation over an area comparable to the atomic absorption cross-section and with
transmitted fields efficiently re-collimated over large solid angle. The scientific objectives of the program of
research follow three major thrusts. The first is a continuing investigation of spectroscopy with nonclassical
light, now with emphasis on investigations of the alteration of atomic lifetimes and lineshapes for two- and
three-state atoms illuminated with squeezed radiation in a domain of strong focussing. The second area is
a new research effort to explore light scattering for a quantum aperture, namely a single atom localized on
a wavelength scale and illuminated over a large solid angle. The third area is the coherent manipulation of
atomic center-of-mass wavepackets for a single neutral atom localized in the Lamb-Dicke regime (that is, on
a spatial scale much smaller than the optical wavelength).
Within a broader scientific context, spectroscopy with nonclassical sources can lead to improvements in
quantitative analysis with enhancements in measurement capabilities beyond the standard quantum limits
and offers the potential for new atomic radiative processes relevant to diverse problems in optical physics. The
research has the potential to make important contributions to a number of areas of technological significance,
including high-density optical storage.

2
2.1

Recent Progress
A New Laboratory

A principal thrust of our DoE sponsored research is the attainment of atomic localization on a scale small
compared to the optical wavelength A in a setting compatible with nonclassical illumination over an area
comparable to the radiative cross section (2 A2 ). Beyond the capability of strong focussing to enable spectroscopy with nonclassical light, such localization and illumination should lead to a new class of radiative
interactions. In addition to measuring differential cross sections for the scattered fields, phenomena of interest include the angular distributions of higher order field correlation functions, including those relevant to
photon statistics.
In order to achieve these scientific objectives, it has been necessary to make a radical departure from the
techniques and tools of our previous experimental program. Hence we have undertaken a major new effort
involving the construction of a laboratory with capabilities suitable for trapping, cooling, and localization of
a single neutral atom on a spatial scale much smaller than the optical wavelength A (the Lamb-Dicke regime).
This effort is being led by Dr. Ron Legere (who was a graduate student with extensive expertise in laser
cooling and trapping in the group of Professor Kurt Gibble at Yale). In building this new apparatus, Dr.
Legere has been joined by senior graduate student Mr. David Boozer and first-year student Ms. Andreea
Boca and undergraduate Mr. Kaiwen Xu.
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This new laboratory is now largely operational, with a source of cold atoms for the experiments consisting
of magneto-optical traps (MOT). The so-called "downstairs" MOT-1 is working and collecting roughly 10 7
Cesium atoms. These atoms are next to be cooled with polarization gradients to a few microKelvin, and
then transferred with an estimated 10% efficiency to an "upstairs" MOT-2 located in the upper-stage of the.
UHV chamber with background pressure 10-llTorr. The captured atoms in MOT-2 are then to be cooled
to 2/iK and launched upwards from a position 20cm below a final interaction region. Some few atoms will
transit into the focal volume of symmetrically placed high numerical aperture microscope objectives. Here
one atom will be trapped within a far-off resonance dipole-force trap (FORT).
Once an atom is localized within the FORT, side-band cooling will commence to achieve a ground-state
wavepacket. A project enabling the required Rarnan transitions with phase-locked diode lasers has recently
succeeded and is described in the Senior Thesis of Kaiwen Xu.

2.2
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A zero transition-shift FORT

Numerous demonstrations have now been made of atom confinement in optical dipole traps. The typical
scheire is to use a trapping laser whose wavelength lies far to the red of any allowed transition from the
atomic ground state, so that the AC Stark shift of the ground state is negative and maximized at the points
of highest laser intensity. Atoms thus experience an optical dipole force that attracts them to local maxima
of the laser field.
For application to our DoE sponsored research, the problem with this simple approach is that, excited (as
o~opposed to ground) states generally experience a positive AC Stark shift of comparable magnitude to the
negative shift of the ground state. This has at least two unfortunate consequences. First, atoms are repelled
from the trap when they happen to spend time in an excited state. Second, the effective detuning between
an atomic transition and an external exciting field becomes a strong function of the atom's position within
the trap.
It turns out that a clever choice can be made for the wavelength of the trapping laser such that both
of these problems are eliminated [as originally conceived by Dr. Christina Hood (of the Caltech Quantum
Optics Group) and Dr. Chris Wood (of Research Electro-Optics, Boulder)]. In our experiments with lasercooled 1 33Cs atoms, the relevant transition for interactions with nonclassical or other external fields is the
S1/2(F = 4,rmp = 4) - P3/2(F = 5, mF = 5) transition at A - 852.359 nm. When a red-detuned trapping
laser is applied to the Cs atom, these levels are both shifted by the AC Stark effect as shown in Figure 1.
Here the dotted curve shows the ground state S 1/2(F = 4, nF = 4) shift, and the solid curve shows the
excited state P3/ 2 (F = 5, rnF = 5) shift, versus wavelength of a circularly-polarized trapping field.
Near the transition resonance at 852 nm, these level shifts allow for trapping of the Cs atom with a
traditional dipole-force trap. For small red detunings of the trapping laser (e.g. A ~ 860 nm), the ground
state has a negative energy shift so ground-state atoms will be trapped in local maxima of the laser field.
At such wavelengths, however, excited state atoms experience a positive energy shift and will therefore be
repelled from the laser field.
Fortunately, the state P3 /2 (F = 5,mF = 5) is also coupled to the D 5 /2(F = 6,mF = 6) state with a
transition wavelength - 917 nm. Hence, the P3/ 2 (F = 5,77pF = 5) experiences an additional negative AC
Stark shift when the trapping laser has a small red detuning from the P - D transition. This negative shift
aland the positive shift from the S -- P coupling simply add. As a result, it can be seen from Fig. 1 that
there is a region of applied wavelengths from -- 920 nm upward for which Cesium atoms will be trapped
in the laser field in both the ground and excited states, since each of these acquires a negative shift in its
energy.
in fact, there exists a special wavelength for the trapping laser (near 950 nm for the particular choice of
polarizations and levels considered here), for which the S and P states are shifted by an identical amount.
Hence both the S and P states are trapped in local maxima, and the frequency of the S --* P transition should
be unaffected by the existence of a trapping field at this special wavelength. Stated somewhat differently,
such a FORT enables the ilternal atomic dipole degree of freedom to be decoupled from the external center
of mass motion, and should as well lead to greatly increased trap lifetimes.
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Figure 1: AC Stark shifts for a Cesium atom in a laser field. The dotted curve shows the ground state
S1/2(F = 4,mF = 4) shift [Us(A)], and the solid curve shows the excited state P3/ 2 (F = 5,mp = 5) shift
[Up(A)], versus wavelength of a circularly-polarized trapping field.

3

Future Plans

The immediate plan in the laboratory is to load atoms into a strongly focussed, zero-shift FORT of the type
described in the preceding section. Atoms trapped and cooled in MOT-1 in the lower chamber are cooled
further by polarization gradient cooling and then transferred into a FORT operating around 950nm. A new
Ti-Sapphire laser has been acquired, and is now operational for this purpose.
As discussed above, this new design for our FORT should eliminate heating due to intrinsic fluctuations
in the dipole force. Hence, our initial efforts are to be devoted to measuring the heating rate in the FORT at
various wavelengths to confirm the predictions implicit in Figure 1. The diverse beam switching components
have been assembled for this purpose, including the capability for triggered imaging of the FORT. Initial
experiments are underway, with as yet no definitive results.
However, given successful trapping and transfer from atoms in MOT-1 into the FORT, we will next
move to the full transfer protocol. The plan is to implement a two-stage magneto-optical trap, and then to
load atoms into a strongly focussed FORT. Atoms trapped and cooled in MOT-1 in the lower chamber (at
10-9 Torr) will be transferred to MOT-2 in the upper chamber (at 10-lTorr). After polarization gradient
cooling, the atoms will be transferred into yet a third region in the UHV chamber and thence into a FORT
operating around 950nm.
The geometry of the vacuum chamber and optics allows the FORT to have a focal spot near the diffraction
limit 2. We will begin with larger trap volumes and atom numbers of roughly 102, moving then systematically
toward trapping of a single atom in a FORT of volume ; A3.
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4.1

Journal Articles Supported by DoE 1998 - 2000

1. "Squeezed Excitation in Cavity QED: Experiment and Theory," Q. A. Turchette, N. Ph. Georgiades,
CC.J. H-ood, H. J. Kimble, and A. S. Parkins, Phys. Rev. A 58, 4056 (1998).
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2. "Quantum Interference in Two-Photon Excitation: Part I. Weak-Field Excitation," N. Ph. Georgiades,
E.S. Polzik, H.J. Kimble, Phys. Rev. A (submitted 1998).
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~3.

"Quantum Interference in Two-Photon Excitation: Part 11. Non-Perturbative Solution," N. Ph. Geor-

giades, E.S. Polzik, H.J. Kimble, Phys. Rev. A (submitted 1998).
4. "Quantum Interference in Two-Photon Excitation with Squeezed and Coherent Fields," N. Ph. Geor-

giades, E.S. Polzik, H.J. Kimble, Phys. Rev. A 59, 676 (1999).
5. "A Single Atom in Free-Space as a Quantum Aperture," S. J. van Enk and H. J. Kimble, Phys. Rev.
A 61, 1802 (2000).
6. "Strongly Focused Light Beanms Interacting with Single Atoms in Free Space" S. J. van Enk and H. J.
Kirmble, Phys. Rev. A (accepted, 2000).
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DoE Sponsored Patent

"Opto-Electronic Device for Frequency Standard Generation and Terahertz-Range Optical Demodulation
Based on Quantum Interference," Nikos P. Georgiades, Eugene S. Polzik, and H. Jeff Kimble, U. S. Patent
No. 5,866,896, Issued 2/2/99.
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Experimental Study of Interactions of Highly Charged Ions with Atoms at keV Energies
V.O. Kostroun
School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853
During the past year, we have carried out detailed experiments to investigate interactions of
low energy, multiply charged ions with a semiconductor surface. These have led to the
unequivocal observation of one electron capture by hyperthermal N q+ (4 < q < 6) ions from
surface atoms on a clean and oxidized Si(100) surface. The result is significant in that it is the
first direct observation and energy gain measurement of one-electron capture by multiply
charged ions from a semiconductor surface.
N q+ (4 < q < 6) ions were extracted from the Corell superconducting solenoid, cryogenic
electron-beam ion source in the extended pulse mode at Vt,r = 2.3 kV and charge selected
v...I,
by a 90° analyzing magnet.
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Figure 1. Experimental arrangement to measure energy gain spectra
of N + (4 < q < 6) ions scattered from a silicon surface at grazing

angles of incidence.

FWHM energy and angular
spread of the decelerated beam
at 305 qeV was 3.4 qeV and 2°

respectively. The sample, an ntype Si(001) wafer, was mounted on a xyz and rotatable UHV manipulator electrically
isolated from ground. The sample was cleaned by flashing up to about 1200 °C by direct
current heating, and its temperature was measured directly by a chromel-alumel
thermocouple attached to the back of the sample. Ions scattered by the one-electron capture
process were analyzed by a 180° hemispherical electrostatic analyzer, and individually
detected by a channeltron electron multiplier. All experiments were performed using
hyperthermal, 305 qeV kinetic energy, N + (4 < q < 6), multiply charged ion beams.
The incident N4 + beam impinged at a 2° grazing angle on a clean and oxidized Si(100)
surface. The energy distributions ofN( q-')+ ions, N q+ ions scattered from the surface following
one-electron capture were measured at an angle which gave the maximum number of counts
in the angular distribution of the N( q- l)+ signal, centered on the peak in the energy
distribution.
For N5+ ions incident on the sample, figure 2 shows the dependence of the energy gain
spectra on sample temperature. The energy gain spectrum (2a) was recorded at room
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ions incident on a Si(100) surface at a
2° grazing angle, it might be possible
to determine from the energy gain
spectrum the atom or atoms from

which the electron was captured.

