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Twenty years ago, two classic articles by George
Schulz (1973a, 1973b) appeared in this journal. The sub-
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ject of the first, “Resonances in electron impact on
atoms,” is really the same as that of the present paper,
but the difference in the titles reflects the evolution of the
field in the intervening years.

Up to 1973, the principal means of studying negative-
ion resonances—a term denoting states in which an elec-
tron and a neutral atom are associated transiently —was
by electron-atom collision processes. Since then, several
alternative techniques have emerged, such as laser photo-
detachment spectroscopy and negative-ion—-atom col-
lisions, which yield complementary information on these
states. There have also been substantial advances in ex-
perimental work on electron-atom scattering itself, which
include, for instance, the development of polarized elec-
tron sources and parallel detection methods. The scope
of theoretical work has expanded greatly, not only
through the deployment of more powerful computational
techniques—for example, the R-matrix, variational, and
coordinate rotation methods—but also via the advent of
new descriptive and taxonomical tools such as the hyper-
spherical and group-theoretic approaches.

Most of these, and other related topics, have been re-
viewed separately in articles to which we refer below.
What has motivated us to take on the rather daunting job
of updating Schulz’s encyclopedic article is another,
more gradual development that has been occurring in all
branches of atomic physics. This is the ever-increasing
number of confrontations with systems that cannot be
well understood in terms of the standard independent-
particle, central-field model of atomic structure and col-
lisions. These have created a demand for alternative
descriptions, in which the correlation of electronic
motions can be represented in a convenient way. The
need for such descriptions arises generally in the inter-
pretation of multiple excitation phenomena, whether in-
volving laser-atom interaction at high intensities, excita-
tion of subvalence electrons, or multicharged ion-atom
collisions. It is well known that negative ions are ex-
tremely sensitive to electron correlation effects. Thus a
comprehensive understanding of negative-ion spectra
may serve both to delimit the domain of applicability of
the independent-electron picture and to aid the develop-
ment of a more general understanding of correlated sys-
tems.

Indeed, there has recently been quite substantial pro-
gress in describing the motion of two electrons in a cen-
tral field in terms of quantum numbers appropriate to the
pair rather than to the individual electrons (e.g., Rau,
1983; Feagin and Macek, 1984; Klar, 1986a, 1986b; Rost
and Briggs, 1991). It is possible that such treatments
could unify the description of doubly excited states to the
same degree that quantum-defect theory has done for
singly excited states. The doubly excited states that are
most effectively treated by these approaches are of a type
which occur prominently as negative-ion resonances.
Thus the existing experimental and computational data
on resonances provide a natural basis for delineating the
range of validity of new theoretical concepts in applica-
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tion to real atomic systems.

We have also written this article in the hope that it can
serve as a central reference source of critically evaluated
data on atomic negative-ion resonance properties. This is
a function that, to our knowledge, is still performed only
by Schulz’s article. Accordingly, our review of theoreti-
cal and experimental techniques is intended primarily to
summarize advances that have taken place since 1973,
and especially with a view as to how they have increased
the quality or comprehensiveness of experimental data.
More detailed accounts of particular experimental and
theoretical approaches can be found in the review articles
cited in Sec. I.B.

To aid in the attainment of these two goals, we have
developed a more or less uniform nomenclature for reso-
nance states, which is based on the now widely accepted
terminology for noble-gas resonances introduced by
Brunt et al. (1976). It may seem presumptuous for us to
assign names to things discovered by others, but it really
is necessary to do so in cases where the same states, or
several among a group of obviously related states, have
been investigated by wholly different methods. We must
also plead that there are only a few cases in which we
have supplanted an ancient and illustrious title. There
are some regularities in autodetaching spectra that seem
to us to be indisputable, though their origins and implica-
tions may be still controversial. This is the reason for our
assigning simple names (e.g., a,, a,, b,, etc.) without hid-
den. connotations. On the other hand, we have invested
some effort in classifying resonance states in the usual
terminology of atomic spectroscopy. There are few mea-
surements that give unambiguous information on the an-
gular momentum and parity of resonance states, and, of
course, any more specific identification of a state (e.g., by
electronic configuration) must be based on some theoreti-
cal model. The body of theoretical calculations, in many
different approximations, that has developed over the
past two decades provides a basis for confidence in many
assignments, in the sense that they correctly identify the
dominant configuration of the many-electron wave func-
tion. There remains a number of cases in which no
theoretical consensus nor observed systematic behavior
provides a clear guideline for assignment of
configuration; in these instances we mention the most
plausible alternatives. Other classification schemes,
based on hyperspherical and group-theoretic descriptions
of the motion of two electrons in a Coulomb field, are
used when appropriate. One of the intellectual chal-
lenges of the study of negative-ion resonances is to meld
the description of an excited electron pair, in terms of
novel quantum numbers, to that of the ion core, which
usually is adequately approximated by a single
independent-electron configuration.

One respect in which we do not attempt to supplement
Schulz’s review is in the discussion of developments up to
1973. We do not discuss in detail any work that was re-
viewed by Schulz, unless necessary to establish a context
for understanding subsequent developments. Much
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pioneering work therefore goes unmentioned here, and,
to attain an accurate historical perspective, one must still
read Schulz’s article in conjunction with our own. If
broadened to include the autoionizing states of neutral
atoms and positive ions, the study of resonances has had
a pronounced impact on the evolution of atomic physics
during the past 30 years, and its influence can be detected
in the work of almost every research group in the field.
It would provide a plausible unifying theme for a pros-
pective intellectual historian of modern atomic physics.

This article proceeds as follows. We first review the
basic theoretical and experimental framework for the
study of atomic negative-ion resonances. We then dis-
cuss their application to specific elements in an order
which approximates the completeness of understanding.
These discussions include tables of “recommended” ener-
gies and lifetimes of specific resonant states, which we
have derived for the most part from the experimental
literature. There are instances in which no experimental
information is available, and the recommended values are
those obtained from theory. While this situation is not
ideal, we have preferred to list such efforts rather than
leave the entry blank. Finally, we review some
correspondences that can be made between analogous
resonances along rows and columns of the periodic table.

As a final note to this Introduction, we would like to
point out that the sequel to Schulz’s other (1973b) article,
“Resonances in electron impact on diatomic molecules,”
still remains to be written (and not by us). The degree of
current interest in this subject is indicated by the recent
appearance of a review article in this journal on the role
of resonances in molecules adsorbed on surfaces (Palmer
and Rous, 1992). The relative growth in experimental
and theoretical studies of electron-molecule interactions
during the past 19 years indeed probably exceeds that of
electron-atom processes. However, the difficulty of
presenting a coherent picture of developments at the
frontiers of the field is probably no greater now than it
was then. Schulz’s two papers are an enduring testimony
of his unique grasp of atomic and molecular physics,
which our present work hopes to emulate, but does not
pretend to duplicate.

B. Recent review articles in related areas

Since the Schulz reviews of 1973, there have been
many publications of a general nature on the subject of
atomic negative-ion resonances, although none of these
have involved a systematic study of resonances
throughout the periodic table. In many cases they
represent published invited conference contributions and,
as such, are usually limited to a broad overview or to a
discussion of recent, topical experimental and/or theoret-
ical progress. Nonetheless, we have found these articles
to be of immense benefit in constructing this paper and
have used all of them as reliable, comprehensive sources
of reference material, for which we express our gratitude
to the individuals responsible.
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We have listed separately under the Reference section
some papers published since the Schulz review that might
be described as “review articles.” We strongly recom-
mend that these articles be read in conjunction with the
present, as in many cases they contain considerably more
detail for specific topics.

A resonance is no more than an excited state of a nega-
tive ion, and it does not make sense to try to describe it in
isolation from the rest of the spectrum of the system—in
particular, the ground state and metastable excited states.
Comprehensive reviews have been given elsewhere of
ground states (Hotop and Lineberger, 1975, 1985) and
metastable excited states (Bunge et al., 1982; Nicolaides
et al., 1989) of negative ions. When necessary, we use in-
formation from these reviews and the original literature
whence they were derived, but we have made no attempt
to critically evaluate data for states other than reso-
nances.

Il. THEORETICAL FRAMEWORK

A. Overview

The properties of negative-ion resonances are, for the
most part, governed by electron correlation phenomena.

Contrast, for example, the elementary description of
doubly excited states of a neutral atom (or positive ion)
with that of a negative ion. If we begin with a simple
independent-electron configuration with the label X9+
nin'l’, where X% is a positively charged ion core, then
there is a clear distinction between g =1 (a negative ion)
and ¢ =2. For g =2, the outermost of the two external
electrons (n’l’) sees a positively charged ion core, and its
motion will tend to be dominated by the long-range
Coulomb interaction. Thus, in the absence of electron
correlation, an infinite number, of resonances will occur,
which are Rydberg states converging on the limit X9+
nl. Although effects of electron correlation are of great
significance in the quantitative study of doubly excited
states of neutrals and positive ions, the independent-
electron picture gives a reasonable zeroth-order descrip-
tion and has provided the most widely used interpretive
frameworks (configuration interaction, quantum-defect
theory). We must generally expect to see long series of
doubly excited states in these systems, which are essen-
tially Rydberg in character.

For g =1, on the other hand, the innermost electron
effectively screens the ionic charge, so the outer electron
moves in a potential that can support only a finite num-
ber of bound states (unless the residual atom can main-
tain a permanent electric dipole moment due to / degen-
eracy, as for the case of H™); and, indeed, the dominant
contributions to that potential (e.g., the polarizability of
the residual atom) derive from electron correlations.
There is no long-range Coulomb field to support Rydberg
series of the same character as for ¢ =2. The long series
of resonances observed in negative ions, most prominent-
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ly in hydrogen and the inert gases (see, e.g., Fig. 18),
must thus derive from an alternative mechanism. They
necessarily involve two electrons moving at large dis-
tances from the residual ion, and it must be assumed that
the electrons are correlated in some specific fashion. In
particular, a configuration in which the two electrons are
on opposite sides of and comparable distances from the
ion (the “Wannier ridge” configuration) gives rise to a
long-range Coulomb field that might support a Rydberg-
like series of resonances. This mechanism was proposed
by Fano (1980) and was widely adopted as an interpretive
framework for the observations that followed it (Buck-
man et al., 1983a). However, recent theoretical work
(Richter and Wintgen, 1990; Ezra et al., 1991) suggests
that an alternative electronic configuration is more plau-
sible; these results are discussed in Sec. IL.E.

