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ABSTRACT

The main effort of the project was directed this year
to the incorporation of many-body theory techniques into the

mainstream of atomic theory. This task appears to have been

concluded successfully. Other tasks have progressed reasonably,

including a new one on the properties of highly stripped ions.
On the other hand lack of suitable personnel has prevented the

further development of last year's important achievements on

the two-electron systems and on R-matrix methods. Participa-

tion in Conferences and in related activities, designed to
increase the,influence of our earlier developments, appears to

have been successful but has absorbed appreciable efforts.
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1. Scope of the Report. This report covers the scientific

activity of the following personnel:
a) U. Fano, Principal Investigator, nearly 100% of research

activity.
b) Tu-Nan Chang, Research Associate, supported for 11  months.
c) Graduate Students, supported for 12 months by this project:

G. Strinati
C. E. Theodosiou

In addition it reflects continuing part-time collaboration with at
least half-a-dozen former members of the project and other associates.

2. Fitting Many-Body Theories into the Theory of Atomic Spectra
and Collisions. Gross features of experimental photoabsorption spectra,
which were not accounted for by ordinary theory, were reproduced around
1970 by the RPA form of many-body theories. This approach,and related

ones, have yielded additional successes in interpreting or predicting
results of photoabsorption and also of collision experiments. Yet the

approaches were not only foreign to ordinary atomic theory in their
origins, but also difficult to reconcile with it in any detail and dif-
ficult to extend beyond the excitation of closed shells, or into a
systematic procedure of successive approximations. These considerations
led Fano, early in 1972, to initiate attempts to develop ordinary atomic

theory in a manner that would encompass and generalize the RPA results.
Early efforts in collaboration with Starace and Lin were unsuccessful;
the extension to open shell atoms was spun off to Armstrong (Johns

Hopkins) who has now obtained concrete results in collaboration with
Starace. Renewed efforts, involving over one year of Chang's time and
half a year of Fano's, have now produced the desired results, in the

form of two large papers (COO-105 and 110) whose publication is still
pending.

Briefly, the Schroedinger equations for one excited (or ionized)
state wave function Me of an N-electron atom and for a ground state

wave function 9  are combined into a single equation for the product

9 9 * which  conStitutes a density matrix for the transition g -e.  Inte-eg
gration over the coordinates of N-1 electrons yields the equation for
a single-particle matrix, analogous to that introduced by Lowdin in
1955 for the study of ground states alone rather than of transitions.

However, the electron interaction terms of this equation depend also
on a two-particle density matrix, whose determination would require

the solution of a different equation, obtained by integrating away
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only N-2 electron coordinates. Thus we actually face a hierarchy

of equations which must be solved by some truncation approximation,

unless one wants to solve the complete problem of N electrons.

(This situation is familiar from statistical mechanics.)

This formulation has permitted us to do the following:

a) To identify the basic linearization approximation of the

RPA method as a particular prescription for truncating our

hierarchy. Successive approximations are to be obtained by a

succession of alternative prescriptions for truncation.

b) To eliminate angular variables by an extension of the usual

procedures of atomic theory, whose formulas are developed in the

second of our papers.

c) To reduce the problem to the calculation of a set of radial

wave functions which represent the excited electron and a pertur-

bation of ground state electrons. This calculation involves the

solution of a system of Hartree-Fock equations which appears com-

putationally far more economical than the current RPA methods.

.. The development of numerical applications is now to be under-

taken by T.N. Chang at his new location at the University of Southern
California. Our project thus need no longer concern itself with

this task except for winding up the 'reports on work completed.

3. Variation of Atomic Properties Along the Periodic System.

Studies of this general topic have been mentioned in earlier re-

porting periods.  They have eventually led this year to the com-

pletion of a Review of Modern Physics article by Fano and Theodosiou
and by Dehmer (from ANL staff) (COO-107); the article is scheduled
for the January 1976 issue and is described below as item a). This

article deals with neutral atoms only, but the opportunity to

extend the work to highly stripped ions emerged from visits by

Fano at the AEC headquarters and at CTR-related NBS activities in
September '74.  A tentative plan for such a study was outlined

at that time in a memo from Fano to Kolstad (copy enclosed); its

initial implementation is described below as item b).
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a) Under the title "Electron-Optical Properties of Atomic

Fields" we point out that a broad range of diverse atomic phenomena

depend on just a pair of related properties of atomic fields; one

is the amplitude ratio of electron radial wave functions near the

nucleus and outside the atom, the other is the phase shift exhibited

by the same wave functions outside the atom. The variations of

these two properties as functions of energy and of the atomic number

of an element are in part.smooth but may also depend sensitively on

a delicate balance of forces at the edge of atoms, particularly for
electrons with large angular momentum.  The article reviews physical

considerations and computational methods for studying these prop-

erties, presents sample results and discusses their applications.
While the results need not be accurate, they provide a ready bench-

mark for planning or for assessing more accurate calculations or

experiments.