To this end, energy gain spectra
recorded at a scattering angle 0 were converted into internal energy changes of the colliding
system or Q values. [1] Figure 3(a) shows the energy gain spectrum in figure 2(a). The upper
abscissa scale shows the measured kinetic energy of the scattered N 5+ projectile, now N4+ , in
qeV, while the lower abscissa scale gives the Q value in eV. Figure 3(b) shows the energy
gain spectrum after the sample was flash annealed. Also shown in figure 3 are the Q values
calculated for one electron capture by N 5+ into various (nl) states from free silicon and
oxygen atoms. The Q values were determined from total electronic energies calculated using
the Hartree-Fock program HF-96. [2] Strictly speaking, the binding energies of electrons in
atoms bound to other surface atoms or molecules should be used. Since these are not
available, and since in the calculation of Q values only differences of total electronic binding
energies appear, the Q values calculated using Hartree-Fock energies for free atoms should
give some idea of the Q values.
In figure 3(a), electron capture from free oxygen atoms into n = 3 and n = 4 states of the
projectile occurs at Q values around 23 and 5 eV respectively, while for silicon, capture into
n = 3, n = 4 and n = 5 gives Q values around 30, 14 and 7 eV. The Q value spectrum of ions
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recorded before the sample was heated shows a broad peak centered at around 20 eV, near the
free oxygen Q values. After the sample was heated above 600°C, the Q value spectrum did
not change upon reheating, nor did it change after the sample was flash heated to 1200°C. In
figure 3(b) after the sample was flash heated, the peak shifted to a lower energy compared to
that in 3(a).
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Figure 3. Energy gain spectra and Q values for one electron capture by N5+ incident on Si(100) at a grazing
angle of 2°, and a scattering angle of 2.5°. (a) Sample not heated and (b) sample heated to 1200°C (clean).
Also shown are Q values for one electron capture from free silicon and oxygen atoms into states (nl) of the

According to our interpretation, oxygen (and contaminant) atoms were driven off the Si(100)
surface after it was flash heated to 1200°C so that the surface contained mostly Si atoms.
Then, mostly capture from silicon into the n = 4 and n = 5 states of the projectile occurred.
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Dynamics of Multielectron Systems Interacting with Light and Matter
Jim McGuire
Department of Physics, Tulane Unversity, New Orleans, LA 70.118-5698
mcguire @tulane. edu
Scope: Multielectron effects in been evaluated and analyzed in cross sections for single and multiple electron transitions in atoms interacting with ions, electrons and photons. In the past year we
have begun to probe correlation in time as well as correlation in space between electrons.
Recent Progress
Understanding how electrons communicate about time requires ideas about both correlation
and time. The mechanism for electrons to interact is the electron-electron Coulomb interaction,
which is the source of spatial electron correlation. Without this spatial correlation the electrons
are independent and cannot communicate. Time is often regarded as a parameter common to
both the Schr6dinger-wave and Newtonian-particle equations. However, the way in which time
operates is quite different in the wave and particle limits. In the quantum- wave limit of broad
delocalized wavepackets, operators for time are difficult to define, as reflected in Pauli's remark
that it is "impossible to find a self adjoint (local) time operator conjugate to any Hamiltonian
with a bound spectrum (such as an atom)". Fortunately the mathematics of quantum mechanics
is straightforward. The concept of time correlation has been used in non-equilibrium statistical
quantum mechanics, where it is similar to spatial correlation.
The key conceptual tools needed to study how electrons communicate about time are temporal
correlation of the external interactions and spatial correlation between electrons. Both are required
for time correlation between electrons. Two examples in which time correlation between electrons
plays an observable role in atomic reaction cross sections were studied in detail. The first case is a
kinematic peak in a reaction in which electron transfer and ionization both occur. In this case time
correlated and time uncorrelated amplitudes add incoherently. The second case is double electron
excitation, where coherent reaction pathways interfere. In the second case time correlation between
electrons produces a large observable effect on both the shape and intensity of a double excitation
resonance.
Time dependence is imposed on a quantum system by an external time dependent interaction,
V/(t). The general expression for the probability amplitude, afi(t) =< flU((t,ti)li >, for the
transition of one or more electrons from li > at time ti to If > at time t may be described most
conveniently in the interaction representation using the evolution operator, Ur(t, t'), which satisfies,

i a,(t,

t')/9t = VI(t)Uf(t,t') ,

(1)

with the initial condition limt_,_o U(t, -oo) = I. The formal solution for the evolution operator
may be expressed as a time ordered exponential,
U 1(t,to) = Texp{-i XV(t')dt'}
Z
k!Jt

(2)
(2)

-

E-k=o1

ti

*... T[\ (t)
ti
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Vi(tk)}dt,...dtk

Here T is the Dyson time ordering operator,
T[Vi(tl)V1 (t2).. V.(t)]
E
P(1,2,...,k)

eO(t, -t)(t2

(3)

- t3 ) ... 0(tk-1 - tk)VJ(tl)Vl(t2)

V{(tk)

,

where 0(t-t') is the Heavyside step function. The sum above is taken over all possible permutations,
P, of the parameters 1, 2 ... , k. The Dyson time ordering operator, T, imposes ordering of the 1/V(tj)
interactions in time to enforce causality in the time evolution of the system. Here VI(t) = j Vij(t)
is implicitly summed over electrons.
The Vi(tj)'s provide the time dependence to the quantum wave amplitudes, afi(t), via Eq.(2).
Requiring that correlation in time be independent of the mathematical form of Vl(t), we use the
only time dependent term available other than V
1 , namely the time ordering operator, T. All time
dependence in T arises from the 0(ti - tj) terms in Eq.(3). Thus, time correlation may be removed
by replacing all 0(ti - tj) by a constant. Then T[V:(t 1 )Vr(t 2 ) ... VI(tk)] is a simple product of VI(tj)
and is therefore uncorrelated in time. Hence there can be no time correlation in U1. Therefore, we
separate the T operator into two terms,
T = Tun, + (TT-

Tnc) -

T,,n

where Tu,,, is the uncorrelated part of T, and Tcor - T -Tur,

+

oro

(4)

acting on Vl(tl)... Vl(tk), is our time

correlation operator. In first order in VI there is no time correlation. In second order one has,
T (V,(t)V,(t')) = 6(t - t')V,(t)VI(t') + 0(t' - t)V,(t')Vj(t)

(5)

Tu, (VI (t)V (t')) = 1(V1(t)Vl(t') + V (t')V(t)) ,

(6)

where,
whence it is easily shown that,
Tcor(V(t)Vi(t'))

=

sign(t - t') [Vi(t), V(t')]

.

(7)

Calculations using T - T,,, correspond to an independent time approximation, where the V (tj)
interactions are not correlated in time. In second order a two step process is reduced to two
independent one step processes.
In multiple electron transitions correlation in time between electrons generally requires spatial electron-electron correlation in addition to time ordering. Physically this is obvious. In the
uncorrelated independent electron approximation without exchange, the probability is represented
as a product of single electron probabilities, namely, P(t) = lafi(t)\2 = nj, < fjIUij(t,ti)lij >
2 = FljPj(t). In this limit there is no mechanism for time correlation between transitions of different electrons. Without spatial electron correlation phase information between electrons is lost.
Only when spatial electron correlation is included can TCor cause time correlation between different
electron transition amplitudes.
Since entanglement is conceptually and mathematically similar to electron correlation, our time
correlation operator, T,,r, may also be regarded as a time entanglement operator. Observable effects
due to Tcor occur in both single and multiple electron transitions. However, in our recent work we
fucused on the effects of time correlation between electrons, i.e. how electrons communicate with
one another about time.
About a dozen calculations have been completed to test the effect of time correlation between
electrons. We have examined in detail the electron-electron Thomas peak in fast transfer-ionization
and double excitation resonances in intereactions of fast electrons with helium. In the later reaction
Tcor changes the resonance intensities by a factor of three and the shapes from a window-type to a
nearly asymmetric resonance profile in some cases.
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Nano-dynamics. Our methods may be useful for the understanding of sequencing in nanostructures. Most existing studies of nanostructures do not yet include dynamic many-electron effects,
including correlation in time between electrons. We note that the Molecular Electronics Company,
headed by the chair of electrical engineering at Yale, with a theoretical physicist and two chemists,
opened in Chicago in January and is incorporated. Self assembly of nanowires at the molecular level
is another example. Our methods open the door for understanding and studying specific methods
to control transmission of quantum information in many-electron systems. This could be useful
in quantum computing, quantum cryptology, fast atomic switching, quantum locks and security,
information processing in artificial neural networks, and, in general, control of dynamic sequencing
in atoms and molecules. Sequencing and time correlation enable us to understand how electrons
communicate about time, and how interfering quantum pathways may be dynamically altered to
manipulate the outcome of atomic and molecular reactions. Such control at the atomic level might
be achieved, for example, via Pauli blocking, by use of time varying external electromagnetic fields,
or use of strong magnetic fields described above. In larger systems, such as molecular fragmentation, time connections between subsystems might be established by extending earlier work on the
independent center, independent electron approximation to include time correlation.

I

I

Micro-plasmas. Much of the emphasis of our work is on multi-electron transitions, including
multiple ionization. It is clear from studies of both strong laser fields and highly charged ions
interacting with atomic systems that one may now experimentally access and possibly control
regions in which multiple ionization is dominant. It is our view that the transition into the plasma
regime occurs sharply as the interaction parameters are changed. A simple argument is that the

I

binomial (or corresponding multinomial) distribution, (N)Pn(l - p)N-n, applicable in the strong

I

I
I

U

field limit, changes quickly as the single electron probability P changes. Thus, we expect plasma
parameters to be especially sensitive to change in the transition region from single to multiple
ionization. The dynamic formation of plasmas on the nanoscale has been challenging. We are
developing the tools needed to understand this problem. We have estimated that the transition
region from single to multiple ionization may be studied using fourth generation synchrotrons where
the brightness may be varied from the weak field region well into the strong field region. This basic
understanding could be useful in development of more effective and precise etching of computer
chips. We note that IBM has recently announced plans to use electrons rather than photons to etch
chips. Thus, studies such as ours of multiple ionization in atoms by impact of electron beams could
be useful in identifying masking materials and intensity parameters useful for clean, quick etching.
The problem of the time evolution of micro plasmas is also basic to the use of intense radiation to
treat brain cancer, as is now successfully being done using C + 12 ion beams at GSI in Darmstadt,
Germany.
Arrival times, atomic memory and time symmetry In our approach we have separated the evolution operator into propagation symmetric and antisymmetric in time. Such separation may be
useful in resolving basic problems in sensibly defining quantum operators for arrival times, dating
from work of Aharonov and Bohrn. It has recently become clear that different arrival operators
lead to different quantum times, including a difference in 'presence time' and 'passage time'. Our
techniques provide a method to examine these differences in specific and testable calculations. This
is basic to understanding how time is described in quantum systems. Our Tcor is necessary for time
correlation. Correlation in time is basic to understanding the role of memory in atomic collisions.