1. Idealizations: parent, grandparent, shape, and
Feshbach resonances

The distinction between the multiply excited states of
neutrals and negative ions is reflected in the existence of
two broad classification schemes for resonances, the
“parent” and “grandparent” models, a terminology in-
troduced by Schulz (1973a). In the parent model, the
X9% nin'l’ resonance is viewed in terms of an n’l’ elec-
tron bound to a X9 nl parent state; this is an appropri-
ate description of, e.g., the 2p°>3sns resonances observed
in photoabsorption by Na 2p®3s. In the grandparent
model, on the other hand, X9 nin’l’ is described as an
(nin'l’)a electron pair bound to the X7 parent state,
where a denotes a set of quantum numbers that specify
the two-electron coupling. This turns out to be the ap-
propriate description, for example, for many of the
2p°nin'l’ resonances observed in electron scattering by
Ne. In light of the remarks of the previous paragraph,
the grandparent model is the more appropriate frame-
work within which to view the Wannier ridge resonances.

A division of classifications of wider use in physics is
that made between ‘‘shape” and “Feshbach” resonances.
The classical description of a shape resonance in scatter-
ing depicts the projectile tunneling through a potential
barrier, remaining confined within the barrier for the life-
time of the resonance, and tunneling out again. The
mechanism for a Feshbach resonance involves the cap-
ture of the projectile via deposition of its energy into
some internal degree of freedom of the target, and its
release when it reacquires enough energy to escape. In
electron scattering by an N-electron atom, the principal
distinction between these two types is that a shape reso-
nance can be produced by the barrier structure formed
by the repulsive centrifugal potential and the attractive
atomic mean field; such a barrier is essentially a property
of the unperturbed target atom. A Feshbach resonance,
in contrast, is an excited state of a distinct N + 1-electron
complex, the negative ion, with its own dynamics, dis-
tinct from those of the target. Feshbach resonances ob-
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served thus far in electron-atom collisions appear to fall
into the two categories identified by Taylor (1970): one,
in which an incident electron is bound to an excited state
of the target; the other, in which it is trapped in a poten-
tial barrier associated with an excited state. Despite ex-
pectations that resonances might be seen in electron-
atom scattering that would be similar to the compound-
nucleus resonances of nuclear physics (Herzenberg,
1988), there are no cases known to date in which an elec-
tron incident upon a target atom is captured by sharing
its energy with a large number of target electrons, even at
high collision energies.

All these classifications are idealizations, and it is not
surprising to find that they are of mixed utility in prac-
tice. Although an atomic mean field may yield a barrier
structure that can support a shape resonance, the reso-
nance energy and width may depend sensitively on corre-
lated interaction of the electron and the target. Con-
versely, a Feshbach resonance may derive from a simple
potential barrier structure provided by an excited state of
the target, and would be manifested as a shape resonance
in an experiment on electron scattering by that excited
state. It is our view that, of these two general schemes,
classification by parentage is of greater utility in under-
standing atomic negative-ion resonances than is the
shape/Feshbach distinction. . For example, one prom-
inent family of resonances, which we discuss in detail
later, the b states, is well characterized by the
grandparent scheme, but its members can appear as ei-
ther shape or Feshbach resonances in different elements
(see Sec. VLI.B). In such a case we feel it is more useful to
identify the basic symmetry and underlying dynamics of
the negative-ion complex than to focus on its relationship
to the spectrum of the target.

To date, all atomic negative-ion resonances that have
been analyzed in depth have been described in terms of a
complex of, at most, three excited electrons outside a
tightly bound residual ion core (or, in a few cases, like
O~ 2s52p% as core-excited states). A variety of
classification schemes for states of two highly excited
electrons have been developed (see, e.g., Lin, 1986); some
limited work has been done towards categorizing triply
excited states (van der Burgt and Heidemann, 1985; van
der Burgt et al., 1986; Watanabe and Lin, 1987; Komni-
nos et al., 1988), but this subject is in a fairly rudimenta-
ry state.

2. Practical approaches to the characterization
of resonances

There are two more or less independent, though in-
teracting, directions taken by theoretical analyses of
atomic negative-ion resonance phenomena: one predom-
inantly computational, the other predominantly modelis-
tic.

On the computational side, a good deal of effort has
been directed during the past two decades towards the
development of general methods for the calculation of
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atomic structure and collision phenomena, based on ap-
proximate numerical' solution of the many-electron
Schriodinger equation. Most such efforts have been ap-
plied primarily to calculating energy levels and photoion-
ization of neutral atoms and positive ions, or electron
collisions with positive ions, but they have yielded
significant information on negative-ion resonances in sim-
ple systems. Nicolaides (1972) distinguished three princi-
pal approaches to resonance computation: (a) computa-
tion of the wave functions of continuum states, from
which resonance parameters are inferred via the analysis
of scattering matrices or eigenphase shifts; (b) direct cal-
culation of complex energies of decaying states, by treat-
ing the resonance as an eigenfunction of a non-Hermitian
system; (c) computations that treat resonances more or
less like ordinary bound states and neglect interactions
with the continuum as a first approximation. Despite
significant theoretical developments and expansion of the
scope of many-electron calculations, this distinction
remains appropriate.

The main progress made in the first of these ap-
proaches has been due to implementation of general elec-
tron collision methods, such as the R-matrix, close-
coupling, random-phase, and many-body perturbation-
theory approximations, though there are some applica-
tions in which the specific nature of negative-ion reso-
nances has played a key role, such as eigenchannel
analysis and effective-range description of photodetach-
ment. These methods are capable, in principle, of describ-
ing all observable phenomena, such as differential angu-
lar and partial excitation cross sections, and their princi-
pal mode of comparison with experimental data is in
reference to such observables. By and large, the only
spectroscopic information on the character of resonances
that emerges from such calculations concerns their angu-
lar momenta and parity, so that it is possible, for exam-
ple, to identify an Ar~ resonance as having 2F° symme-
try, but not to attribute it unambiguously to either
3p34s3d or 3p34p? configurations. This should not be
viewed as a deficiency of the collisional approach, since
spectroscopic assignments are attempts to account for
phenomena within the framework of a restrictive model,
which may be inadequate in application to complex sys-
tems. Nevertheless, spectroscopic assignment is a major
focus of this paper, since it has been found to provide a
useful taxonomy for relating resonances in different sys-
tems and for understanding propensity rules for the
channels of excitation and decay.

The second general computational approach, direct
calculation of resonance parameters, casts the problem
into a form where only square-integrable wave functions
are determined, and which therefore leads immediately to
spectroscopic assignments analogous to those applied to
bound states. The most widely used such approach dur-
ing the past decade has involved the application of a
complex-coordinate rotation to the many-electron Ham-
iltonian, which is then treated by (more or less) conven-
tional electronic structure methods. In this review we
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shall emphasize the direct computation of resonances by
this approach and by the third method described in the
following paragraph. This is not because they represent
a viewpoint that is more useful or important than those
of the collisional approaches, but rather because they are
more specifically tied to the analysis of resonance phe-
nomena.

The third approach consists of ad hoc calculations of
resonances, which do not incorporate any mechanisms
for interacting with continuum channels. Such calcula-
tions represent resonance states by diagonalizing the
Hamiltonian in a finite basis of N-electron configuration-
state functions constructed from square-integrable orbit-
als; such a basis may be chosen more or less arbitrarily or
may be optimized, for example, by solving the
multiconfiguration Hartree-Fock equations. The basis is
always constructed so as to exclude functions that could
mimic continuum states, thereby imposing a somewhat
imprecisely defined form of projection operator. Despite
its unsure theoretical foundations, this class of methods
has been quite successful in determining resonance ener-
gies. It should be noted that the resonances of highest
“visibility” in experiments tend to be those that are rela-
tively long-lived, reflecting weak interactions with the
continuum. In such cases we are entitled to hope that
the interaction of the resonance with any reasonable ap-
proximation to the physical continuum would not have
dramatic effects; and so the exclusion of continuum in-
teraction by approximate methods should not lead to ma-
jor qualitative errors.

The second general class of theoretical approaches in-
volves the development of general dynamical models that
may not necessarily facilitate quantitative calculations.
Examples are the group-theoretic description of doubly
excited states (Ezra and Berry, 1982, 1983a, 1983b, and
references therein; Herrick, 1983, and references therein;
Makarewicz, 1989; Dimitrieva and Plindov, 1990; de
Prunelé, 1991), the generalized Wannier theory (Rau,
1983; Feagin, 1984; Feagin and Macek, 1984; Fano and
Rau, 1986), the identification of special classes of classi-
cal orbits (Klar, 1986a, 1986b, 1987a, 1987b) various adi-
abatic methods such as the hyperspherical expansion
(Fano, 1983a, 1983b), and the quasimolecular picture
(Rost and Briggs, 1991). All these approaches are the
outgrowth of observations of suggestive patterns in reso-
nance spectra, which do not appear to derive naturally
from the independent-particle model, and whose origins
therefore might be revealed by the identification of an ap-
propriate system of collective coordinates. Of the
above-mentioned methods, the group-theoretic and Wan-
nier models are devised to describe only certain classes of
resonances and do not provide a platform for systematic
quantitative improvement of approximate calculations.
They have nevertheless been of key importance and, in
particular, have led to a classification scheme for two-
electron resonances that has been widely adopted (see
Sec. IL.F). The adiabatic methods, on the other hand, do
offer a framework within which calculations can be im-
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proved in a systematic fashion. However, this has actual-
ly been done in relatively few cases. In its earliest im-
plementations, the hyperspherical method did not offer
impressive quantitative accuracy and was not competi-
tive with standard computational methods for calculating
low-lying resonances. However, it did provide useful
qualitative insights, and technical advances now seem to
have made it a powerful quantitative technique for calcu-
lating high-lying doubly excited states. These methods
all deal with states in which two electrons move in the
field of a frozen residual ion core, usually a bare proton
or a closed shell (the hyperspherical representation can
be generalized to the description of any number of elec-
trons, but to date has had limited application in this
respect).