b) CTR and other plasma activities have stimulated numerous
scattered studies of the spectroscopic and collision properties of

highly stripped ions. Our purpose in this field is to provide the

same conceptual framework and benchmark data for all ions of all

elements, as we have been providing them for neutral atoms.  To this

end we proposed to combine partial resources from this project,

from an ANL-RER project on atomic properties under Dr. Inokuti,

from the NES Optics Division and from S. T. Manson's group at

Georgia State College in Atlanta. In fact, ANL has provided thus

far self consistent fields for all ions with Z between 17 and 37

and some analysis, Theodosiou has utilized these results for a

number of applications, and other applications have been made by

Manson's group.  A preliminary report on these activities (COO-109)

has been presented recently by Manson at the Conference on Beam-Foil

Spectroscopy; its text will be forwarded separately.
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4. Angular Distribution of Collision Products. Theodosiou

has been examining the structure of the Born-approximation theory

of inelastic electron collisions with the specific goal of ex-

plaining unexpected features of the distribution of autoionization

electrons from sodium vapor resonances observed by Mehlhorn's

group at Freiburg.  In the course of this effort he noted: a) that

the usually dominant dipole excitation process is in fact weak

under the conditions of the Freiburg experiment, which makes

anomalous results quite possible, and b) that a new type of mapping

of the integrand of certain analytical expression provides a good

basis for predicting experimental results. This initial work gives

promise that Theodosiou's study will be concluded in the form of

a publishable thesis within the next year.

5. Application of Atomic Points of View to Crystal Lattice

Phenomena. Our work has stressed in the past the R-matrix point

of view according to which the complications of an atomic or molec-

ular process are confined within a limited volume where electrons
1' are closely correlated. Any electron that emerges from that volume

moves, by contrast, in a rather simple, approximately central field,

whereby its further motion can be treated easily and accurately.

The net effect of the complications in inner volume is thus repre-

sented by the boundary conditions on its surface, which are re-

quired to specify the further motion of any electron that escapes
into the outer field. We have been intending for several years to
apply the same point of view to crystal phenomena, e.g., to the

escape of a photoelectron that leaves behind a localized inner-

shell vacancy in a particular crystal cell. To this end we must

learn how to represent the photoelectron's motion in the crystal

field that surrounds the particular cell much as we do for the

field that surrounds a free atom. In particular we aim at iden-

tifying, for the crystal field, the analog of spherical partial

waves of specified angular momentum and the density of states for
these waves.
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Only preliminary moves were made toward this goal in past

years, with marginal support from this project, while we were

looking for separate support. Thus Fano published an initial

note (COO-80  in 1973 and in 1974 he stressed in a conference
report (COO-91) the experimental evidence for the role of partial
densities of states. (Incidentally, his remarks have since been

developed to partial fruition by independent workers, Phys. Rev.
Letters 34, 956, 1975.)  Late in 1974, as we were encouraged to

press on this task as part of the present project, Strinati under-
took it on a full time basis.

He has now shown how to obtain, from the band structure and

the Bloch waves of a crystal, the analogs of spherical partial

waves and their densities of states for each symmetry species of

the crystal's point group. These results have been reported in

a paper (COO-108) whose publication has met with initial dif-

ficulties in the absence of explicit applications. Extension of

this work is now in progress.

6. Other Activities.  T.N. Chang has brought to completion

and prepared for publication (COO-105) a calculation initiated
much earlier with Professor R.T. Poe on the double photoionization

of neon. This work has attracted much attention - even though it

will appear only in October - because it is the first of its kind

that displays the separate contributions of different processes,

e.g., of shake-off, ejection of a second electron by collision of

the primary photoelectron, virtual Auger process, etc. These

contributions cancel each other in part; they are also shown to

vary in relative importance depending on the incident photon energy.

The work has also proven timely because experimental studies of this

process have become more accessible and accurate this year.

Work initiated last year by former students as a part of this
project has been completed and published this year at their new

locations. Thus Lee has completed an R-matrix analysis of the Cs

photodetachment experiments by Lineberger et al. This analysis has
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reproduced a pair of sharp resonances below the doublet 6p thresholds

by fitting a small set of .semi-empirical. parameters (COO-102) and
is intended to serve as a prototype for analogous studies. Lin

has applied his analysis of two electron correlations to .reproduce

the H- bound state energy wave function in hyperspherical co-
ordinates as well as the e-H elastic scattering at low energies.

Fano has devoted considerable efforts to drawing the attention

of colleagues more sharply toward recent experimental and theoretical

developments that appear particularly critical.  A comment (Coo-106)

is being published on the diverse manifestations of centrifugal

barriers, which occur, e.g., in x-ray emission as well as in optical

absorption spectra and which appear to depend critically on the
chemical state of an atom. Data have been gathered from corres-

pondence on the striking and still unexplained phenomenon by which

He resonance light excites or ionizes simultaneously both valence
electrons of barium with a large cross section.

A nded has been felt to keep refining and reformulating
           theoretical concepts developed in past years which have not proven

readily accessible to other workers because of their very novelty.

Invitations to Conferences and Summer Schools have been utilized

as vehicles to this end not only through the presentation of talks

but also through the preparation of new published versions of the
relevant material. A review of the quantum defect and frame trans-

formation theories (COO-101) is appearing in the September 1975

J. Opt. Soc. of Am. A further analysis of the radial and angular

correlations of two excited electrons (COO-111) will appear among

the invited papers of the IX ICPEAC and more extensive presentations
of this and related materials (COO-112) will appear in the volume

of the recent NATO Advanced Study Institute.on Many-Electron Inter-

actions. The participation at this Institute of 11 present or

former members of this project (out of a total attendance of -70)

as well as the apparent attention and reaction to our participation

and talks at various meetings indicate a success of the efforts

devoted to such talks.
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