II~~~~*
'H8

~~~~~~~148

Neglecting memory is a key condition in statistical Markov processes including master equations,
information theory, maximum entropy methods and Fokker Planck. Our methods may be useful
in understanding when such statistical methods may or may not be used. With our technique we
are able to specifically address the question: are there experimentally testable ways to observe and
possibly to control effects of quantum sequencing?
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PROGRESS REPORT
PROJECT: ELECTRON COLLISIONS IN PROCESSING PLASMAS
Investigator: Vincent McKoy
In Year 3, we continued to implement advanced capabilities in our electron-molecule
scattering programs and to conduct detailed studies of elastic and inelastic collisions between low-energy electrons and a variety of polyatomic molecules.

~

|*I

It~|
I

Highlights
*
*
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Introduced multiconfiguration target states into our programs
Continued development of efficient strategies for treating target polarization
Continued to improve computational hardware
Published two invited review articles and several research papers and presentations

Multiconfiguration Target States
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Accurate representations of the ground states of closed-shell systems can usually be
obtained from single-configuration, Hartree-Fock-type wavefunctions. Because so many
molecules have closed-shell ground states and because a single-configuration description
of the target simplifies the construction of the target-plus-projectile trial wavefunction,
the original implementation of the Schwinger Multichannel (SMC) method for electronmolecule scattering required that the ground state of the target be described by a single
closed-shell Slater determinant.
In recent years, we had relaxed the closed-shell restriction to accomodate doublet
ground states, in order to study electron collisions with common radicals. However, the
single-configuration requirement had remained, and one of the goals of this research project
has been to implement a multiconfiguration description of targets. Multiconfiguration
wavefunctions are commonly needed for the accurate description of
- excited states
- ground states undergoing dissociation

I|

I|
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- certain ground states at their equilibrium geometry (e.g., that of ozone)
We are now completing development of a multiconfiguration-target implementation of the
SMC method and beginning exploratory calculations with it. Our initial application has
been to elastic electron scattering by ozone, 03.
Ozone possesses intrinsic interest and also furnishes a useful test case in that other
theoretical [1-6] and experimental [7,8] data are available for comparison. It has long been
known that two electronic configurations, ... (6a 1 )2 (la 2) 2 (2b1) ° and ... (6a1 ) 2 (la 2)0 (2b1 ) 2 ,
contribute strongly to the ground state of ozone; the occupation numbers of the 1a 2 and
orbitals are about 1.6 and 0.4, respectively. However, all previous theoretical studies
[1-6] of electron-ozone scattering have employed only the (la 2) 2 configuration to describe
the molecular wavefunction, although Gianturco et al. [6] did conduct a limited study of
target correlation effects using density-functional theory. We have now examined the effect of using a two-configuration description of the ground state within the static-exchange
approximation for scattering and found it to be surprisingly small: our cross sections agree
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closely with static-exchange results obtained using a single-configuration target wavefunction [3]. Presently we are refining this study by including polarization effects. We will
then be turning to studies of inelastic collisions employing a multiconfiguration of excited
states of the target molecule.
Efficient Treatment of Polarization
In the past few years we have been developing more efficient methods of treating the
polarization of the target charge density by the projectile electron during the collision.
During the current year, we continued to work on refining those methods while also applying them in their current implementation to problems of practical interest. For example,
we have nearly completed a study of elastic scattering by tetrafluoroethene, C2F4, which
is of interest both as an analogue of the prototypical and well-studied C 2 H 4 molecule and
as an important species in plasma etching of semiconductors, either as a primary feed gas
or as secondary species produced by the plasma decomposition of other etchants, notably
c-C4F 8 (octafluorocyclobutane).
Hardware
During the past year we completed integration of a gigabit ethernet switch into our
computational cluster. As anticipated, the addition of high-speed networking removes a
communications bottleneck and allows us to run parallel computations at good efficiency
on up to 16 processors.
Plans for Coming Year
During the next year we will be completing implementation, testing, and debugging
of the enhanced electron-molecule scattering programs. We also expect to apply the new
capabilities to study some interesting and significant collision problems. In addition to
pursuing our ongoing investigations of fluorocarbon and hydrofluorocarbon etchants used
in the semiconductor industry, we will be conducting an intensive study of inelastic electron
collisions with N2, for which new (as yet unpublished) experimental data have recently been
obtained. We expect that employing multiconfiguration descriptions of the excited states
of N 2 will make a significant contribution to the accuracy of our results.
We are currently awaiting final word on a further gift of equipment from Intel Corporation in support of our research program. This gift will at least double and possibly
quadruple the computational power of our cluster, depending on the precise number of
processors and their speed. Over the coming year we will be carrying out setup, configuration, and testing of the new workstations and associated network equipment and putting
the upgraded cluster into production use.
Publications and Presentations
Publications and presentations related to this project during the past year:
1. "Collisions of Low-Energy Electrons with COa," C.-H. Lee, C. Winstead, and V.
McKoy, J. Chem. Phys. 111, 5056 (1999).
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2. "Electron-Molecule Collisions in Low-Temperature Plasmas: The Role of Theory,"
C. Winstead and V. McKoy, Advan. At., Mol., Opt. Phys. 43, 111 (2000). (Special
issue, Fundarentalsof Plasma Chemistry, M. Inokuti, editor.)

3. "Collisions of Low-Energy Electrons with C 6 H 6 ," M. H. F. Bettega, C. Winstead, and
V. McKoy, J. Chern. Phys. 112, 8806 (2000).
4. "Parallel Computational Studies of Electron-Molecule Collisions," C. Winstead and
V. McKoy, Computer Phys. Commun. 128, 386 (2000). (Invited paper for a special
issue on "ParallelComputing in Chemical Physics. ")

5. "Electron Scattering by Hexafluorobenzene, C6 F 6 ," C. Winstead, M. H. F. Bettega,
and V. McKoy, presented at the Fifty-Second Gaseous Electronics Conference, Norfolk, Virginia, 5-8 October, 1999.
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ELECTRON/PHOTON INTERACTIONS WITH ATOMS/IONS

Alfred Z. Msezane, amsezane@ctsps.cau.edu
Departmentof Physics and CTSPS, Clark Atlanta University, Atlanta, Georgia 30314

During the period covered by this report, we investigated and solved several important problems in
electron/photon interactions with atoms/ions with interesting consequences. Many of our research
accomplishments have been achieved with national and international collaborators. The elucidation of
small-angle electron scattering through innovative theoretical approaches and the solution of the problem
of Dispersion Relations when exchange forces are present are examples.
A. EXCHANGE
RELATIONS

FORCES IN DISPERSION RELATIONS: INVESTIGATION

USING CIRCUIT

In order to use Dispersion Relations (DR) to test the validity of measurements in e-Atom
experiments, especially when they are conflicting, a clear understanding is necessary of the structure of
the left-hand cut discontinuity of the scattering amplitude in the complex energy E plane. In the absence
of exchange forces there is no left-hand cut discontinuity for forward scattering. Therefore, the left-hand
cut is directly linked to the presence of the exchange forces. While the right-hand cut discontinuity
(physical) is well understood and corresponds to easily measurable quantities such as the total crosssections, the left-hand cut discontinuity (unphysical) must be computed theoretically. The importance of
the problem is evident from Blum and Burke [1] who stated that "The future of dispersion relations in
atomic physics depends critically on a better understanding of the nature of the singularities of the lefthand cut". The application of DR to quantum physics has been a subject of continuing interest, but with
no reliable and systematic method to access the unphysical discontinuity until very recently [2, 3]. It has
been found [2] that the exact left-hand cut discontinuity for the two-body Schr6dinger equation, without
exchange forces, can be computed on any finite interval from the Born series stopped at a finite order.
Also, a practical approach of including exchange forces in a DR has been discovered [3], thereby resolve
the long-standing problem.
In the present work, we have extended the approach of [2] by including in a rigorous way
exchange forces in a DR [4] through the novel use of the technique of circuit relations [5]. Our method
permits the calculation of the left-hand discontinuity in the complex E plane of the S-matrix element
exactly in the presence of exchange forces within the Static Exchange Approximation. The circuit
relations are the key elements in our approach, since they carry information from large distances, where
perturbation theory applies, to small distances, where the S-matrix is defined through the Jost solutions.
Zero energy DR for electron-H scattering have been computed numerically for illustration. The
application of external fields could conceivably bring the triple pole closer to the origin thereby enhance
its effect on measurable quantities.
B. REGGE TRAJECTORIES FOR SINGULAR POTENTIALS AND REGGE POLE INVESTIGATION
OF CHEMICAL REACTIONS

For scattering involving heavy particles such as atoms and molecules, the ordinary partial wave
expansion utilizing only non-negative integer values of the angular momentum is often slowly convergent
and hardly appropriate for numerical calculation. The complex angular momentum (CAM) representation
[6], involving Regge poles calculations, has proved to be the adequate answer. In the case of singular
potentials, defined as diverging faster than r' at the origin, the main difficulty in computing a Regge pole
position in the CAM plane, for real positive values of the energy, is that one deals with a singular
eigenvalue problem for a non-Hermitean Schr6dinger operator.
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the first part of this work, we have developed an accurate and efficient analytical method [7] to
augment the relatively few existing methods, which are mostly numerical, for calculating Regge-pole
positions. Besides the traditional Regge poles calculations for the singular Lennard-Jones potential, there
are other important physical problems that can be treated. The Bose-Einstein condensation and
superfluidity of 4 He at extremely low temperatures are such examples. The He-He collision problem,
| *where
the possibility of forming dimer resonances exists, has been investigated [81 using the two versions
of the Aziz potentials. The problem could be solved only within the framework of the singular potential
method. Hence, our interest in this work. In the second part, we have developed [9] a practical procedure
for analytically continuing a scattering matrix element into the CAM plane, given its value at the physical
angular quantum numbers of 0,1,2---. The procedure first applies a preconditioning function to the
scattering matrix element; then the remaining residual function is interpolated using Pade approximations.
The method has been illustrated by extracting the leading Regge pole positions and residues for the state
|B
selected reactions Cl + HCl (v' =, j=5) - CH(v' =1, j'=5)+ Cl and I+Hl(v=0, j'=O) IH (v' = O,j= 2)+ , where v and j are vibrational and rotational quantum numbers, respectively.
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ELECTRON IMPACT EXCITATION
Kinematic Representation to Elucidate Small-Angle Electron Scattering

The difficulties of measuring reliably the electron differential cross sections (DCS's) at small
scattering angles, including their normalization, are well documented. Even the most recent
measurements of the DCS's for H [10] obtained data down to only 0=7°, and for Li, their limited
availability reflects technical problems [11]. We have found that an appropriate representation of the
apparent generalized oscillator strength (AGOS) permits the demonstration of its general properties [12].
Only the zero-angle trajectory connects continuously the threshold energy E=c and the high energy
E= c, corresponding to the optical oscillator strength limit of the AGOS. Far reaching implications,
including the normalization of measured relative DCS's and the identification of their spurious behavior,
are discussed and demonstrated using optically allowed transitions in H, Li and Ba [12].
C.2.
|I

Electron Impact Excitation at Small-Angles: The Lassettre Limit and Attendant Normalization of
Relative DCS's

MrMeasured