B. Computational approaches

Methods for ab initio calculations of properties of
negative-ion resonances for the most part involve approx-
imate solution of the nonrelativistic, many-electron
Schrédinger equation. As such, they do not differ in a
fundamental way from the methods employed generally
in the theory of atomic structure and collisions. Howev-
er, the computational description of a negative-ion reso-
nance is usually more difficult in practice than is that of a
corresponding state of a neutral atom or positive ion.
Specific manifestations of these difficulties will be dis-
cussed below; their common origin lies in the fact that
resonances are weakly bound (or low-energy shape reso-
nances) with respect to some parent state, and so they are
described by diffuse orbitals. With any method there is
thus the problem of representing a wave function over
large regions of configuration space. Thus, although the
spectra of noble-gas negative-ion resonances have been
studied extensively in a variety of experiments, we are
unaware of any calculations of resonances above the
second excited configuration of the neutral atom; the
same observation applies to most other species.

We deal first with methods that describe electron-atom
scattering, in which resonances appear as incidental phe-
nomena, and then discuss methods that are specifically
targeted at determining resonance parameters.

1. Computations of electron-atom scattering
An ideal resonance in a single channel manifests itself
in scattering through a phase shift of the form

_r

-1

8,=tan , (1)

where E;,—iI" /2 is the complex energy of the resonance.
The phase shift increases by 7 as the collision energy in-
creases through E,. This result comes from the assump-
tion that all energy dependence of the S matrix derives
from the presence of a single pole at the complex energy
of the resonance. In practice, allowance is usually made
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for a smoothly varying background energy dependence,
and resonance parameters are determined by a fit of com-
puted phases to a form 8§=8,+85,, where §, is a simple
polynomial function of the energy (see, e.g., Fig. 1 of
Ojha et al., 1982).

However, this ideal is often not closely approached in
practice. Most negative-ion resonances occur in regions
where more than one channel is open. In addition, they
are often found near thresholds, which impose their own
constraints upon the permissible behavior of phase shifts.

A generalization of Eq. (1) to multichannel scattering,
under similar basic presumptions (an isolated resonance,
far from thresholds), has been given by Hazi (1979), who
showed that the eigenphase sum behaves in a manner
analogous to that of the single-channel resonance phase
shift:

r

2E,—E) |’ @

A=T 8=A+tan"!

where the sum runs over all open channels, §; are the
eigenphases of the S matrix, and A’ is a smoothly varying
background contribution. The individual eigenphases are
given by 8;=In(s;)/2i, where s; is the jth eigenvalue of
S; the eigenphase sum can be found more directly via
A=In[det(S)]/2i. An alternative has been given by Ma-
cek (1970). This result is widely used to characterize res-
onances in electron-molecule scattering, where mul-
tichannel shape-type resonances are frequently encoun-
tered, but it tends to be employed only in a qualitative
fashion in the interpretation of atomic negative-ion reso-
nances (see, e.g., Scott et al., 1984b), where additional
complexities are introduced by excitation thresholds. In
cases where only a few channels are open, specific infor-
mation on the nature of resonances can be gleaned from
analysis of individual eigenphases. We discuss this issue
in Sec. VI.B.

We examine the effect of a threshold in the context of a
simple example, single-channel scattering of the partial
wave [ by a short-range potential. At threshold, E =0,
the radial wave function f,(r) at large distances r must
take the form

filr—art+pr U+ (3)

where a is a constant determined by the potential. Away
from threshold, however, f;(r) is given by

fi1(ry=cos(8)j,(kr)—sin(8)y,(kr) ; (4)

in order for Egs. (3) and (4) to be consistent, we must
have

k¥ *1cot(8)— const as E—O0 .

A deeper analysis shows that, under fairly general condi-
tions, k% 71 cot(8) must be analytic in E near threshold
(Blatt and Jackson, 1949; this is drastically modified
when a long-range potential of any sort is present). The
suppression of the phase shift forced by the presence of a
threshold will usually retard its growth through the full 7
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radians specified by Eq. (1). An example of this is shown
in Fig. 1(a), which depicts d-wave electron scattering by
Ar, as computed in the continuum Hartree-Fock approx-
imation. There is a resonance in this channel, with a
complex energy of 0.41—i0.31 a.u. Such a resonance is
also present when correlation effects are included via the
random-phase approximation (see Amusia and Cherep-
kov, 1975). Its complex energy can be inferred from
fitting [Fig. 1(b)] the computed phase shifts to the ap-
propriate low-energy expansion based on Eq. (4) and us-
ing these parameters to solve (numerically) for the reso-
nance condition cot(8)=i. This type of behavior is often
encountered in low-energy shape resonances, such as the
b states of the alkalis and alkaline earths. Formalisms for
characterizing multichannel resonances in the vicinity of
thresholds have been developed by Nesbet (1980a, 1980b)
and by Bae and Peterson (1985, 1986) and have been ap-
plied, respectively, to the description of electron scatter-
ing by He and various photodetachment pheneomena.

(a)
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d-wave scattering by argon, fit to low-energy formula:
K'cot(8) = ag+ a,E + a B+ a 8
2.0 : !
ap=0.5472;a,= 13259
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FIG. 1. Behavior of the d-wave phase shift for electron scatter-
ing by argon: (a) characteristic low-energy shape resonance
behavior (continuum Hartree-Fock approximation, present
work); (b) fit of the phase shift of (a) to the Blatt-Jackson formu-
la.
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A variety of approximations have revealed resonances
in electron-atom scattering that are relevant to this pa-
per. We defer detailed discussion of their results to the
sections describing the specific elements to which they
have been applied, but comment briefly on the principal
methods, roughly in order of their complexity.

Single-channel approximations. These describe the col-
lision in terms of an electron moving in the field of a fixed
atomic target state. Thus they are capable of yielding
only shape-type resonances, i.e., those that can be pro-
duced by a one-electron effective potential, and cannot
give any account of inelastic processes. A variety of
forms for the electron-target interaction have been em-
ployed; the best, from a fundamental point of view, ac-
count for exchange symmetry at the Hartree-Fock or
Dirac-Fock level and represent the effects of target polar-
izability through an ad hoc polarization potential. These
methods have had reasonable success in reproducing
low-energy shape resonances in the alkalis and alkaline
earths. We use examples from one such method, the con-
tinuum Hartree-Fock approximation, for illustrative pur-
poses in various parts of this paper, since we think it is
useful to know whether a resonance is found within a
simple self-consistent-field description. The implementa-
tion of these methods is not a very challenging task by
modern standards of computation, and they should be
viewed as a special case of the close-coupling approxima-
tion described next. Some relevant examples of this gen-
eral approach can be found in Robinson (1969), Hunt and
Moiseiwitsch (1970), Bui and Stauffer (1975), Walker
(1975), Bui (1977), Rescigno, McCurdy, and Orel (1978),
Sin Fai Lam (1980, 1981), Kurtz and Jordan (1981), and
Yuan and Zhang (1989).

Close-coupling approximation. In this class of methods
the wave function of the N +1 electron system is expand-
ed as

\P(rl,rz, e ,l'N+1)=.)42¢k(rl,r2, PN ,rN)fk(l'N+1) N
k

(5)

where the index k labels a set of fixed eigenstates @, of
the N-electron target, A is an operator that effects ap-
propriate antisymmetrization of the N +1 electron wave
functions, and the f, are scattering orbitals to be deter-
mined. The eigenstates ®; are usually approximated by
Hartree-Fock or configuration-interaction wave func-
tions; about 20 such states have been included in the larg-
est calculations yet reported, but most of the results re-
viewed here were obtained with two to four target states
in the expansion. Integro-differential equations for the
f) are obtained by requiring that (W|H —E|¥) be sta-
tionary with respect to variations of all f;, where H is
usually the nonrelativistic many-electron Hamiltonian,
occasionally supplemented by relativistic corrections or
potentials that represent core polarization, and E is the
total collision energy. This approach goes beyond the
single-channel approximation by accounting for correla-
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tion between electron and target to some extent and by
allowing for inelastic processes. It has been very success-
ful in describing low-energy electron scattering by the al-
kalis. Much of the early theoretical work reviewed by
Schulz (1973a), particularly on H™ resonances, was done
in the close-coupling approximation. Some examples of
work reviewed in this paper are those of Norcross and
collaborators (Moores and Norcross, 1972, 1974, and
numerous other references up to Taylor and Norcross,
1986), Rountree and Henry (1972), Ormonde et al.
(1973), and Le Dourneuf (1976).

The R-matrix method. This is among the most widely
used methods for computation of atomic collision phe-
nomena, due to its intensive development and application
at the Queen’s University of Belfast over the past two de-
cades; during the past five years or so, it has also become
the principal vehicle of a major program for computing
stellar opacities (Berrington et al., 1987). It is based on
enclosing the N + 1 electron system within a sphere of ra-
dius r, and imposing a fixed logarithmic derivative
boundary condition on the wave functions on its surface.
The many-electron Hamiltonian is diagonalized within
the sphere using standard configuration-interaction tech-
niques. Only one electron is allowed to move in the re-
gion r >r,. The wave function in that region takes the
form of Eq. (5) and is determined by close-coupling equa-
tions of motion and a boundary condition at r =r, that is
determined by the eigenfunctions within the sphere. This
allows for a much more flexible representation of the
wave function than can be provided by the close-coupling
expansion, which is restricted to a few states of the target
atom. This approach has been highly developed by Burke
and collaborators and applied by them to numerous ele-
ments, which are discussed in Sec. IV. One respect in
which R-matrix calculations of negative-ion resonances
differ from those of neutrals and positive ions is that the
magnitude of 7, can be significantly larger in order to ac-
commodate diffuse excited states of the target. For ex-
ample, a recent calculation (Pathak et al., 1988, 1989) of
H™ resonances converging to the H(n =35) threshold
uses r,=283a,, vs ry=<10a, typically used elsewhere.
This increases the size of the calculation significantly,
since the number of states within the R-matrix volume
that is needed to span a given range of energy is propor-
tional to 73. An alternative approach has recently been
introduced by Greene and collaborators (e.g., Kim and
Greene, 1989), which represents explicitly only two or
three electrons, moving in a model potential that is ad-
justed to give a good account of the spectrum of a parent
or grandparent ion.

