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1 Research Progress Report

Research during the last year of my grant and its two year, no-cost extension, continued to con-
centrated on the development and application of two theoretical models for atomic structure cal-
culations, in general, and transition probabilities, in particular:

1. non-relativistic calculations where relativistic effects are included through the Breit-Pauli
approximation which captures the lowest-order corrections, and

2. fully relativistic calculations based on a multconfiguration Dirac-Hartree-Fock (MCDHF) the-
ory which may include also QED corrections and the effect of the finite size of the nucleus.

Variational configuration interaction methods were used in both cases where the wavefunction ex-
pansion is in terms of configuration state functions constructed from one-electron orbitals. Though
the theories underlying these two formalisms are very different, computationally they are similar
except for the fact that the Dirac-Hartree-Fock approach is considerably more computationally
intensive.

In each case, the correlation interactions within a many-body system need to be accounted
for in an accurate calculation. In many-body perturbation theory for relatively simple systems
such as one or two-electrons outside closed shells, these are represented by classes of diagrams.
In our work, where we wish to deal with arbitrarily complex systems, we use rule-based methods
instead which are similar to those first introduced in quantum chemical applications. These rules
are applied to orbital sets which are allowed to increase in size in a systematic fashion in order to
determine convergence of an atomic property. In order to deal with more complex cases to higher
accuracy, the codes for the two models have both been adapted to parallel execution using MPI.
Some problems still remain with the MCDHF version but we hope to get those under control soon.

Three questions have motivated our research:

1. What rules are needed to adequately account for the effect of correlation on an atomic property
of a many-electron system? Classes of correlation corrections have been identified – valence
correlation (correlation among outer electrons), core-valence (representing the polarization of
the core by outer electrons), and core-core correlation. For transition probabilities, One of the
big advances in terms or accuracy has been the realization that outer or valence correlation
alone may not be enough – core valence can have an appreciable effect at the 1-5 % level, and
in some cases also correlation in the core.

2. When is the simpler Breit-Pauli calculation adequate? Or should the Dirac-Hartree-Fock
methods always be used because the underlying physics theory is more correct? For light
atoms, transition data depends on details of the computational procedure. How can reliable
data be obtained?

A list of publications that appeared in since 2001 are given in the Appendix I. Not listed are
posters presented at numerous conferences.

Postdocs and students supported are listed in Appendix II

2 Breit-Pauli calculations for Be-like to Ar-like spectra

For many years we have investigated isolated transitions or multiplets. Our understanding of the
application of the Breit-Pauli method has reached the stage where ”spectrum” calculations seemed
feasible. By this we mean, wave function calculations for all the levels up to a certain region of
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the spectrum. For complex spectra, it became necessary to implement a feature in the Dirac-
Hartree-Fock of optimizing on an energy functional that is a weighted linear combination of energy
expressions. This allowed us to obtain a basis that simultaneously gave good descriptions of the
different terms. This was useful in that our current Breit-Pauli code assumes one common orbital
basis. With this code, modified for parallel execution, we have performed calculations for Be-like
(4 electrons) to Ar-like (18 electron) atoms and ions, often for nuclear charges up to Z=30. The
results for Be-like to Ne-like have been published [1] and Na-like to Ar-like has been accepted [2].

3 The MCHF/MCDHF Database

Large amounts of data are generated. By computing all transitions between levels, we are able
to produce tables of energy-levels with lifetimes and tables of transition probabilities. These are
posted on the web at

http://atoms.vuse.vanderbilt.edu

Initially, only the tables were posted but more recently, a search capability was added that
allows the user to select the information to be displayed. At the same time, the system compares
the computed energy levels with levels based on observation as displayed in the NIST Atomic
Energy Level Database [3]. This information as well as the discrepancy in gauges for electric dipole
transitions, provides some indicators of accuracy. At the same time, a number of errors in the
classification of levels have been found.

Our database is part of the GENIE search engine (http://www-amdis.iaea.org/GENIE/) sup-
ported by the International Atomic Energy Agency (IAEA).

4 Cases of Special interest

In addition to the systematic calculation of transition probabilities for iso-electronic sequences, a
number of calculations have been carried out in collaboration with scientists from a variety of fields.

1. Experimentalists interested in long lived states for which measurements can be made using
the Stockholm storage ring have been investigating lifetimes of negative ions [4]. A number
of their measurements have been confirmed.

2. Astrophyisicsts were interest in transition probabilities between levels of 3d5 in Fe IV [5].
Earlier calculation for only a few transitions have been extended to all sixteen LS terms and
37 levels. These are the most accurate levels to date.

3. As a first step towards the study of time reversal and parity violation, the hyperfine properties
of the 3D2 in radium as well as the transition probability for the 7s7p 3P1– 7s6d 3D2 transition
were investigated using the Dirac-Hartree-Fock theory [6].

5 Future activities

Several projects have not been completed.

1. The atomic structure codes – non-relativistic, Breit-Pauli, and Dirac-Hartree-Fock – are in
the process of being documented in preparation for submission to Computer Physics Com-
munications. Both serial and parallel versions are available.
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2. The present variational codes are all based on the numerical solution of differential equations.
A feature of differentail equations is that they are plagued by a series of special cases. Through
the use of a B-spline expansion of orbitals, the variational procedure can be applied to the
energy functional in terms of such an expansion and leads to non-linear equations of eigenvalue
type for which can be solved using carefully developed numerical LAPACK routines. This
application will be developed as time permits.
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APPENDIX I
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APPENDIX II
Postdocs and Students

1. Dr. Baek Il Nam, from South Korea, was supported for a year beginning September 21, 2001

2. Dr. Georgio Tachiev, who had been a postdoc for more than three years beginning in 1997 and who
designed and implemented our database, made visits during 2003 and 2004.

3. A graduate student was employed for the eight months of January - August of 2004.
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