The recent generalized Lassettre expansion (GLE) [13] employing only a single Regge pole has
been used to demonstrate for the first time ever the applicability of the Lassettre limit theorem over the
entire electron impact energy without the involvement of the nonphysical region of the AGOS [14]. At
forward scattering the GLE yields the unique long-sought after normalization curve to the optical
oscillator strength of the measured relative electron DCS's through the AGOS. Optically allowed
transitions in H, He, Xe and NO
2 have been used to illustrate the normalization procedure, including the
identification of spuriously behaved data in the difficult to measure small angular regime.

3

C.3.
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Collision Strengthsfor Transitions Among the 3s, 3s3p and 3p 2 Configuration of Fe XV

Emission lines of Mg-like Fe XV have been observed in the X-ray and EUV (190-350 A) ranges
~Iof the solar spectrum and, therefore, atomic parameters such as radiative rates, collision strengths and
excitation rate coefficients are of vital importance for understanding the plasma properties. We have
calculated [15] collision strengths for transitions among the energetically lowest 10 fine-structure levels
belonging to the (1s2 2s2 2p6 ) 3s2, 3s3p and 3p2 configurations of Fe XV using the Dirac atomic R-matrix
code of Norrington and Grant. We have compared our results with those recently calculated by Griffin et
al [16] and Eissner et al [17]. Large discrepancies are observed, particularly with those of the former. It
is concluded that the values reported by Griffin et al are inaccurate for many transitions. Details of the
comparisons and the recommendations are found in [15].
-
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C.4.

Minima In Generalized Oscillator Strengths for Resonance Transitions in Na and K

The generalized oscillator strength (GOS) is an important property of the atom which manifests
directly the atomic wave functions and the dynamics of atomic electrons. We have investigated the
GOS's for the Na 3s-3p and K 4s-4p transitions using the spin-polarized technique of the random phase
approximation with exchange (RPAE) and the Hartree-Fock approximation (HFA), focusing our attention
on the positions of the minima. For the Na 3s-3p transition, inter-shell correlations are found to influence
significantly the position of the minimum [18] whose position is predicted by the RPAE at the momentum
transfer, K value of 1.258 a.u.. The former value is within the range of values of K=1.0 - 1.67 a.u.
extracted by us from experimental measurements. The range of K values suggests a careful experimental
search for the position of the minimum around the predicted value for confirmation. For the resonance
transition in K, both the RPAE and the HFA predict two minima [18]. The first minimum, which is
narrower and has never been measured before, is predicted by the RPAE at K=0.8838 a.u. while the
second is the well-measured one at 2.907 a.u. The positions of the minima are found to be sensitive to
inter-shell correlations. This calls for a careful experimental search for the first minimum around the
predicted value of K.
D. PHOTON INTERACTIONS WITH ATOMS/IONS

D.

Relativistic Effects in the Photoionization of Ne-Like Iron

The photoionization of positive ions is of importance in numerous physical situations such as in
the understanding and modeling of astrophysical and fusion plasmas. Additionally, the interaction of
ionizing radiation with ions is a fundamental process of nature whose detailed systematics are not well
understood. We have investigated relativistic effects in the photoionization of Ne-like iron using three
sets of calculations [19]. We demonstrated that much similar techniques can reproduce the results of the
full Breit-Pauli R-matrix method which includes relativistic effects in photoionization calculations. To
allow for the fine-structure splitting of channels in the photoionization of Fe 16+ , we have performed three
sets of calculations. The first combined an LS R-matrix calculation with an LS-JK frame transformations,
using multichannel quantum defect theory. The second used a relativistic random phase approximation
based on the Dirac equation. Both methods give resonant photoionization results nearly identical to those
from a third calculation using the full Breit-Pauli R-matrix method. An accurate treatment of finestructure splitting in Fe'6+ is necessary to realistically include the appropriate resonances which dominate
the low-energy photoionization cross section; consequently, in the inverse process of photorecombination,
the low-temperature rate coefficient is dominated by those dielectronic recombination resonances.
D.2

Connection Between Drag Currents and Non-Dipole Asymmetry Parameter

For photon energies higher than the ionization potentials of target atoms, the photoionization of
the atomic particles, in which the photon momentum is transferred to the ion and the electron after
absorption, becomes more important. This insufficiently studied manifestation of electromagnetic
radiation pressure upon matter in the gas phase plays an essential role in many natural phenomena such as
in the atmospheres of some stars and the upper layers of the Earth's atmosphere, where the intensity of the
UV component of the solar radiation is sufficient to cause large flows of charged particles. Expressions
for the drag currents which appear under the action of ionizing radiation in atomic gases and their
mixtures have been obtained [20]. Also, the connection between the drag currents and one of the nondipole asymmetry parameters has been established. Experimental investigation of the drag currents for
use in precision measurement of the asymmetry parameters has been discussed, particularly for small
photoelectron energies where it is difficult to apply the traditional experimental schemes to measure
DCS's for photoionization. Non-dipole parameters for Ne 2s, Ne 2p and Ar Is subshells photoionization
have been calculated and compared with measurements and other calculations.
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~PLANNED

/ ONGOING RESEARCH ACTIVITIES

Here we list some planned/ongoing research activities involving many of our collaborators.
·
o

*
·
·

*
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Our investigation of exchange forces in dispersion relations using circuit relations will be extended to
the multichannel Static Exchange Approximation
The application of external fields to the e-H scattering problem could conceivably move the triple
pole closer to the positive real axis, thereby enhance its effect on measurable quantities.
Many S-matrices exist for heavy atom- atom reactions. We will investigate possible identification of
resonances in atom- atom collisions.
We will use our present methods to investigate small-angle electron-atom scattering; even the most
recent experiments on e- Ne still measure DCS's, down to only 10°.
Our singular potential method will be used to investigate Bose-Einstein condensation and
superfluidity of 41-e at extremely low temperatures as well as the possibility of forming dimer
resonances in He -H-e collisions.
Collision strengths for transitions among fine-structure levels in ions of importance to astrophysics
and fusion plasmas will continue to be investigated, as well as correlation and relativistic effects in
photoionization of positive ions.
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THE STRUCTURE AND DYNAMICS OF NEGATIVE IONS
David J. Pegg
Department of Physics, University of Tennessee, Knoxville, TN 37996
[djpegg @utkux.utk.edu]
Introduction
We have continued investigating the role of electron correlation in atomic structure by
experimentally detaching electrons from atomic negative ions. Photodetachment, Heavy
Particle Collisional Detachment and Electron Detachment processes were studied. Our
results continue to provide sensitive tests of the ability of theory to go beyond the
independent electron model.
Photodetachment of KThis project was completed during the current grant period. It consisted of two parts. In
one experiment the electron affinity of the K atom was measured with a precision that was
more than an order of magnitude better than any previous measurement. It is also far more
accurate than the best current theoretical value. Details can be found in Ref [1]. In another
experiment we studied the rich resonant structure in the photodetachment cross section of
K- in the vicinity of the K(52 D, 72 S, 52 F) thresholds. These resonances are manifestations
of the autodetaching decay of highly correlated, doubly excited states of the negative ion.
This work is described in detail in Ref [2].
Photodetachment of LiThis project was completed in the current grant period. In the experiment we studied
doubly excited states of the Li- ion that appear as resonances in the photodetachment cross
section below the 6p threshold of Li. This represents the highest level of excitation of any
alkali-metal anion so far reported.A complex rotation calculation was used to help identify
the strongly correlated, doubly excited states of the quasi-two-electron ion, Li-. Several
members of a strong "+" type series were observed as well as at least one resonance with a
"-" type character. Violations of the propensity rules derived from a study of the H'
photodetachment spectrum were observed. The results are described in Ref [3].
Collisional Detachment of Li- and B'
We have re-examined our previous measurements of resonant structure in the collisional
detachment cross sections for Li- and B' projectiles incident on atomic gas targets. In order
to eliminate contributions arising from double detachment, we measured the detached
electron in coincidence with the residual neutral atom. The single detachment cross sections
thus obtained have both a resonant and a non-resonant component. In both the Li' and B'
spectra a resonance structure appears at threshold, in addition to a higher lying shape
resonance. The new resonances are most likely virtual resonances. More details can be
found in Ref [4].
Electron Detachment of C 4'
Heavy ion storage rings have greatly facilitated the investigation of electron-ion
interactions. We have used the CRYRING facility in Stockholm, Sweden to measure the
cross section for detachment of an electron from the cluster ion, C 4'. A primary motivation
for the experiment was a search for doubly excited resonance states. None were observed.
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Plans

There are no future plans since the grant has been terminated.
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Energetic Photon and Electron Interactions with Positive Ions
Principal Investigator:
Ronald A. Phaneuf
Department of Physics
University of Nevada, Reno
Reno, NV 89557-0058
pha reuifCiph vsics.u inr.ed u

Program Scope
This experimental research program seeks a deeper understanding of the complex multielectron
interactions and resonance phenomena that characterize interactions of positive ions in plasma
environments. Examples are thermonuclear fusion, x-ray laser, materials-processing, and stellar
plasmas. In addition to precision data on ionic structure, quantitative measurements of
photoionization and electron-impact ionization of ions provide critical benchmarks for ab initio
theoretical studies and data for plasma modeling. Research on photon-ion interactions constitutes
the major thrust of this program, and is carried out at the Advanced Light Source, Lawrence
Berkeley National Laboratory. The research on electron-ion collisions is conducted at the
multicharged ion facility of the University of Nevada, Reno.

Recent Progress
A.

Photoionization of Ions

The major emphasis during the past year has been the implementation of a research endstation for
quantitative studies of photoionization of positive ions at the Advanced Light Source (ALS). This
endstation is permanently installed on undulator beamline 10.0, which provides intense, collimated
and highly monochromatic beams of photons in the energy range 17-340 eV. A postdoctoral fellow,
Aaron Covington, a Ph.D. student, Alejandro Aguilar, and an undergraduate student, Ian Covington
are assigned to this project. Beamline 10.0 is dedicated half-time to high-resolution atomic,
molecular and optical physics, for which the principal investigator is a member of the participating
research team. The photon-ion end-station is capable of high-resolution absolute photoionization
cross-section measurements for both positive and negative ions.
A commercial hot-filament discharge ion source and low-energy accelerator, the Cuernavaca ion
gun apparatus (CIGA) from the Centro de Ciencias Fisicas in Mexico, produced O + and Ne+ ion
beams for the first absolute photoionization measurements using the new end-station. The photo-ion
yield data reveal a rich resonance structure superimposed upon the direct photoionization
background. A spectral resolving power E/AE of 1,500 is routine with the new apparatus, and
measurements of resonances have been performed at resolving powers as high as 35,000, yielding
data on resonance widths. In the case of O +, significant contributions due to 2 p and 2 D metastable
ions in the primary beam are readily distinguishable, in addition to photoionization from the 4S
ground state. The ground-state population fraction in the O+ ion beam was determined in a separate
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attenuation experiment to be 0.43. This permitted comparison of absolute photoionization cross
section measurements with ab initio R-matrix theoretical calculations of Nahar [1]. In the case of
photoionization of Ne+ , dual Rydberg series of resonances result from the fine structure in the