We note briefly two other general methods that have
given results on atomic negative-ion resonances: the
Kohn variational method and its modifications, applied
by Nesbet and collaborators to He, the alkalis, and first-
row elements (reviewed in Nesbet, 1980b); and many-
body perturbation theory (Chase and Kelly, 1972; Rado-
jevic et al., 1987; Johnson et al., 1989). The latter of
these has found wide application in studies of photoion-

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

: Atomic negative-ion resonances

ization of neutral atoms and positive ions, but has had
relatively little application to negative-ion systems to
date.

2. Direct computations of resonance parameters

The familiar description of a resonance as a discrete
state embedded in a continuum carries with it the impli-
cation that the resonance should be characterized by
some localized wave function. This concept is difficult to
realize in a rigorous fashion in practice, since, for sys-
tems with more than two electrons, the continuum can
only be defined in the context of some approximate mod-
el. Nevertheless, a variety of techniques have been de-
ployed to calculate such wave functions.

There exist two standard frameworks within which a
resonance has a well-defined meaning as a ‘“discrete
state”: the Feshbach projection approach and its vari-
ants, and complex-coordinate methods. It is not our pur-
pose here to provide a critical or historically correct re-
view of these methodologies, which have wide applicabil-
ity; general reviews are given by Temkin and Bhatia
(1985), and by Reinhardt (1982) and Junker (1982a) for
the Feshbach and complex-scaling methods, respectively.
We restrict our discussion to general background and
specific applications to negative-ion resonances.

a. Use of projection operators

The basic idea of the Feshbach projection operator
technique is to make explicit the notion of a resonance as
a “discrete state embedded in a continuum,” by deriving
an equation of motion for the component of the wave
function that is orthogonal to the continuum. The
method, originally introduced in a general context with
envisaged applications in nuclear physics (Feshbach,
1962), has been adapted to the specific requirements of
many-electron atomic calculations (Hahn et al., 1962;
Temkin and Bhatia, 1985) and has provided very accu-
rate results for two-electron systems.

This method proceeds by the definition of projection
operators Q and P =1—Q, which effect the required par-
tition of the wave function. For a two-electron system
with a single continuum associated with a target state
|¢o) (as in electron-hydrogen scattering below the first
inelastic threshold, so that ¢o=¢,,), then Q =Q,Q, with
0, =1—|¢(r;)){o(r;)|. One then determines the spec-
trum of a transformed Hamiltonian,

QHQVY, =¢,¥, , )

which has no projection onto the continuum. If there ex-
ist any discrete eigenvalues €,, they correspond to
zeroth-order resonance energies: they are equal to the
discrete-state energies to which the resonances would
converge if the interaction with the continuum were
turned off. Computation of the resonance width and its
shift due to interaction with the continuum involves ad-
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ditional computations that we shall not discuss here; they
are often carried out by use of perturbation theory (Tem-
kin and Bhatia, 1985).

The major task for any practical resonance calculation
is accurate solution of Eq. (6) for a many-electron atom.
Since Eq. (6) is subject to the Rayleigh-Ritz variational
principle, it is usually solved by basis set expansions, e.g.,
using Hylleraas-type functions. Bhatia and Temkin
(1974) used this approach to calculate the three lowest
resonances of H™. This method would appear to have
the potential to compute resonance energies of such
states to very high accuracy.

A general formalism for extension of this method to
targets with more than one electron has been presented
by Temkin and Bhatia (1985). The approach would
necessarily involve the use of an approximate |¢,), and it
has not yet been extensively applied. One such computa-
tion is that of the lowest 2P° resonance of He™ (Bhatia
and Temkin, 1981). This has also been investigated by a
related hole-projection method developed by Chung
(1972, 1979, 1981). Although the Feshbach method has
been important in providing benchmark calculations for
low-lying resonances of the simplest systems, it has not
been used in cases where many continua are present, nor
has it yet been applied to targets with more than two
electrons.

b. Complex-coordinate methods

Siegert (1939) treated the problem of compound states
in nuclear scattering by an implicit assumption that the
scattering amplitudes would be analytic functions of the
energy, so that the sharp maximum in a cross section ob-
served at real collision energies could be attributed to a
singularity at a complex energy near the real axis. In the
case of s-wave scattering by a short-range, spherically
symmetric potential V' (r), Siegert demonstrated that a
singularity in the cross section occurs at a complex ener-
gy € for which

0 .
3?—=lk¢ at r=rg, 7

where ¢ is the reduced radial wave function, k =V 2¢,
and r, is a value of the radius beyond which V(r)=0.
(We express Siegert’s general result in the atomic units
appropriate for electron scattering.) For such a poten-
tial, Eq. (7) is satisfied for any 7, > r,, so there is no ambi-
guity associated with the arbitrariness of r,. Imposing
the boundary condition (7) upon the Schrédinger equa-
tion thus presents us with an eigenvalue problem for a
complex energy e=E,—iI'/2. The singularity in the
scattering amplitude at this energy gives rise to the usual
Breit-Wigner form of the resonant scattering cross sec-
tion, so I' admits interpretation as the width of the reso-
nance.

Considered as an ordinary eigenvalue problem, Eq. (7)
presents a difficulty in that the boundary condition de-
pends upon the eigenvalue being sought. Furthermore, in

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

application to atomic systems with long-range forces, the
independence of (7) upon 7, can only be attained in the
limit r— . Unfortunately, the wave function ¢ grows
exponentially with 7, so one cannot use standard varia-
tional techniques to obtain approximate solutions.

A way around this difficulty was proposed by Nuttall
(1972) and applied by Bardsley and Junker (1972) to the
calculation of the position and width of the 2s2 1S reso-
nance of H™. Nuttall noted that if the radius » were also
regarded as a complex variable, then ¢ could be made to
converge at larger |r|: in particular, if k =|k|e ~*#, and
r=pe*'® then ¢ would be square integrable for a>pS.
Thus the application of a complex-scaling transformation
to a many-electron system leads one to a variational prin-
ciple for the wave function that is quite similar to that
which applies to ordinary bound states. Bardsley and
Junker (1972) applied this to a two-electron trial function
composed of about 50 Slater-type orbitals, obtaining re-
sults for H™ 2s? 'S that agreed well with other deter-
minations. This work demonstrated that, with some
modification, standard techniques for the calculation of
atomic structure could be applied to the calculation of
resonances.

However, the prevailing view of resonance computa-
tion by complex-coordinate scaling involves a perspective
differing somewhat from the Siegert theory. It derives
from the fundamental work of Combes, Simon, and colla-
borators (Aguilar and Combes, 1971; Balslev and
Combes, 1971; Simon, 1972, 1973; see also Reinhardt,
1982), who obtained rigorous results for complex-
coordinate scaling in a general system of N particles in-
tereacting via Coulomb forces. If all particle coordinates
are scaled by a factor ‘%, the transformed Hamiltonian
H (6) may support discrete eigenfunctions with complex
energies ee ~'%, provided that > ¢/2. The complex en-
ergies are independent of 6, and they correspond to reso-
nances. ,

This framework offers an obvious means for actual
computation of resonance energies: diagonalization of
H(0) in an appropriate basis of many-electron wave
functions composed of square-integrable orbitals. Since
all necessary matrix elements are identical, except for a
scaling factor, to those required for ordinary bound-state
calculations, there exist many computer codes that can
be trivially adapted to implement this procedure. Doolen
et al. (1974) performed the first calculation of this type,
using a Hylleraas-type wave function of up to 95 terms to
obtain the energy and width of the H™ 2s2 1S resonance.
They observed a phenomenon that has occurred in all
subsequent work that utilizes basis set expansions: the
complex energies are found to be 6 dependent, but for a
sufficiently large basis there exists a value of 6 at which
the energy is stationary with respect to small variations
66.

Numerous calculations of negative-ion resonances by
complex-scaling methods have been performed. In par-
ticular, Ho and collaborators (Ho, 1983, 1992, and refer-
ences therein) have performed extensive calculations of
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H™ resonances. Low-lying resonances in He™ and the p-
and d-wave shape resonances in electron scattering by
the alkaline earths have been investigated by several in-
dependent groups; these are discussed in the relevant sec-
tions. Complex-rotation calculations of the b and c reso-
nances of Ne™ have recently been reported by Bentley
(1991).

¢. Bound-state calculations ignoring
continuum interaction

A large number of calculations of resonance energies
have been performed by the use of conventional bound-
state techniques, in which the interaction with the con-
tinuum has been eliminated in a nonrigorous fashion.
Such methods are occasionally referred to as “‘stabiliza-
tion” techniques. For the most part, we discuss such cal-
culations under the specific element headings, since their
principal interest consists of their results rather than
their underlying procedure.

The basic idea of this approach has been articulated by
Hose and Taylor (1983) in a more general context. A res-
onance results from a transient localization of the wave
function in some finite region  of configuration space.
If viewed in a time-independent framework, a stationary
state of energy E in the vicinity of the resonance energy
E, will be characterized by a wave function that behaves
like that of a free particle at large distances from (), i.e.,
a standing wave. If we normalize the wave function by
requiring the standing wave to have unit amplitude at
large distances, then the wave function within Q will
vary smoothly with E, except for an overall normaliza-
tion constant: that is, the shape of the wave function
within Q will be insensitive to changes in energy around
E =E,, but its overall amplitude there will show a pro-
nounced maximum. Thus, if one attempts successive ap-
proximations to the resonance wave function by di-
agonalizing the Hamiltonian with a larger and larger set
of basis functions that are all confined to (), one can ex-
pect one of the eigenfunctions to converge to a reason-
able facsimile of the resonance solution in that region (ex-
cept for an overall normalization constant). On the other
hand, if one adds to the basis functions that extend out-
side Q, this procedure will become unstable; each addi-
tional function will result in a change of the entire spec-
trum, as the wave function propagates further outward at
an uncontrolled energy.

We note a few examples of this approach that indicate
how it has worked in practice. Weiss and Krauss (1970)
performed a superposition-of-configurations calculation
of the resonances of Ne™ and Ar~, of which the dom-
inant configurations are, respectively, 2p°3s2%P° and
3p34s22P°. These states decay by interaction with the
npSp continuum. By including in the basis only
configurations of the type (e.g., for Ne™) 2p’nin’l’ with
n, n'>2, Weiss and Krauss obtained stable solutions.
Addition of 2p®np functions would have resulted in the
above-mentioned instability. In effect, Weiss and Krauss
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were enforcing orthogonality to the np®p continuum.
We report in this paper calculations of a similar charac.
ter, except they are performed in a multiconfiguration
Hartree-Fock (MCHF) approximation in which all orbit-
als are determined self-consistently. In such a case the
resulting core orbitals define a continuum that is not
identical to that of the neutral atom at the same level of
approximation. Nevertheless, judicious choice of
configuration-state functions leads to stable results. Lip-
sky et al. (1977), in a calculation that has endured as a
benchmark for computations of doubly excited states,
computed all resonances of H™ below the H(rn =2) and
H (n =3) thresholds by the simple expedient of diagonal-
izing the Hamiltonian in a basis of product states in
which one electron was in an n =2 (or n =3) hydrogenic
orbital, and the other in a hydrogenic orbital with n =2
(or 3) through 10. Exclusion of configurations of the type
1snl enabled these results to converge, on values that
show reasonable agreement with experiment. Finally, in
perhaps the most ambitious work of this type, Komninos
et al. (1987) performed MCHF calculations of doubly ex-
cited S states of H™ and He™ for principal quantum
numbers between 3 and 10. Again, by excluding
configurations with single (H™) or double (He™) 1s occu-
pancy, they obtained convergence and got reasonably
good agreement with experimental values.

C. Hyperspherical coordinate
representations

Hyperspherical coordinates were introduced into
atomic physics by Fock (1958), who was concerned with
the analytic structure of the wave function of a three-
body Coulomb system in the region of three-particle
coalescence. For the case of infinite nuclear mass, which
is all we shall discuss here, the hyperspherical coordi-
nates may be taken to be

R =\/r%+r% ,

a=qarctan(r, /r,) , (8)

I;'1,

rry |’

where 7,7, are the two electron-nuclear radii, plus three
Euler angles that describe the overall orientation of the
two-electron system. Note that in this system, R is the
only coordinate with the dimension of length, and it
characterizes the root-mean-square size of the system;
the others are dimensionless angles, with the “mock an-
gle” a characterizing the relative proportions of r,,r, at
fixed R. This scheme is extensible to an N-electron sys-
tem, in which it leads to an equation for the kinetic-
energy operator 7T:

6,,=arccos

W & 3IN—-13 _ A
OR R2 |’

=_1 —_ 1|
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9)



S. J. Buckman and C. W. Clark: Atomic negative-ion resonances

where A? is an operator in the physical and mock angles
(which we shall collectively call ) obtained by generali-
zation of Eq. (8). Furthermore, the net Coulomb poten-
tial energy of such a system is given by V=C(Q)/R.
This potential is displayed in Fig. 2 as a function of the
two relevant angles a, 6, in the two-electron system.
Thus in the limit R —0, the kinetic energy dominates the
Hamiltonian, and the many-electron wave function takes
the limiting form

¥Y—R"O(Q) , (10)

where ©(Q) is an eigenfunction of A? with eigenvalue A2,
and

v=1—3N/2+VA2+(1—3N/2)*. (11)

The characteristic exponent v depends only upon the
symmetry of the wave function and is indeed identical to
that which would describe a system of free particles with
the same symmetry. As shown by Fock, the effect of the
Coulomb potential becomes manifest in the development
of the expansion that begins with Eq. (10) and it induces
terms that are powers of R In(R), which are not present
in the analogous expansion for a free-particle system. It
is believed that the Fock expansion converges for all
relevant physical values of the parameters (Macek, 1967;
Morgan, 1986, and references therein); it has long been
known that explicit representation of the logarithmic
terms must be included in finite basis set expansions in
order to get highly accurate values of the energies of
two-electron systems (Frankowski and Pekeris, 1966).

An obvious consequence of Eqgs. (9) and (10) is the
presence of a potential “barrier” A%2/2R? analogous to
the centrifugal barrier in one-electron systems, from
which qualitative properties of many-electron wave func-
tions can be inferred. This was first applied to an
analysis of resonances by Macek (1968), who found that a
hyperspherical representation of wave functions yielded
novel qualitative information on the !P° autoionizing
series of He converging to the He™ (n =2) ionization lim-
it. These series had been analyzed by Cooper et al. (1963)
in terms of a configuration-interaction expansion, in
which it was found that the observed resonances could be
placed in two series, called “+” and “—” because they

A2
R2

U(R,Q)¢,(R;Q)= +8

¢,(R;Q)=[U,(R)—15R "2/8]¢,(R;Q) .
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FIG. 2. Function C(a,0,,) for a pair of electrons in the field of
a proton. The point a=45°,6,,=180° corresponds to the Wan-
nier saddle. From Lin (1974).

were fairly well described by a superposition of
configurations 2snp £2pns. The “— series has a much
smaller oscillator strength and decay width than the
“+”. Cooper et al. showed a plot of the two-electron
wave functions for each series (constructed from an ap-
propriately symmetrized product of hydrogenic wave
functions) in the r;,7, plane; these showed that the nodal
lines of the wave functions for the “+” series were ap-
proximately lines of constant R, whereas the “— series
exhibited nodal lines roughly along a=const. This
behavior, which suggests an approximate separability of
the equations of motion in R and «a, was also found in a
representation constructed from more accurate, close-
coupling wave functions by Macek (1966). To try to ac-
count for this suggested approximate separability of the
equations of motion, Macek (1968) introduced the adia-
batic hyperspherical expansion, in which the net wave
function is expanded as

¥=R 7?3 4,(R;Q)F,(R), (12)
1]

where ¢,(R ;) is an eigenfunction of the angular opera-
tors in the two-electron Hamiltonian at fixed R, i.e.,

(13)

(Our notation differs somewhat from that of Macek; the factor 15R ~2/8 simplifies subsequent equations.) Applying the

Schrddinger equation to the expansion (12) then yields

1@
2 3R

~+U,(R)

F,(R)=EF,(R)+3 |P,,(R)
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3F (R)

oR

+Q,,(R)F,(R) |, (14)
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where
_ d
Pl R)=(d, |55 00) .
(15)
1 32
va(R)_E<¢;4 aR2¢v) .

Thus the U,(R) play the role of adiabatic potentials,
analogous to those which arise in the Born-Oppenheimer
approximation for molecular potential curves. To the ex-
tent that P, and Q,,, can be neglected, we obtain a set of
uncoupled equations for the evolution of the wave func-
tion in each adiabatic channel u. This approach was tak-
en by Macek (1968), who found that the “—” series was
characterized by a larger characteristic exponent at small
R than that of the “+” series. Thus the hyperspherical
‘“‘centrifugal barrier” effectively suppresses the overlap of
the “—”* wave functions with the He ground state, which
results in the diminution of the oscillator strengths and
widths of this series.

This result had pronounced intellectual impact, in that
it demonstrated that a qualitative aspect of the absorp-
tion spectrum could be associated with a quantum num-
ber (the characteristic exponent of the hyperradial func-
tion) that derived explicitly from a collective description
of electron motion, and which was distinct from the usu-
al quantum numbers that arise in the central-field model
of atomic structure. However, it is not obvious why this
should be so. The Born-Oppenheimer separation of nu-
clear and electronic degrees of freedom in a molecule is
predicated upon the disparity in the speeds of motion of
the electrons and nuclei, which is encapsulated in a
“small” parameter (m /M)!/* that can be used to develop
a perturbative description of coupling between electronic
and nuclear modes. No such small parameter is evident
in the hyperspherical representation of many-electron
systems, which would justify treating the motion in ) as
“fast” compared to motion in R. Nevertheless, an ap-
proximate separability of these two modes is apparent in
a variety of atomic states. A review of general develop-
ments in this subject to 1982 has been given by Fano
(1983a, 1983b), and subsequent work has been discussed
by Lin (1986).

Lin (1984) has proposed a classification of adiabatic
hyperspherical channels in terms of the supermultiplet
quantum numbers introduced by Herrick and collabora-
tors (Herrick and Sinanoglu, 1975; Kellman and Herrick,
1980). Although the scheme does not have universal ap-
plicability, it appears to be appropriate in many cases of
interest and has become widely accepted. This scheme is
reviewed in Sec. ILF. In the following discussion, the hy-
perspherical channel index p should be understood to
refer to the complex {N,K,T, A,L.S,7}, where these
symbols are defined in Sec. IL.LF. Note, in particular, that
in this context N is the principal quantum number of the
one-electron eigenenergy to which U,(R) converges as
R — 0.

Application of the adiabatic hyperspherical approach
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to a negative-ion resonance was first made by Lin (1974,
1975), who treated H™ resonances around the H (n =2)
threshold. This calculation gave insight into the mecha-
nism of !P° photoabsorption resonances, as indicated in
Fig. 3. The adiabatic potential curve labeled “sp +”,
analogous to that which governs the “-+ series in He, is
insufficiently deep to support a bound state, but it does
exhibit a potential barrier around R =20a,. This gives
rise to a shape resonance in the “-+ channel, which lies
above H(n =2). The “sp —” potential curve holds a
very weakly bound state that corresponds to the Fesh-
bach resonance just below H(n =2). These resonances
have been calculated by other techniques, in many cases
with superior quantitative accuracy (see Sec. IV.A), but
the adiabatic hyperspherical technique provides a frame-
work within which the underlying physics is revealed in
the form of an effective potential for a collective coordi-
nate.

In its earlier applications the adiabatic hyperspherical
method did not give results of impressive quantitative ac-
curacy, primarily because Eq. (13) was solved by expand-
ing ¢, in eigenfunctions of A%, which are Jacobi polyno-
mials in the angles ). The advantage of this basis (or of
any other R-independent basis) is that the matrix ele-
ments of A% and C need be computed only once, since the
operator U then has a simple parametric dependence
upon R. It is evident that if any finite R-independent
basis is used to solve this equation, the potentials U,(R)
must all tend to 0 as R — «, since the left-hand side of
(13) would then be proportional to R ~! times a bounded
operator. In fact, the U,(R) must always converge to
eigenenergies —Z2/NZ2 of the residual one-electron
atom. This convergence problem could be postponed to
relatively large values of R by choosing a suitably large
basis (Klar and Klar, 1980). However, a more effective
approach, first implemented by Lin (1981), is to incorpo-
rate eigenfunctions of the one-electron Hamiltonian into
the basis. Although this increases the amount of compu-
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FIG. 3. Adiabatic hyperspherical potential curves for !P° chan-
nels of H™ as calculated by Lin (1975a, 1975b). “sp+,” “sp —,”
and “pd” label the three possible channels of 'P° symmetry as-
sociated with H (n =2), which are approximately described as
2sep +2pes, 2sep —2pes, 2ped, respectively. The crossing be-
tween “sp +” and “sp —” is avoided, contrary to the impression
given here; subsequent, more accurate calculations (Klar and
Klar, 1980) exhibit a pronounced avoided crossing of these
curves.
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tational work required to generate the potentials U,(R),
it has brought the quantitative accuracy of the hyper-
spherical approach to a level that is competitive with al-
ternative techniques.