ground-state configuration. Distinct Rydberg series of resonances are resolved in the photoionization
data, with series limits corresponding to the first three excited states of Ne2+ . The O + and C' results
are being prepared for publication.

|* ~

B.

I~|

At the UNR Multicharged Ion Research Facility, absolute cross-section measurements for
electron-impact single ionization of Al5+ and Al 6+ were completed using a dynamic crossed-beams
apparatus. A postdoctoral fellow, Guillermo Hinojosa is assigned part-time to this project. A highefficiency electron spectrometer was installed for the next phase of this experiment, whose goal is
to provide much more detailed information about indirect ionization mechanisms than has heretofore
been possible for ions. The spectrometer consists of a two-stage parallel-plate electrostatic analyzer
and a large-area position-sensitive detector. Testing of this spectrometer is in progress, and
constitutes the M.S. project of a graduate student, Miao Lu. The results for electron-impact single
ionization of Mn+ (5 q <8) were submitted and published in Physical Review A [2].

3
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Electron-Impact Ionization of Multiply Charged Ions

I

Future Plans

A.

~I

I*)
I*
~

Photoionization of Ions

To facilitate photoionization studies with multiply charged ions, a permanent-magnet electroncyclotron-resonance (ECR) ion source is being developed in collaboration with A. Miller and E.
Salzborn of Justus Liebig University in Giessen, Gemnany. The ECR ion source will be
assembled and tested at UNR and moved to ALS during the coming year. Negative ion beams
will be generated at ALS by electron-capture collisions of positive ions in an alkali vapor cell, or
by a sputter negative ion source, although further development related to negative ions is not part
of this project. To provide maximum flexibility for experiments, the ECR and negative ion
sources will be interchangeable with the CIGA source, and common, reversible power supplies
are used on all electrostatic and magnetic beamline components.
During the next period, high-resolution photoionization measurements are planned for Ca +, in
collaboration with the Giessen group, to be followed by measurements for Sc2+ and Ti3+ after
installation of the ECR source. This is part of a systematic search for broad 3p5 3d 2 2F resonance
features predicted to straddle the ionization thresholds of ions in the K isoelectronic sequence.
These resonances were not observable in high-resolution dielectronic recombination
experiments. Objectives include the resolution of fine structure and measurement of
photoionization resonance lineshapes, which would provide a stringent test of R-matrix theory.
To complement the measurements on O + and Ne +, measurements on S 4 and Ar + are also planned.
Implementation of the ECR ion source will facilitate systematic studies of the Oq+ and Fe q
isonuclear sequences, where considerable theoretical work has been done, but no experimental
data are available. The photoionization and photofragmentation of molecular ions such as CO +
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is another possibility, for which feasibility using the endstation has already been demonstrated.

B.

Electron-Impact Ionization of Multiply Charged Ions

The effort in this part of the program will be devoted to completing the series of absolute electronimpact ionization cross-section measurements for Alq+ ions, and implementation of the electron
spectrometer and coincidence detection system for ejected electrons. To test the performance of the
electron spectrometer and position-sensitive detector, studies of autoionizing states produced by
electron capture collisions of multiply charged ions (e.g. Ar 8+) with residual gas will precede
attempts to detect ejected electrons from electron-ion collisions. Measurements of electrons from
metastable autoionizing states of Na-like ions (e.g. Ar 7 ') produced in the ECR ion source are another
possibility for the performance test. These tests will constitute the M.S. thesis ofM. Lu.
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X-ray Spectroscopy of n=3->, 4-+, and 5-+1 Transitions in
Heliumlike Ar, Ti, and Cr.
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Unfunded Liaison/Collaborator:

P. Beiersdorfer
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1. Scope of work
During this second project year June 1999-May 2000, we continued to focus our efforts on
measurements on heliumlike ions. We used the LLNL EBIT, and the EBIT high resolution
spectrometers to accurately measure line positions and intensities, and we have compared the
measured values to theoretical predictions. Our paper: "Ratios of n = 3 - 1 Intercombination
to Resonance Line Intensities for Heliumlike ions with Intermediate Z-values", has been
accepted for publication in PRA after minor changes. Similarly our paper: "Measurement
of Resonant Strengths for Dielectronic Recombination in Heliumlike Ar ' 6+", has received
favorable referee comments, and is expected to be published soon [1-3]. We describe below
the measurements and data analyses that were carried out.

2. Recent progress
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A. Dielectronic Recombination in heliumlike Cr2 2+
We have completed measurements and data analyses on the resonance strengths for dielectronic recombination in heliumlike chromium, similar to our measurements for heliumlike
argon.

We used the LLNL EBIT and an Iglet x-ray detector to study the KLM, KLN,

KLO, and KLP resonances.

In each case we measured the two branches of the resonance:

Thus we obtained resonance strengths for the n = 2 - 1 transitions i. e. KLM, KLN, KLO,
~I

and KLP of Kac, as well as the n = 3 - 1 transition in KLM of K:, the n = 4 - 1 transition
in KLN of Ky, and the n = 5 - 1 transition in KLO of K6. Although these measurements
essentially extend the argon measurements, they were different in the sense that we swept
the electron beam current in addition to sweeping the beam voltage.

The current sweep

ensures a constant beam-ion overlap. These results are being prepared for publication [2].

B. Lifetime of argon ions
We have extended our lifetime measurements to obtain the lifetimes of coronal lines in F-like
*U ~

Ar X, B-like Ar XIV, and Be-like Ar XV using the LLNL EBIT. The levels involved undergo
a magnetic dipole (M1) decay to the ground state for the lines at 4412.4 A in boronlike Ar 13+
and 5533.4 A in fluorene like Ar9 +. The bereliumlike line at 5943.73 A involves an excited
2s2p level. The electron beam in EBIT is first turned on for 0.13 ms to ionize and excite

I*

argon+ ions.

The beam is then turned off, leaving the excited ions in a Penning trap in

a magnetic trapping mode. X-ray photons are monitored as the trapped ions decay. Very
accurate lifetimes which differ significantly from earlier measurements are obtained in these
studies. The results have been submitted for publication in Astrophysical Journal. [4]
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C. Polarization of K-shell x-ray trnasitions of Til 9+ and Ti2 0+ excited by an electron
beam
We have used a pair of polarization-sensitive spectrometers to measure spectra of helitunlike
and lithiumlike titanium excited by the nearly monoenergetic electron beam of EBIT. The
measurements allow us to deduce values for the polarization of the He-like resonance line
w, the intercombination lines x and y, the forbidden line z, and the Li-like resonance line q
which agree well with a relativistic distorted-wave calculation [5].

3. Future plans
During project year June 2000 - May 2001, we will continue to carry out measurements on
heliumlike ions of intermediate-Z atoms which are important for high temperature plasma
diagnotics.

We will continue to use the clean environment provided by an electron beam

ion trap (EBIT) to provide atomic data that can be used to put together improved spectral
models for high temperature, high density plasmas.

A. Maxwellian plasmas from an electron beam ion trap
In recent measurements at the LLNL EBIT, the electron beam energy was swept in such
a way that it produces a Maxwell-Boltzmann distribution of electron beam energy.

This

technique has is used to simulate Maxwellian type plasmas. We shall use the technique to
study K,/ and Ky line emissions in argon, titanium, and chromium.

B. High-n Satellites to K,/ lines of heliumlike Cr 22+
As a follow-up to our measurements on high-n DR contributions to the K3 (n = 3

>1)

resonance line in heliumlike Ar 16+ , in which we explored the 1/n 3 scaling law for DR satellite
intensities, we will extend these measruements to Cr(Z=24).
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DYNAMICS OF FEW-BODY ATOMIC PROCESSES
Anthony F. Starace, P.I
Department of Physics and Astronomy
The University of Nebraska
116 Brace Laboratory
Lincoln, NE 68588-0111
Email: astaracel@unl.edu

I.

PROGRAM SCOPE

Most generally, this program is concerned with elucidating the role of many-body (specifically,
electron-correlation) effects on atomic processes. The main emphasis of this program recently
has been on benchmark studies of negative ion photodetachment processes in the energy region
of highly-excited two-electron resonances. Our goals have been: (i) to search for
photodetachment propensity rules and to compare and contrast them with those for the
fundamental three-body Coulomb system, H-; (ii) to examine the role of the non-Coulomb core
in permitting the population of propensity-rule forbidden two-electron resonances; and (iii) to
identify the calculated photodetachment cross section structures with particular correlated, twoelectron states. At the present time we are studying higher-order photon processes, both in the
perturbative (i.e., multiphoton) regime and in the non-perturbative (i.e., intense laser) regime.
II. RECENT PROGRESS
A. Photodetachment of He- in the Vicinity of the He* (n=3, 4, and 5) Thresholds
[C.-N. Liu and A. F. Starace, Phys. Rev. A 60, 4647-4666 (1999)]
The motivations for this comprehensive study were the existence of new experimental data in a
few selected energy regions and for a few partial photodetachment cross sections as well as the
spotty agreement of the new data with prior theoretical predictions, i.e., poor agreement for the
weakest intensity cross section and reasonably good agreement only for the most intense cross
sections. Our results agree with the experimental data in all cases. Furthermore we predict two
4D" resonances near the He (n=3) threshold that have never been observed or predicted before,

and we present results showing their effects on partial cross sections and photoelectron angular
distributions. Near the He (n=4 and 5) thresholds, we predict about 30 quartet Feshbach
resonances and 4 quartet shape resonances which have not been observed or predicted before. In
addition, in this energy region our results are in excellent agreement with the few available
experimental results for particular partial cross sections; we also provide for the first time an
identification of all resonance features observed experimentally. We also prove analytically that
resonances having a Fano-Cooper p parameter equal to unity will mimick each other in all partial
cross sections.
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I
B. Two-Photon Detachment Cross Sections and Dynamic Polarizability of H- Using a
Variationally Stable, Coupled-Channel Hyperspherical Approach [M. Masili and A. F.
Starace, Phys. Rev. A (in press)]

|II

The motivation for this work is that there has been no theoretical consensus on the shape or
magnitude of the two-photon detachment cross section for the H- ion, a fundamental three-body
Coulomb system. The problem is the extreme sensitivity of multiphoton detachment processes to
Is ~
the value of the electron affinity as well as the important role that electron correlations play. Our
aim in this work is to present a benchmark calculation that employs a variationally stable
approach developed in my group with prior DOE support and a coupled-channel hyperspherical
approach, which is known to provide an excellent representation of fundamental three-body
Coulomb systems. Our results give excellent agreement for the first time with one other detailed
| *calculation,
the B-spline results of H. van der Hart [Phys. Rev. A 50, 2508 (1994)]. Thus for the
first time a theoretical consensus for this fundamental process is achieved. The paper compares
our results with all other theoretical results and also presents results for the dynamic
polarizability and the one-photon detachment cross section as a way of allowing others to judge
the reliability of our approach since these other processes have already achieved a consensus on
what are the correct results.
|g
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C. Mirroring and Mimicking of Partial Cross Sections in the Vicinity of a Resonance [C.-N.
Liu and A. F. Starace, Physics Essays (in press)]

3
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Our recent analytical findings that resonance profiles in alternative partial cross sections
precisely mirror each other in the case that the Fano and Cooper correlation index, p2, tends to
zero is applied in this paper to recent experimental observations of unusual resonance profile
behaviors. Our analytical work is consistent with the following: (i) recent experimental
measurements of Li photoionization, in which the resonance profiles of the 2s 22p triply excited
state in the single and double partial cross sections exhibit opposite asymmetries [R. Wehlitz et
al., Phys. Rev. A 60, R17 (1999)]; (ii) high resolution measurements of the low-energy