The superficial simplicity of the adiabatic hyperspheri-
cal approach is lost at higher energies, where a large
number of channels open up and numerous crossings of
the adiabatic potential curves occur (Fig. 4). However,
it has recently been found that the effect of curve cross-
ings is not of essential significance in many cases of in-
terest. Fukuda et al. (1987) and Koyama et al. (1986,
1989) investigated 'S and !P° resonances of H™ for values
of N up to 9. They were able to justify diabatic connec-
tion of potential curves in the vicinity of curve crossings
by using a Landau-Zener approximation to estimate
nonadiabatic transition probabilities for electron wave
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FIG. 4. Adiabatic hyperspherical potential curves for !P° chan-
nels of H™, converging to the limits H(n =2) through
H(n=12), as a function of V'R. The energy scale is represent-
ed in terms of the effective principal quantum number
v (R)=v —2U,(R) shown in (a) are all 1P° adiabatic poten-
tials in this energy region, and in (b) are the adiabatic potentials
of only the lowest “+”’ channels converging to each hydrogenic
threshold, with level positions in each potential as indicated.
From Sadeghpour and Greene (1990).
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packets with energies corresponding to the eigenfunc-
tions of the connected potential. Their results were
found to agree well with those of complex rotation (Ho,
1986), and multiconfiguration Hartree-Fock (Nicolaides
and Komninos, 1987) calculations. Sadeghpour and
Greene (1990) and Sadeghpour (1991) carried out a simi-
lar approach up to H(n =12) and found, in addition,
that the photoabsorption spectrum of H™ is dominated
by resonances in the lowest “+”’ channel for each value
of N.

The adiabatic hyperspherical approach has been ap-
plied to systems with more than two electrons at two
different levels of approximation: one in which two elec-
trons move outside an ionic core, which is represented by
an effective potential; and one in which the hyperspheri-
cal formalism is extended to treat more than two elec-
trons explicitly. Examples of the first approach that are
germane to this review are the calculations of Lin (1983c)
on Li~, Christensen-Dalsgaard (1988) on the alkalis, and
Watanabe (1982) and Le Dourneuf and Watanabe (1990)
on He . The last-mentioned work is particularly
noteworthy in that the adiabatic potentials for He™ are
found to exhibit strong similarities to those of H™, and it
is possible to classify many of the He™ resonances in
terms of the quantum numbers used for two-electron sys-
tems.

Relatively few calculations of systems with more than
two electrons have been performed within the hyper-
spherical framework. Clark and Greene (1980; Greene
and Clark, 1984) undertook hyperspherical calculations
of three-electron states of %S and 2P° symmetry in H?™
and Li. Watanabe et al. (1982) computed the metastable
negative-ion state He™ 2p3%S° in the adiabatic hyper-
spherical approximation. However, we are unaware of
any calculations performed within this framework to
date on negative-ion resonances with more than two ac-
tive electrons. Some experimental data have accumulated
on He™ resonances for which a three-electron hyper-
spherical approach might be advantageous (Heideman,
1988). The hyperspherical description of atomic systems
with more than three electrons is in a very rudimentary
stage and has not yet been developed into a practical
vehicle for calculations. Nevertheless, it has offered qual-
itative insights of some interest. For example, Cavagnero
(1984) has suggested that the strong 2s2-2p? interaction
in the ground state of Be is mediated by level crossing of
adiabatic potential curves at small values of the four-
electron hyperradius R.

D. Quasimolecular models

The experimental observation of long series of two-
electron resonances of similar character suggests that one
ought to be able to identify characteristic channels in
which two-electron excitation takes place (“channel”
refers to an identification of eigenstates in terms of all
relevant quantum numbers except the energy, and an
eigenchannel is equivalent to a “normal mode’). A prin-
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cipal attraction of the hyperspherical coordinate ap-
proach is that it identifies collective coordinates, which
correspond to some extent to the two-electron eigenchan-
nels. In particular, as discussed above, it has been found
possible in many cases to identify eigenchannel properties
in terms of the quantum numbers {u} obtained by di-
agonalizing the Hamiltonian at fixed value of
R=1/r2+r2. The remaining dynamics is then encap-
sulated in an effective potential U, (R) that governs the
motion of the system in the coordinate R.

An alternative set of collective coordinates has been
identified by Feagin and Briggs (1986, 1988) and by Rost
and Briggs (1991, and references therein) that is applica-
ble to a Coulomb system of three particles, two of which
are identical. We discuss these coordinates in the particu-
lar case of H™; any other three-body system is described
by straightforward scaling of the units of energy and
length. With p,p, the positions of the two electrons (of
unit mass) and p, that of the proton (of mass M), we
define

R=p,—p;
r=p3;—(p,+py)/2.

(16)

We let R define the quantization axis for the “body
frame” of the three-particle system, which is obtained
from a space-fixed frame by Euler rotations. For fixed
values of total angular momentum L and projection M,
the wave function in the space-fixed frame, W;,,(r,R),
can be represented by an expansion in body-frame wave
functions ¥,,,(r,R), with 0<m <L, where m is the az-
imuthal quantum number associated with the azimuthal
motion of r in the body frame. One then proceeds by an
adiabatic expansion of the body-frame wave functions,

Yo (r,R)=R '3 fL (R)®},(1,R) , (17)

i,m

in which the motion in r will be taken to be fast in com-
parison to that in R and will generate effective potentials
for the channel functions f£,(R). The indices in Eq. (17)
have the usual molecular interpretation: L is the total an-
gular momentum of the system; m and ¢ equal O and 1,
respectively, the azimuthal quantum number and inver-
sion symmetry of the body-frame adiabatic wave function
®; and i, an adiabatic channel index.

A key advantage of this method is that the adiabatic
wave functions ® are eigenfunctions of the two-center
Coulomb Hamiltonian
1 V2o 1 1

—, (18)

h=——
r
2v ry r,

where v is a reduced mass, and the vectors r,,r, are given
by r£zR /2, where z is the unit vector along the body-
frame symmetry axis. The Schrodinger equation ob-
tained from (18) is separable in prolate spheroidal coordi-
nates,

rytry ry—r,

=L 2 1
R PR (19)
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so that the adiabatic wave functions ® have a well-
defined structure characterized by quantum numbers
ny,n,. These provide adiabatic channel indices with im-
plicit information about the internal symmetry of the
wave function at all values of R. Furthermore, the adia-
batic potentials that emerge from this treatment can be
related to those of the Hy molecule by a simple scaling
transformation.

Figure 5 shows adiabatic potential curves for various
states of H™ as computed by this approach and by the
adiabatic hyperspherical method. Note that the coordi-
nate R has completely different meanings in these two
sets of curves. There are some qualitative similarities in
these potentials, such as the existence of a barrier in the
“+” or 2po, channels of 1pe symmetry, but there are
noticeable differences in detail, particularly in the distri-
bution of curve crossings. Energies of doubly excited
states computed in the adiabatic approximation by this
method exhibit good agreement with results obtained by
other methods, particularly at high energies (Rost and
Briggs, 1991).

This model therefore casts the two-electron problem
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FIG. 5. Adiabatic potential curves for H™ near H(n =2), for
LS symmetries as indicated. Top frames: as computed in the
molecular model; bottom frames: from adiabatic hyperspheri-
cal calculations. From Feagin and Briggs (1988).
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into a molecular framework in a natural fashion. It ap-
pears to explain the essential physics that underlies the
quasimolecular aspects of doubly excited spectra, which
hitherto had been discussed within the context of group
theory or approximate atomic models.

E. The Wannier ridge resonances

Wannier (1953) presented a theory of the threshold
behavior of electron-impact ionization based on classical
mechanics. Semiclassical versions of this theory were de-
rived by Peterkop (1971) and Rau (1971), and there have
been many subsequent theoretical and experimental in-
vestigations of its validity (for reviews, see Sec. VIL.A).
Although it would be an exaggeration to say that this
theory is universally accepted, it has become the primary
focus for all discussions of processes involving two elec-
trons near the threshold for double escape from the field
of an ion (electron-impact ionization, double photoion-
ization, and double photodetachment). The Wannier
theory postulates that double escape at threshold
proceeds through a highly specific region of configuration
space, in which the two electrons travel outward on op-
posite sides of (8;,=~w) and comparable distances from
(ry=r, or a=m/4) the ion. This region of configuration
space appears as a ridge or saddle in the hyperspherical
potential surface for the two-electron system: at fixed R,
this trajectory is stable with respect to small variations of
6,, and unstable in a (see Fig. 2). The physical underpin-
ning of this argument is that if one electron lags the oth-
er, it will be captured in the field of the ion at large dis-
tances, and single ionization of the leading electron will
ensue.

We discuss this situation from the perspective of classi-
cal mechanics. If we use the coordinates

R=(r;+r,)/2

(20)
p=(ry—ry),
the Hamiltonian takes the form
g Lr P, _z __z 1
22m)  2m/2) |R—p/2| |R+pr2| p’
2n

where m is the electron rest mass.

The solution R=0 is allowed by classical mechanics,
although it is unstable (Richter and Wintgen, 1990). In
this case the Hamiltonian for p takes the form

__ P} a4z
P 2(m/2) p

which is the hydrogenic Hamiltonian for a particle of
mass m /2 in the field of a charge 4Z —1. By naive
quantization of Eq. (22), we obtain the spectrum (in
atomic units)

g =_MZ=1/4P

n ’
n2

H

(22)

(23)
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where n =1,2,... . Thus the basic Wannier model of
threshold escape of two electrons also gives Rydberg-type
series of resonances converging on the threshold.