photoionization spectrum of Ar by N. Berrah's group in which two (weak) resonances in the Ar +
3p5 (J=3/2,1/2) partial cross sections exhibit mirroring profiles, resulting in complete
cancellation in the total photoionization cross sections [ S. E. Canton-Rogan et al., Phys. Rev.
Lett. (in press)] ; and (iii) experimental findings that Auger line shapes in partial cross sections
show asymmetric line profiles, with the differences effectively compensating each other in the
summed (total) cross section to produce the expected Lorentzian line shape [R. Camilloni et al.,
Phys. Rev. Lett. 77, 2646 (1996)].
D. Non-Perturbative, Time-Dependent, Two-Active Electron Approach to
Photodetachment by Li- by an Ultrashort Laser Pulse [G. Lagmago Kamta and A.F. Starace]
We have modified an eigenchannel R-matrix code for two active electron systems so as to solve
directly the time-dependent Schrodinger equation for the case of a short, intense laser pulse. The
advantage of this approach is that electron correlation effects are treated accurately. Already we
have obtained above-threshold-detachment (ATD) results for Li' which show clear evidence of
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electron correlation effects. We are presently characterizing these effects and examining their
influence on each ATD photoelectron peak.
III. FUTURE PLANS
Our primary efforts in the coming year focus on the direct solution of the two-electron, timedependent, three-dimensional Schrbdinger equation. These large-scale calculations take full
account of few-body (i.e., Coulomb) correlations. Our goals are to obtain the first double
ionization cross sections for Li-; to obtain results for ejected electron angular distributions, both
in ATD processes and in double ionization processes; and to obtain evidence for the influence of
doubly-excited electron resonances on intense laser detachment processes.
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This research involves the experimental investigation of atomic processes occurring mainly in
collisions of fully-stripped and few-electron projectiles with neutral gas targets. Additionally,
studies of photon interactions with matter have recently been undertaken as well. Major
emphases are the study the electron-electron interaction in various collision phenomena, and the
investigation of connections to photoinduced processes. Much of this work involves the use of
atomic lithium and Li-like systems because of their unique and relatively simple structure.
~Results are of interest from both fundamental and applied points of view and are relevant to the
understanding of correlations in atomic structure and collision dynamics, including highlyexcited atomic systems.

I*

II. RECENT PROGRESS
1.One- and Two-K-shell Vacancy Production in Li by 95 MeV/u Ar 18+
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A comprehensive study of single K-shell excitation and double-K-shell-vacancy production in
atomic Li induced by 95 MeV/u Ar 8+ projectiles was recently completed. The measurements
were conducted at GANIL (Caen, France), and the work was done in collaboration with the
group of Dr. N. Stolterfoht, Berlin. At this high velocity (v/c = 0.42), excitation and ionization
should be well described by perturbation theories, and connections to photoinduced processes are
expected. High-resolution spectra for Auger-electron emission, resulting from the deexcitation of
or doubly-excited states, were measured for various electron emission angles. Both
single-K-shell excitation and double-K-shell vacancy production show strong dependences on
the electron emission angle. Single-K-shell excitation results mainly from dipole-like transitions,
showing that the fast ions can be considered a source of virtual photons. Experimental
anisotropy parameters for the (ls2snp) 2 p states resulting from single-K-shell excitation were
found to be in good agreement with predictions of the Born approximation.
In the case of double-K-shell-vacancy (i.e., hollow atom) production, the two K vacancies come
about mainly by ionization plus excitation of the atomic Li target, giving rise to excited states in
Li+ . Strong line intensities from the 2s 2 'S and 2s3s 3S excited states are explained in terms of
shake processes, providing direct spectral identification for the electron-electron (e-e) interaction
in producing the doubly vacant K-shell configurations. Production of the 2s3s 3S state, with
intensity greater than that of the 2s2 'S state, is attributed to a correlated double-shake process
that involves a dynamical manifestation of the Pauli exclusion principle. Production of the 2s2p
3P state is attributed largely to the dielectronic manifestation of the e-e interaction, resulting from
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slow electron emission, in which the mutual binary scattering of the two electrons causes a
transition. These results thus show that the shake and dielectronic contributions to the e-e
interaction can be separately identified from specific spectral features alone.
2. Formation of 2121' Autoionizing States in F8+ + Ne Collisions
Here we are concerned with two-electron transfer (capture) processes in intermediate-velocity
collisions between highly-charged ions and neutral target atoms. By isolating the specific states
associated with these two-electron transitions, insight into the nature of these transitions, as well
as the mechanisms responsible for producing them, can be gained. We have investigated the
formation of projectile autoionizing 2121' states for 0.5 - 1.75 MeV/u (4.5-8.4 a.u.) F 8+ projectiles
colliding with neon targets. These measurements were done at Western Michigan University
using the tandem Van de Graaff. Results for 0.75 MeV/u F 8+ + Ne are shown in Fig. 1. Based
on auxiliary measurements for a He target (not shown), we can infer that for the Ne target twoelectron transfer occurs either by double capture from the K shell, or from combined capture
from the K shell and the L shell. For the velocity range investigated, the relative probability for
K-shell capture from Ne is expected to increase with projectile velocity.
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Particularly noteworthy in the spectrum is the relatively small intensity of the I s(2s2p 3 p) 2p_
line, for which the captured electrons have their spins aligned. Based on the large ls(2s2p 3 P) 4P
intensity, for which the captured electron spins are also aligned, the ls(2s2p 3 p) 2 p intensity
might be expected to be greater than the ls(2s2p 'P) 2 p+ intensity, if the transfer of the two
electrons involved independent events. This is apparently not the case, however. The strong
suppression of the 2P. line suggests that quantum mechanical interference effects, resulting from
state mixing, play a significant role in the two-electron transfer process.
3. Double-K-Shell Vacancy Production in Li-like Ions Colliding with Helium
In work related to that described above for the production of hollow states in Li, double-K-shellvacancy production is being investigated for Li-like C 3+ ions colliding with helium, but at
intermediate (v < 10 a.u.) velocities. The focus of this work is to determine the mechanisms
responsible for producing these hollow states, and the role of the electron-electron (e-e)
interaction in their formation. To date, measurements have been conducted for 0.5-1.7 MeV/u
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ions colliding with He. This work is being done at Western Michigan University using the
tandem Van de Graaff accelerator.

A high-resolution Auger emission spectrum for 1 MeV/u C 3+ + He is shown in Fig. 2. In
addition to several single-K-shell excitation lines, the double-K-shell vacancy states that can be
~ ~Iidentified from this spectrum are the two-electron states 2s2p 3 P, 2s2p 'l, and 2p 2 'D and the
three-electron state 2s2p 2 2 S, for which two decay branches are observed (at -285 eV and 293
eV). Contrary to the results for atomic Li described above, no 2131' configurations can be
~ positively identified, while it is interesting to note that the three-electron double-K-shell vacancy
state 2s2p 2 2S, corresponding to double-K-shell excitation, is observed. The mechanisms leading
to the formation of these double-K-shell states are currently being investigated.
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4. Multi-particle Continuum States from the Photoionization of Atoms and Molecules
*U ~ A collaborative research effort to explore the dynamics of photoionization in atoms and
molecules is in progress. This work is being done at the Lawrence Berkeley Laboratory
Advanced Light Source (ALS) in collaboration with the Frankfurt (Germany) group of Prof. H.
Schmidt-Bbcking, the Kansas State group of Prof. C. L. Cocke, and M. Prior at Berkeley. The
experiments are made possible by the bright beams of ultraviolet light generated at the ALS and
an imaging technique used to simultaneously measure the momentum vectors of all outgoing
particles following photoionization. The kinematically complete final populations of the multiparticle continuum states produced in the double ionization of D 2 and Ne were determined.
~
Since D 2 (chemically identical to H2) is the simplest molecular species found in nature, these
studies allow a probe of the most fundamental interactions between radiation and matter.
Measurements of K-shell photoionization of heavier molecules such as CO provide insights into
the nature of electron scattering in molecular potentials.
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II. FUTURE PLANS
The primary emphasis of our research is the study of multielectron processes occurring in atomic
collisions. In particular, the nature and importance of the electron-electron (e-e) interaction in
giving rise to various collision phenomena are explored, as are connections to photoinduced
processes. New work will be conducted at WMU, and in collaborative efforts with researchers at
other universities and laboratories, thereby enabling us to carry out a comprehensive and
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complementary set of investigations of fundamental and applied processes occurring in atomic
collisions. Specific planned projects include: (1) production of hollow (i.e., doubly-K-shell
vacant) states in Li and other three-electron systems, (2) quantum-mechanical interference
effects in two-electron transfer processes for highly-charged ions colliding with neutral targets,
and (3) interference from intramolecular scattering in the photoionization of C2 H 2 molecules. In
addition to the work that will be done at WMU, studies will be conducted at Kansas State, the
ALS in Berkeley, and at GANIL (Caen, France).
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INTRODUCTION
Precision measurements in atomic systems are important to the analysis of data in many
areas of physics and provide fundamental information about atomic structure. Scientists in the
fields of astrophysics, geophysics, and plasma fusion all depend on oscillator strengths to
determine the relative elemental compositions. Often, relative values of oscillator strengths are
measured precisely. However, accurate atomic lifetimes are needed to obtain absolute values. In
addition, the interpretation of parity nonconservation (PNC) experiments requires accurate
knowledge of transition matrix elements. Many of these scientific needs are addressed theoretically
with sophisticated many-electron calculations of atomic structure. The measurements addressed in
this research program fulfill some of these needs experimentally with a precision that surpasses
current theoretical accuracy. Precision measurements play the important roles of assessing the
accuracy of many-electron atomic-structure calculations and guiding further theoretical
development. Alkali-like atoms, with a single electron outside of a closed shell, provide the
simplest open shell systems for detailed comparisons between theory and experiment.
This research program employs a variety of techniques for making precision lifetime
measurements in neutral and ionic systems. One highly developed technique is laser excitation of a
fast atomic beam. We use this approach in both ionic and neutral systems with short decay
lifetimes of order tens of nanoseconds. In the pursuit of these and other goals, the Experimental
Atomic Physics Group at Notre Dame has established an Atomic Physics Accelerator Laboratory at
Notre Dame (APALaND). We have also developed a second technique that employs delayedphoton coincidence counting with pulsed-laser excitation. We apply this technique for states with
lifetimes that range from 0.1 to 1 microsecond.
FAST BEAM LIFETIME MEASUREMENTS
We perform our fast beam laser work in our newly established accelerator laboratory that
includes a Danfysik accelerator with a hollow-cathode universal ion source. The accelerator is
capable of producing ion beams with energies that range from 20 to 200 keV. The beam line also
includes a charge exchange cell for the production of neutral atoms and other charge states. A
variety of laser systems are also in place: a Ti-sapphire laser pumped by an Ar-ion laser covers the
near IR wavelength region, a stabilized ring dye laser with frequency doubling covers the visible
spectrum and the near UV, and diode lasers are used to excite specific near IR transitions. The
design of the target chamber allows both longitudinal and transverse excitation.
During the past year, we published a paper on our fast-beam laser lifetime work performed
on the ' 3 Cs 6p 2 P 1 2 3/2 states [1]. This paper includes a detailed comparison of our results with

atomic theory as well as theoretical and experimental analyses of the beam divergence effect.
Understanding this effect is important in fast beam measurements where a measurement uncertainty
of less than 0.3% is desired. This paper also contains a detailed description of our beam velocity
measurements. We measured the fast beam velocity by observing the Doppler shift of the
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6s 2 S, 2->6p 2P3/2 resonance with a counter propagating laser beam. We used diode lasers for both
perpendicular and parallel excitation of the fast atomic beam. The diode laser systems is of our own
design, the details of which have been submitted for publication [2]. The system includes an airtight housing, a temperature controller, and a stable current source.
We are presently pursuing lifetime measurements of the cesium 7p 2P/2, 3/2 states. High
precision measurements of these lifetimes are important to the interpretation of fundamental
experiments and will demonstrate the capabilities of our new apparatus (shown in Figure 1). We
expect to substantially reduce the uncertainty present in our 6p P /2 3/2 results. The new apparatus
incorporates many improvements. A new fiber optic system collects light in a 360" annular ring
centered on the beam axis. The flexibility of the fibers allows the collection system to translate over
a range of 10 cm along the atomic beam direction. The annular configuration improves our
collection efficiency, and the cylindrical symmetry about the beam axis minimizes uncertainties due
to misalignments between the translation stage and the atomic beam axis. We have also constructed
a vacuum feedthrough comprised of 70,000 optical fibers that allows light to pass continuously
through the vacuum wall and into our cooled photomultiplier housings. The new fiber-bundle
feedthrough improves the coupling efficiency of photons to the detector. Additional changes
include a fiber bundle collection system before the laser interaction region to provide a continuous
monitor of the atomic beam background and a continuous laser power monitor. In reference [3],
we discuss the details of incorporating these additional signals into our data acquisition system.

Figure 1. Photograph of the lifetime apparatus in used at APALaND. As shown,
the atomic beam passes from right to left through the apparatus.

One of the primary advantages of our fast-beam technique is the precise time scale obtained
by direct measurement of the beam velocity. We have recently demonstrated an improved velocity
measurement using a calibrated etalon in conjunction with our wavemeter. In the past, our
wavemeter resolution limited our uncertainty in the velocity to 0.14%, which had been the single
largest contribution to the uncertainty of 0.27% in our current measurements [1]. We have
demonstrated the advantages of our etalon technique with investigations of the Li 2p 2 P,, 2 3/2
lifetimes. For these measurements, a dye laser was used to excite the 2s 2S,,2--2p 2P 3 /2 transition
along the atomic beam direction. The Doppler shift of the resonance was determined using a
calibrated solid etalon with a 6.8 GHz free spectral range. We improved our wavelength resolution
by a factor of 5 resulting in a velocity uncertainty of about 0.03% [4].
The versatility of the fast beam laser technique allows us to measure atomic lifetimes in
both neutral and charged atomic systems. Since the capability of measuring lifetimes with an
uncertainty below 0.3% has been well documented for neutral systems, we are expanding our
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project to include the measurement of lifetimes in alkali-like ionic systems. Measurements along an
isoelectronic sequence can reveal the importance of relativistic, spin-orbit, and electron correlation
effects. In addition, allowed lifetimes are sensitive to radial matrix elements that depend on the
electron wave function far from the nucleus. Core correlation and polarization effects also have an
influence on such lifetimes. Thus, precision measurements of lifetimes can guide theoretical
development by providing a means for testing theoretical wave functions at large radial distances.
These interests motivate our proposed measurements of atomic lifetimes in the singly ionized
alkali-like systems. Our laser wavelength capabilities cover the low-lying ns-np transitions in Ca+,
Sr+, and Ba+. With intra-cavity frequency doubling, our dye laser wavelength range can be
extended to include similar transitions in Be+ and Mg+.

PULSED LASER LIFETIME MEASUREMENTS
The technique of delayed-photon coincidence counting represents a new direction for our
program of precision measurements. With this technique, we have measured the cesium
5d D3/2 5/2 and Is 2S5/2 state lifetimes. These investigations were motivated by a reported
discrepancy between many-body perturbation theory calculations by Dzuba, et al. and a lifetime
measurement by other authors. With lifetimes of order 1 Ls, these states are not well suited for
measurement by our fast-beam technique. These measurements were performed in collaboration
with Prof. Andrew Sieradzan of Central Michigan University using a YAG-pumped pulsed dye
laser. The high intensity of this laser allows excitation of the 5d 2D3 , 5/2 states from the 6s 2 S /2
ground state via the weak quadrupole transition. The 5d 2D 3, 2 5/2 state lifetimes were obtained by
observing the delayed emission of decay photons in coincidence with the excitation pulses [5].
These investigations also motivated us to develop a pulsed diode laser system in our laboratory.
The system involves rapidly shuttering a diode laser with an acousto-optic modulator. The singlemode diode laser permits narrow band selective excitation of the excited state, unlike the YAGpumped dye laser. Our diode-laser expertise has also lead to a colaboration with a condensedmatter group at Notre Dame. The rapidly shuttered diode laser system was successfully used to
investigate the response time of superconducting optical detectors. Laser light with a 30 ns rise
time was directed at thin-film high-temperature superconducting detectors with repetition rates
ranging from 1 Hz to 100 kHz. The investigations succeeded in clearly discriminating between
different frequency-related mechanisms in the observed responsivity at the selected laser
wavelength. This work was published in reference [6]
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HYPERFINE ENERGY SPLITTINGS
A natural direction to take with our fast beam experiments is the investigation of hyperfine
energy splittings in ionic systems. Since the hyperfine interaction between the electrons and the
nucleus is small, it can be treated as a perturbation to the fine structure of an atom and can be
expressed through a series of multi-pole moments. The largest term describes the magnetic dipole
moment interaction between the nucleus the electrons, the second term describes the electric
quadrupole interaction, and the third describes the magnetic octupole interaction. Thus
measurements of hyperfine energy splittings can provide important nuclear structure information.
The series can be continued to include higher order multi-poles, but the strengths of the terms
decrease rapidly; in fact even the third term is often ignored. However, with the precision that can
now be achieved with laser spectroscopy, one might be able to determine the nuclear magneticoctupole moment of some atomic species. In particular, with a diode-laser frequency resolution of
about 1 kHz, we expect to determine the magnetic-octupole moment of the cesium nucleus.
We also propose measurements of hyperfine energy splittings in ionic systems for the
purpose of testing atomic and nuclear structure theory. The hyperfine structure of ionic systems
has not been as thoroughly studied as that of many neutral alkalis. We have demonstrated the
capability of observing hyperfine energy splittings with our fast beam apparatus during our
velocity measurement in cesium [1]. The hyperfine structure of ionic systems can be similarly
resolved in our accelerator because of the velocity compression that occurs during the acceleration
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process. These measurements can be performed in parallel with our lifetime measurements,
employing the same laser and detection technology.
CONCLUSION
In summary, precision measurements of lifetimes and hyperfine energy splittings provide
important atomic and nuclear structure information. These measurements also test atomic and
nuclear theories and are necessary for the interpretation of fundamental investigations in a variety
of scientific areas. In particular, cesium is the subject of a recent PNC experiment and
interpretation of this results in terms of weak interaction coupling constants requires the precision
measurements provided by this research program.
Support of this work is acknowledged from the Fundamental Interactions Branch, Division of
Chemical Sciences, Office of Basic Energy Sciences, U. S. Department of Energy.
REFERENCES
1. R. J. Rafac, C. E. Tanner, A. E. Livingston, H. G. Berry, "Fast Beam-Laser Lifetime
Measurements of the Cesium 6p 2 P,, 2

3/2

States,", Phys. Rev. A 60, 3648-3662 (1999).

2. V. Gerginov, D. DiBerardino, R.J. Rafac, S. T. Ruggiero, and C.E. Tanner, "Diode Lasers for
Fast-beam Laser Experiments," submitted for publication, 2000.
3. C. E. Tanner, "Laser Excitation of Fast Atomic Beams for Precision Lifetime Measurements,"
in Accelerator Based Atomic Physics Techniques and Applications, ed. by S. M. Shafroth and J.
C. Austin, AIP Press: New York, 1997.
4. D. DiBerardino, R. J. Rafac, D. M. Glantz, C. E. Tanner, "Laser Doppler Velocimetry of a
Fast Beam with a Temperature Stabilized Solid Etalon", Opt. Comm. 143, 118-124 (1997).
5. D. DiBerardino, C. E. Tanner, A. Sieradzan, "Precision Lifetime Measurements of the Cesium
5d 2 D and 1Is 2S/2 States using Pulsed Laser Excitation", Phys. Rev. A 57, 4204-4211 (1998).
6. S.T. Ruggiero, M.P. Mischke, C.E. Tanner, A.J. Wilson, L.R. Vale, and D.A. Rudman,
"Wavelength Dependent Photoresponse in YBCO Thin-Film Systems," IEEE Trans. Appl.
Superconductivity 9, 3182-3185 (1999).

177

I
*I|~~~
s|w~~~~~~

Coherent X-Ray Sources

~Laser-Produced
~~

Donald Umstadter, P.I.
Arbor (dpu@umich.edu)

~University
of Michigan, Ann

are slow to relax or that involve irreversible processes, in

I. PROGRAM SCOPE:

which the sample must be moved between shots due to

I|

*fast

mI

~

~I
CI

~on

With the development of ultrashort-duration optical
probes just over a decade ago, the subject of ultraphenomena has blossomed into a mature field, having yielded important discoveries about dynamics in the
fields of biology, chemistry, materials science and physics.
However, the long-wavelength of optical light has limited
the spatial resolution of direct ultrashort time-domain
measurements to the micron-size scale. (Furthermore,
optical wavelengths are unable to penetrate into the bulk
of most materials.) Conversely, while shorter wavelength
and more penetrating x-ray sources have enabled important discoveries in studies of phenomena that occur
the ultra-small size scale, they have not, until re-

damage by the pump.
It follows that there is currently a need for bright
sources that have keV-energy (within, or shorter wavelength than, the "water window"), femtosecond pulseduration, high peak-power, high spatial coherence and
that sit on a table-top. In order better understand the
physics of such light sources, we are currently studying
relativistic harmonic generation.

A. Relativistic nonlinear Thomson scattering

cently, had the ultrashort pulse durations of their optical
counterparts. But now with the development of tabletop high-peak-power optical laser systems, it has become
feasible to generate-for the first time-ultrashort-pulseduration x-ray probes. By extending the energy of ultrafast strobes from the eV- to the keV-energy range, they
enable a marriage between observations on the ultrafast with those on the ultra-small scales, giving scientists
novel and exciting research capabilities.
Ultrafast x-rays can be applied with advantage to most
~ ~I any problem that is currently studied with longer pulseduration light sources, such as synchrotrons and freeelectron lasers. Processes that occur on the subpicosec~~ond time-scale are particularly suitable, including photosynthesis and conformational changes in ultrafast biology
and chemistry, inner-shell electronic processes in atomic
systems, and phase transitions in materials science.
The most obvious advantage of laser-produced x-ray
sources is their compact size (table-top) and affordability
(<$500k), features which potentially permit their operation at university, industrial and hospital labs. Ultrafast
laser-driven x-ray sources are also particularly advantageous in the study of photo-initiated processes, since in
this case the optical pump and x-ray probe are absolutely
synchronized to each other, being derived from the same
laser. Also, in cases where there is significant absorption of the x-ray probe pulse (such as in-vitro imaging
of live biological cells), the sample is often destroyed by
the probe due to radiation damage. Thus, in order to
acquire an image before the occurrence of blurring from
heat-induced motion, a single-shot pump-probe measurement with ultrashort-duration and high-peak-power x*~I
rays is required. Low-repetition rate, laser-produced xray sources are also best suited for studies of systems that
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Ultra-high-peak-power lasers now make it possible to
create a sufficient photon density to study Thomson scattering in the relativistic regime. With increasing light
intensity, electrons quiver during the scattering process