A more rigorous derivation, yielding a formula similar
to Egs. (23) has been carried out by Macek and Feagin
(1985) utilizing a WKB approximation of the wave func-
tions. They obtain

__MZ—1/4—0/4)
" (n —d)?

where o is a screening constant that is much less than
unity, and d can be interpreted as a quantum defect: it is
related to the phase of the WKB wave functions at the
boundary R of the “Coulomb zone” in which the Wan-
nier treatment is valid.

The possible existence of a series of negative-ion reso-
nances which arise as a consequence of motion on the
Wannier ridge seems to have been first mentioned by
Fano (1980), and this idea was used by Buckman et al.
(1983a, 1983b) to interpret long resonance series observed
in electron scattering by He below the first ionization
threshold. These measurements are discussed in detail in
Sec. IV.B. However, they have promoted a substantial
amount of theoretical activity, which is worthy of some
comment.

The energies of such a Rydberg series of doubly excit-
ed resonances can be approximated by variations to the
Rydberg formula that take into account the mutual
screening of the core by the two electrons and that as-
sume that the two excited electrons are equidistant from
the core. Heddle (1976b, 1977) and Read (1977)
developed such a modified Rydberg formula, and it,
along with several other variants (Rau, 1983; Lin and
Watanabe, 1987), does a reasonable job at fitting the en-
ergies of the observed resonances in He™ and many other
systems. These semiempirical formulas and the results
derived from them are discussed in detail in the next sec-
tion and in Sec. IV.B.

Feagin and Macek (1984; Macek and Feagin, 1985)
have also shown the existence of a Rydberg series of reso-
nances converging on the first ionization threshold by ex-
trapolating Wannier continuum wave functions, which
describe two-electron escape, to the energy region just
below the ionization threshold. They derive the modified
Rydberg formula (24), which agrees with that of Rau
(1983). However, they point out that, in order for this
formula to fit the experimental data of Buckman et al.,
unreasonably large values of o must be used. They also
obtain an equation for the partial widths of these reso-
nance states which is based on an argument that the ob-
served average intensity, (I,l ), for these resonances, can
be related to the Wannier threshold law at high n. That
is

E

, (24)

I‘n
— ~ E1.127 , (25)
En+1_En n— o "

(1,)

where T, is the partial width. From this they show that
the partial widths of these states should vary as n ~>2%*



554 S. J. Buckman and C. W. Clark

for large n. This disagrees with the result of Rau (1983,
1984c¢), who obtains an n ~%2% variation based on the
normalization of a Coulomb function in six dimensions.

The ridge resonances in He™ and H™ were also calcu-
lated by Komninos et al. (1987). In particular, they cal-
culated the energies of He ™ states of 2S symmetry up to
n =10 based on a multiconfiguration Hartree-Fock ap-
proach, which includes the effects of both angular and ra-
dial correlations. The energies they obtain are in good
agreement with experiment, and probability plots indi-
cate localization of the excited electrons on the Wannier
ridge. These results are discussed in more detail in Sec.
IV.B.

Recently, a rather different picture of ‘“Wannier ridge
resonances” was put forward (Richter and Wintgen,
1990; Ezra et al., 1991; Rost et al., 1991), though it has
been applied primarily to doubly excited states of neu-
trals rather than negative ions. These papers report stud-
ies of trajectories of two-electron systems, as computed in
classical mechanics, and their implications for quantum-
mechanical spectra using methods due to Gutzwiller
(1990). Richter and Wintgen (1990) find that the Wan-
nier configuration described by Eq. (22) is highly unstable

and that it therefore cannot be associated with quantum- -

mechanical resonances. On the other hand, they find
that a two-electron orbit first identified by Langmuir
(1921) is stable for Z =2 (though apparently not for
Z =1) and that it therefore ought to describe a series of
Rydberg-type resonances in He. Langmuir’s two-
electron orbit has the two electrons always at equal dis-
tances from the nucleus, so that a=w/4; but the
configuration is relatively localized in R, the dominant
mode of motion being an oscillation in 6,, about the
value of 7. Thus the motion of the two electrons about
the nucleus resembles the bending mode of vibration of a
triatomic molecule. Quantum-mechanical calculations of
doubly excited states of He that have been regarded as
Wannier ridge resonances (Ezra et al., 1991) show wave-
function clustering about the classical Langmuir orbit.

F. Classification schemes, techniques,
and nomenclature

A number of semiempirical techniques have been
developed as an aid in the study of negative-ion reso-
nances. The earliest methods involved extrapolation ei-
ther along isoelectronic sequences or along states of equal
ionization and were developed to enable determinations
of ionization potentials and electron affinities. They have
not proven particularly useful for predicting accurate res-
onance energies and can give little insight to the
classification of the states concerned. Other, somewhat
more successful techniques have involved the comparison
of resonance spectra with the spectra of both singly and
doubly excited states of similar or isoelectronic atoms
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(e.g., Kuyatt et al., 1965; Swanson et al., 1973). From
such comparisons some educated guesses as to the
configuration of the resonance states involved have been
made.

However, as Read et al. (1976) have pointed out, the
complete classification of any spectral feature involves
the assignment of both a configuration and an appropri-
ate coupling scheme. In the cases of helium and atomic
hydrogen, this task is relatively straightforward, and the
classification of the lower-lying (n =2) resonances march
almost hand in hand with their observation, both as a re-
sult of the detail of the experimental observations and of
the availability of accurate wave-function information.
Similar progress has followed in the description of the
higher-lying (n =3,4) resonances, and these are dis-
cussed in some detail in Sec. IV.B and in the latter parts
of this section.

It is perhaps appropriate, however, to describe briefly a
classification scheme that has proved successful in the
description of the resonance spectra observed in the
heavier rare gases, a group of atoms for which there is a
substantial body of high-quality experimental evidence.
Almost without exception, the early experimental papers
on these gases noted the occurrence of a number of reso-
nance pairs that appeared to be split in energy by an
amount that was comparable to the spin-orbit splitting in
the ion core. At the time of the Schulz review, the lowest
few resonances in the rare gases had been assigned
configurations, and it was generally believed that these
states consisted of two excited s electrons attached to the
spin-orbit-split ion core. Spence and Noguchi (1975)
made a comparison between the resonances observed in
the hydrogen halides and in their isoelectronic rare-gas
counterparts and proposed configurations for a number
of the higher-lying features in the rare-gas spectra of
Sanche and Schulz (1972a). In assigning these
configurations, they relied on an earlier conclusion
(Spence, 1974) that the two excited electrons are in their
most stable configuration in the field of the positive-ion
core when they have the same principal quantum number
n and similar angular momentum /.

These ideas were expanded significantly by Read et al.
(1976), who proposed a coupling scheme for the rare-gas
resonances and provided detailed configurations and
terms arising from this scheme. This coupling scheme
has as its physical basis the notion, based largely on the
observed correspondence between the energy separation
of the resonance pairs and the ion core splitting, that the
coupling between the two excited electrons and the ion
core is weak compared to the coupling between the elec-
trons themselves. Read et al. (1976) propose that the two
excited electrons couple together to form a total angular
momentum L and total spin S and that the coupling be-
tween the total angular momentum of the core j and L is
stronger than that between j and S, which is also
stronger than that between L and S. They propose a jLS
coupling scheme of the following form for the two elec-
trons with spins s, , and orbital angular momenta 1, ,,
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1,+L,=L,
s;+s,=8S,
j+L=K,
K+S=7J.

(26)

The interaction between the external electrons and the
ion core has the effect of splitting the SL term into states
of (generally) different energy and total angular momen-
tum J. Read et al. provide tabulated examples of the
values of J obtained from the LS terms 38, 3P, 13D
when coupled to an ion core with angular momentum be-
tween 1 and 2. In an associated paper (Brunt et al. 1976)
this classification scheme, which is usually referred to as
the “external coupling” or “grandparent” classification
scheme, was applied to the rare-gas resonances, as ob-
served in metastable atom excitation functions. Assign-
ments were made to classes of resonances observed in
each of the heavier rare gases, neon through xenon, and
each of these classes was designated by an alphabetical
letter. In general, we have attempted in this paper to use
this nomenclature when discussing resonances in the rare
gases or, where appropriate, in other systems. Following
Read et al., the letters a—f correspond to the following
configurations in the rare gases:

a=np>?P} 3 (n +1)s2's

b=np>?P},, 3 ,(n+1)s(n +1)p3P°,
c=np>?P{,35n +1s(n +1)p'P°, -
d=np>?P} 3 ,(n +1)p*'S,

eEnp52P’i/2,3/2(n +1p*'D,

F=np32PY 5 0(n +2)s21S .
In the above notation, contrary to usual spectroscopic

practice, the final term designation refers to the coupling
scheme appropriate to the outer two electrons. Only for

1S external coupling (i.e., and @, d, and f resonances) has -

it been possible to identify the total angular momentum
of the resonant states with any confidence. In all other
cases there exists multiplet structure, little of which has
been specifically identified to date.

Because of the ubiquitous occurrence of resonances
similar to the @ and b cases identified above, we have
used this notation to label such states in a variety of ele-
ments. As discussed in Sec. VI, the complex of two elec-
trons, coupled either as 'S or 3P° and attached to a
positive-ion core, exhibits a propensity to form a reso-
nance that is largely unaffected by the details of the core.
This is about the strongest generalization that can be
made about negative-ion resonances in different elements.
The ¢, d, e, and f features occur with notable similarity
in the noble gases, but we have not found many other sys-
tems in which these classifications are useful.

Several other semiempirical techniques have proved
beneficial as an aid in the classification of negative-ion
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resonances. Firstly, Heddle (1976b) and Read (1977) pro-
posed a modification to the Rydberg formula in order to
parametrize the energies of two-electron configurations.
Read considered configurations of the type [core] ninl’,
in which the two electrons mutually screen each other
from the charge of the core (Z) such that they each ex-
perience an effective charge of (Z —o), where o is a
screening constant. The effect of core penetration by ei-
ther of the two Rydberg electrons is accounted for by the
quantum defect §,;, and the energy of the two-electron
configuration is given by

_R(Z—-0)?* R(Z—0)

E, =1
ninl (n —8,,1 )2 (n _Snl')z

’ (28)

where I is the ionization potential or the core energy, R
is the Rydberg constant (equal to J a.u.), and o is con-
sidered to be identical for each electron, with o =0.25 in-
dicating a highly correlated motion of the two Rydberg
electrons (Read, 1977). Note that this formula differs by
a factor of 4 from that of Eq. (24), if similar values of the
screening constant and quantum defects are used. For
each electron the value of §,,; is that which is appropriate
for the parent configuration [core]nl. Read demonstrated
that, particularly for those configurations of the type
[core]ns? 'S, the modified Rydberg formula does extreme-
ly well in predicting the energies of negative-ion reso-
nances and doubly excited states and the electron
affinities of many stable negative ions. Although it ap-
pears to be less accurate in predicting the energies of oth-
er terms such as [core]nsnp (V3P°) and np2(°P,'D,!S)
(i.e., there is a greater variation required in o to enable
the term energies to be reproduced), it is considered to be
a useful tool in aiding the classification of negative-ion
resonance states and has been used as such by many
workers in the field. A similar approach was employed by
Heddle (1977) to group resonances observed in optical
excitation functions for helium. The application of these
techniques will be discussed in many of the following sec-
tions.