with increasing velocities, approaching the speed of light
2
when the laser intensity approaches 1018 W/cm . In
this limit, the effect of light's magnetic field on electron
motion should become comparable to that of its electric
field, and the electron mass should increase because of the
relativistic correction. Consequently, electrons in such
high fields are predicted to quiver nonlinearly, moving in
figure-eight patterns, rather than in straight lines, and
thus to radiate photons at harmonics of the frequency
of the incident laser light, with each harmonic having
its own unique angular distribution. This is referred to
as nonlinear Thomson scattering or relativistic Thomson
scattering.
Previously, we observed the generation of the second
and third harmonics, with their unique angular patterning, originating from this process (1]. Nonlinear Thomson scattering itself is not suitable as a x-ray source,
because of its incoherence, uncollimation, and low efHowever, coherent harmonic generationficiency.
utilizing nonlinear Thomson scattering and collective
plasma motion-may be a feasible way to generate xrays. With this in mind, we more recently observedfor the first time-phase-matched relativistic harmonic
generation in plasmas [7]. Third harmonic light was detected and discriminated spectrally and angularly from
the harmonics generated from competing processes. Its
angular pattern is a narrow forward-directed cone, which
is consistent with phase-matching of a high-order transverse mode in a plasma. The signal level is found to be

on the same order of magnitude for a circularly polarized
pump pulse as for a linearly polarized pump pulse.
In this experiment, we used a Ti:sapphire-Nd:glass
laser system based on chirped-pulse amplification that
produces <2-J, 400-fs pulses at 1.053-pim wavelength.
The 50-mm-diameter laser beam was beamsplit into two
beams. The first beam was sent to a type-II KDP crystal to produce a second-harmonic pulse which was then
focused by an f/3 off-axis parabolic mirror into the center of a gas jet (hydrogen or helium, with a flat top of
750 Ilm in length and a gradient of 250 jm) to pre-ionize
the gas into a plasma (i.e., used as a prepulse). The
second beam, the pump pulse, was sent through a delay line to vary its temporal delay and then through a
half-wave waveplate and a thin-film polarizer to vary its
energy. After that, it was focused by an f/3.3 lens onto
the same gas jet with its focus overlapping with, and
its direction collinearly counter-propagating with respect
to, that of the second-harmonic prepulse. The prepulse
has a focal spot of 12 jm FWHM (full width at half
maximum), and the pump pulse has a focal spot of 14
lm. In this experiment, the prepulse energy was fixed
at -90 mJ, corresponding to a peak vacuum intensity
of 2 x 1017 W/cm 2 , which is three orders of magnitude
higher than the ionization threshold of hydrogen, enough
to produce a plasma column of >50-pim diameter. The
pump-pulse intensity was varied by adjusting the halfwave waveplate and the maximum was about 2 x 1017
W/cm 2 , which corresponds to a normalized vector potential ao = 8.5 x 010-10,A[m]1f/2[W/cm 2 ] = 0.4. The
polarization of the prepulse was set to be linearly polarized, and that of the pump pulse was controlled to
be either linearly polarized or circularly polarized by use
of a quarter-wave waveplate located before the focusing
lens. For the data presented below, the pump pulse was
linearly polarized.
The third harmonic light generated by the pump pulse
and emitted in the forward direction was collected by
the focusing parabolic mirror of the prepulse and was
then separated from the prepulse and the pump pulse by
passing through a 527-nm-wavelength and a 1053-nmwavelength high-reflection dielectric mirrors. It was then
diagnosed with an imaging grating spectrometer and a
beam-pattern imaging system. The use of a prepulse
at the second harmonic is to make sure that it cannot
produce harmonics at the wavelength of third harmonic
of the pump pulse. The delay of the pump pulse was
set such that the pump pulse entered the plasma 7 ps
after the prepulse passing through the gas jet, avoiding
the mixing of the prepulse and the pump pulse in the
plasma to generate the third harmonic but not allowing
enough time for recombination. No significant change in
the third harmonic signal was observed when the delay
was varied from 5 ps to 20 ps.
The forward-propagating third harmonic beam was
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collimated by the parabolic mirror, which converted the
angular pattern of this emission into the transverse intensity pattern of the collimated beam. Therefore, by
imaging the latter with a CCD (charge-coupled device)
camera and matching narrow bandpass filters, we obtained the angular profile of the third harmonic. Fig. 1
shows the angular pattern of the narrow unshifted third
harmonic signal for a hydrogen gas density of 1.5 x 1019
cm - 3 and a pump laser intensity of 1.7 x 1017 W/cm 2
with the prepulse [7]. It shows a cone with a radius (cone
angle) of 5.62° and a ring width of <0.44°. The narrow
angular width (<0.44°) of the cone is strong evidence for
good coherence (phase matching) of this third harmonic
beam, as compared to the broad angular width (>30°)
of the angular pattern of incoherent harmonic emission
from single-particle relativistic Thomson scattering [1].

5.2

FIG. 1. Angular pattern of the third harmonic generated
for a plasma density of 3 x 1019 cm - 3 and a pump laser intensity of 1.7 x 1017 W/cm 2 , when a prepulse is used.

III. FUTURE PLANS:
A. Symmetry-Breaking
We will investigate and identify the mechanism that
breaks the symmetry and thus permits the observation
of harmonics with circular polarization. Several possibilities are the excitation of a plasma wave or the existence
of a channel.
The relative role of these two possibilities will be investigated by varying the time delay and
intensity of a prepulse.

B. High-order Harmonic Generation
We are in the process of studying the conversion efficiency into the various harmonics as a function of harmonic order. A Seya-Namioka mount ultraviolet spectrometer will permit us to measure out to the thirtieth
harmonic.
A Hettrick mount XUV spectrometer will
permit us to measure out to the 200th harmonic.
In
either case a multichannel-plate detector will be used.
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Phase-Matching

In the direction of propagation of the laser beam, the
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harmonics produced from individual electrons are added
coherently, leading to high conversion efficiency and good
coherence. However, because of the mismatch between
the phase velocity of the laser beam and that of the generated harmonics in a plasma, the harmonic pulse become
180° out of phase with the pump laser pulse after propa-

drive an electron plasma wave with a laser beat wave
produced by collinear co-propagation of two laser pulses
with different wavelengths (Ao, Ao + Ao). The direction

of propagation of the laser beat wave should be opposite to the relativistic-intensity pump pulse. The quasiphase-matching condition is satisfied when the wavelength of the electron plasma wave, which is determined
by A A0 (Ao + AAo) /AAo, is equal to 4Ac.

gating a certain distance (the detuning length Ac). This(a)
results in the occurrence of the opposite process, i.e., the

Akali

conversion of energy from the harmonic pulse back to the
pump laser pulse. The process reverses again after another detuning length, i.e., when the harmonic pulse is in
phase with the pump pulse. As a result, the intensity of
the harmonic pulse as a function of the interaction length
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~

just oscillates between zero and the maximum (the saturation intensity Isat) with a period of 2A,, as illustrated
~ in Fig. 2(a). This leads to a serious problem that the increase of the interaction length cannot increase the con~I version efficiency. Furthermore, the maximum intensity
of the harmonic pulse and the detuning length decrease
with higher harmonic number, making the generation of
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x-ray pulses ineffective.
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The same problem occurs for harmonic generation in

~ ~*crystals. However, two methods has been used to satisfy
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the phase matching conditions: one is to use the birefringence of crystals, and the other is quasi-phase-matching.
The former method can not be used for nonlinear Thomson scattering because the polarization of the harmonics
are the same as the pump laser pulse and the plasma
is isotropic without strong external fields. The latter
method
if
method requires
requires the
the creation
creation oof aa longitudinal
longitudinal plasma
plasma
grating (periodically interlacing layers of plasma and vac-

FIG. 2. Quasi-phase-matching scheme for increasing the
conversion efficiency of harmonics generated through nonlinear Thomson scattering: (a) The mismatch of the phase velocities of the pump pulse and the harmonics results in the
saturation of the intensities of the harmonics in one detuning length. (b) Quasi-phase-matching can be obtained by the
use of periodically interlacing layers of plasma and vacuum.
(c) Such a plasma-vacuum interlacing structure can be created approximately by laser beat waves driving an electron
standing wave through laser ponderomotive force.

~~uum in the direction of beam propagation) with a period
equaling two detuning lengths (each layer one detuning
length). In the layer of plasma, the harmonic pulse grows.

The detuning length A, is a function of both plasma
density and pump laser intensity when the pump inte1-

In the next layer (vacuum), although the harmonic pulse

sity is relatiistic i.e.

is 180° out of phase, its intensity stays the same because
there is no plasma to convert the energy. After this layer,
the harmonic pulse is in phase with the pump laser pulse
again, and its grows in the following layer of plasma.
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In this way, the harmonics can grow with increasing interaction length and a high conversion efficiency can be
obtained for a long gain medium.
It is difficult to create such a perfect plasma grating; however, a good approximation such as a sinusoidal density perturbation of plasma or just electrons
can be produced relatively easy. For instance, a slow-

where n is the harmonic number (note that only oddnumber harmonics can be generated by coherent nonlinear Thomson scattering in the forward direction),
Ao is the vacuum wavelength of the pump pulse, wp
is the plasma frequency which is linearly proportional
, ao = 8.5 x
1i
to plasma density, -y =

phase-velocity (quasi-stationary) ion acoustic wave may

10-lOAo[/nm]I1/ 2 [W/cm2 ], and I is the pump laser in-

be excited through modulational instability. In addition, a standing electron plasma wave can be driven by
the ponderomotive force of a laser standing wave produced from the collision of two counter-propagating laser
beams, as illustrated in Fig. 2(c). Another method is to

tensity. As a result, the choice of the specific harmonic
that is quasi-phase-matched can be made by changing
plasma density and/or laser intensity, as shown in Fig. 3.
Take the case in which the plasma standing wave is
created by beating of two counter-propagating 0.8-/,mwavelength long pulses as an example. The period of the
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plasma standing wave is equal to 0.4 iLm. At a plasma
density of 5 x 1019 cm- 3 (5 x 1018 cm- 3 ), the 154th
(1550th) harmonic is quasi-phase-matched for 1 x 10 18W/cm 2 pump intensity, and the 255th (2560th) harmonic
is quasi-phase-matched for 1 x 10 19-W/cm 2 pump intensity. When the quasi-phase-matching condition is met,
,the intensity of this secific harmonic can be increased
the
intensit of this sei
harmonic
.
can be increased
by a factor of (L/2c) , which is seven orders of magnitude for a plasma length of 600 H/m in this case.
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FIG. 3. The detuning length of harmonic generation as a
funtion of the harmonic number for various plasma densities
and pump laser intensities: (a) 5 x 10 9 cm- 3 , 1x 10-W/cm2,
(b) 5 x 1019 cm- 3 , 1 x 101-W/cm 2, (c) 5 x 1018 cm- 3
1 x 10' 8 -W/cm 2 , and(d) 5 x 1018 cm - 3, 1 x 10' 9 -W/cm 2 .
Without (quasi-)phase-matching, coherent (or partially coherent) harmonics may be generated and emitted in a cone of a specific cone angle 0o. One example of
such coherent third-harmonic cone is shown in Fig. 1. A
simple model shows good agreement with the observed
emission [7].
For the parameters of the experiment,
Ne = 1019 cm- 3 (Ap = 11 /tm) and ro = 12 /m, we
find 0 = 5.3° and A0 = 0.42°, which are in approximate agreement with the measured values (0 = 5.62°
and 60 = 0.44°).

D. Advantages of Plasma Harmonics
Generation of x-ray pulses through coherent nonlinear
Thomson scattering has several advantages. First, the
duration of the harmonic pulse is roughly equal to the
duration of the pump laser pulse. That is, femtosecond
x-ray pulses can be produced if femtosecond pump laser
pulses are used. Second, x-ray production via high harmonic generation of a laser beam can have great spatial
and temporal coherence. Also, the dispersion due to the
free-electron component does not limit the conversion efficiency as it does in the case of harmonics from electrons
initially bound to atoms. Lastly, the conversion efficiency
can be increased if the interaction length is increased by
using, e.g., plasma waveguides.
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