Another technique that has proved quite successful as
an aid to classifying resonances into groups or families is
a graphical method developed by Spence (1977). He not-
ed that a scheme used by Maria et al. (1973) for express-
ing the frequency of Rydberg states in structurally relat-
ed molecules in terms of the ionization potential may be
applicable to many Feshbach resonances which are essen-
tially two electrons in Rydberg-like orbitals. He pro-
posed that the energies of resonances of similar
configurations in different rare-gas atoms could be accu-
rately predicted by a simple relation, E = AI + B, where
I is the ionization potential and A and B are arbitrary
parameters independent of the atomic species. This for-
mula, when fitted to the measured energies of Sanche and
Schulz (1972a) and Brunt et al. (1976) for families of res-
onance features in the heavy rare gases (not He), indicat-
ed that, of 46 resonances, the predicted energies are
different from the measured energies by less than 40 meV
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in all but three cases. The striking feature of this form of
analysis is the ability to easily group resonance features
into families of similar configuration. It has been used
more recently by Dassen et al. (1983) as an aid to the
classification of resonances in the region of the rare-gas
doubly excited states and also by Johnston (1983) in his
work on the alkalis. These applications will be discussed
in detail in later sections.

An alternative two-electron classification scheme has
been proposed by Lin (1983d, 1984, 1986, 1987), which
builds on earlier work by both Herrick and collaborators
(Sinanoglu and Herrick, 1973; Herrick and Sinanoglu,
1975; Herrick et al., 1980; Herrick, 1983). By analysis of
configuration-interaction wave functions, Sinanoglu and
Herrick (1973; Herrick and Sinanoglu, 1975) discovered
an approximate constant of motion for states of two-
electron systems in which both electrons occupy hydro-
genic orbitals of the same principal quantum number N:

B=_;A__‘.:_.Ai , (29)
vV —2E

where E =—Z?/2N? is the usual hydrogenic energy, and
A, is the Runge-Lenz operator for electron i, defined as

A=P(R-P)—R(P>*—R7) (30)

with R=Zr, P=p/Z. As is well known, the vector that
is the equivalent of Eq. (30) in classical mechanics is
directed along the semimajor axis of the ellipse of the
Kepler orbit, so that the approximate conservation of Eq.
(29) expresses a tendency for the two electrons to main-
tain a constant relative orientation. Since L? and (B-L)?
commute with B-B (L being the net orbital angular
momentum operator), they may be simultaneously diago-
nalized. Their eigenvalues can be expressed in terms of L
and two additional integer quantum numbers K and T,
with

O0<T=<min(L,N—1),
+tK=N—-T—-1,N—T-3,...,00r 1.

(31)

T can be interpreted as the projection of L onto the axis
r,—r, and K is proportional to —{r _ cosf,,), where r _
is the radius of the inner electron. These quantum num-
bers therefore primarily characterize the angular correla-
tions of the wave function. It was found that many dou-
bly excited spectra fit the ‘“supermultiplet” pattern that
derives from these quantum numbers (Herrick, 1983).
Furthermore, the spectra resemble to some degree the
ro-vibrational spectrum of a linear triatomic molecule.
This resemblance gave rise to a variety of studies in
which doubly excited states were given a “molecular” in-
terpretation.

Lin (1983d) drew attention to another quantum num-
ber, A, which is not independent of k and T but which
provides a more direct indication of the radial correlation
in the two-electron wave function. A can take the values
0, £1 and is defined by
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A=m(—1)5*T for K >L—N
(32)
=0 otherwise ,

where S is the total spin and 7 the parity of the state.
Empirical analysis of wave functions has shown that
states with 4 =0 reside in the ‘“‘valleys” of the hyper-
spherical potential surface (i.e., the regions near a=0°,
a=90° in Fig. 2) and therefore have relatively weak radi-
al correlations. States with | 4|=1 can have significant
wave-function amplitude in the vicinity of the saddle
point a=45°. Those with 4 =1 typically have an an-
tinode near the saddle, and those with 4 =—1 have a
mode. The 4 =1 states correspond, respectively, to in-
phase and out-of-phase stretching vibrations of the two
excited electrons. Mglmer and Taulbjerg (1988) have
shown that A, as defined by Lin, is the eigenvalue of the
operator P,,S,,, where P,, interchanges electron coordi-
nates and S, is a reflection in the plane perpendicular to
the intrinsic symmetry axis of the state.

Under this scheme doubly excited states are conven-
tionally designated by the symbol

n(K’T)1¢ZS+1L1r, (33)

where N and n are principal quantum numbers of the
inner and outer electron, respectively. As noted above,
this scheme has been used often in the description of the
doubly excited spectrum of neutral helium [see, for exam-
ple, Lin (1986) and references therein]. Recently, Lin
and Watanabe (1987) and Le Dourneuf and Watanabe
(1990) applied this classification scheme to the spectrum
of He™ resonances. In both cases, the latter involving
the description of the resonance series in terms of a dou-
ble Rydberg formula, the agreement with experiment is
good. Rau (1983) has also developed a pair Rydberg for-
mula for predicting the energies of He™ resonances and
has provided a review of alternative schemes (Rau, 1991).
Details of this work are presented and discussed in Sec.
IV.B. This scheme has also been applied to the rich dou-
bly excited resonance spectrum of H™ (Fukuda et al.,
1987; Pathak et al., 1988; Sadeghpour and Greene, 1990;
Ho, 1992).

As discussed in Sec. I1.E, an alternative set of quantum
numbers, deriving from a quasimolecular description of
the Coulomb three-body problem, has been presented by
Feagin and Briggs (1986, 1988; Rost and Briggs, 1991).
These can be presented in the same form as the electronic
states of the molecular ion H; : either in terms of the
united-atom limit (e.g., 1so,); in terms of the separated-
atom limit (n,n,m), where n,n, are parabolic quantum
numbers and m is the projection of the electronic angular
momentum upon the internuclear axis; or in terms of an
intermediate molecular-orbital system (n,n,m), where
ny,n, are the quantum numbers of the adiabatic wave
function in prolate spheroidal coordinates. Rost and
Briggs (1991) present a table that summarizes the rela-
tionships between these designations and the (K,T)4
description for N =1-6.
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ll. EXPERIMENTAL TECHNIQUES

In this section we attempt to give an overview of the
experimental techniques that are available for the study
of temporary negative ions. We do not wish to detail the
specifics of all the many techniques that have been ap-
plied to this field, but rather to highlight those advances
and new techniques that have been developed since the
comprehensive reviews by Schulz. Detailed descriptions
of the major techniques may be found in the review arti-
cles of Schulz (1973a, 1973b), Andrick (1973), Risley
et al. (1974), Golden (1978), Read (1983), and references
therein. We have also relied heavily on these articles for
much of the reference data.

A. Electron-atom scattering

Electron-impact spectroscopy has provided the majori-
ty of the recent information on atomic negative-ion reso-
nances. While few entirely new approaches have been
developed in the past decade, many of the existing experi-
mental techniques have been refined such that low-energy
electron beams with energy spreads less than 25 meV (full
width at half maximum, FWHM) can now be readily ob-
tained. In fact, several recent experiments have demon-
strated that sub-10-meV resolution is possible for gas-
phase electron spectroscopy, both through the applica-
tion of conventional techniques (Rohr and Linder, 1976;
Jung, 1980; Jung et al., 1982; Williams, 1985, 1988) and
through new developments (Kennerly et al., 1981;
Wallbank et al., 1983).

Negative-ion resonances formed by electron impact are
generally studied by detecting reaction products in one or
more of the decay channels energetically available to the
compound state. Some of the many possible decay routes
and the resultant detected particles are shown in Fig. 6.
Such studies involve the measurement of either the total
or differential scattering cross section (or a quantity pro-
portional to these) for the above reaction products as a
function of the incident electron energy. Many of the ex-
periments involving the measurement of a total cross sec-
tion are performed by studying the passage of an electron
beam through a gas cell and detecting those electrons
that are not scattered by the gas; this is the so-called
transmission technique. ’

DETECT
e, + A elastic electron
- * inelastic electron
€ + A metastable atom
_ k% l .
e + A » A A photon
\ scattered or ejected

~ +
e; +A +egy

electron
positive ion

FIG. 6. Some possible decay modes for negative-ion resonances
excited by electron impact.
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1. Transmission studies

Electron transmission experiments, in which the at-
tenuation of a beam of electrons by a gas sample in a
scattering cell of known length is measured, have formed
the basis of accurate total-cross-section measurements
since the pioneering work of Ramsauer (1921). The study
of sharp (< 100 meV) structure in the energy dependence
of such cross sections due to the presence of negative-ion
resonances requires the use of some form of energy selec-
tion of the incident electron beam prior to the scattering
cell. A number of devices have been developed for this
purpose. Schulz and Fox (1957) used a retarding poten-
tial analyzer for the study of metastable atom excitation
functions in helium with an energy resolution of about
100 meV. The Ramsauer technique was further
developed by Golden and Bandel (1965), who demon-
strated that an energy resolution of 20-100 meV is
achievable with this method. However, the use of the
conventional transmission measurement was found to be
limited in the study of resonance effects, because the res-
onance structure is generally only weakly apparent in the
(usually) large nonresonant total cross section.

A major advance was the development of the
transmitted-current derivative technique (Sanche and
Schulz, 1972a), which was first applied in conjunction
with the trochoidal monochromator transmission ap-
paratus developed by Stamatovic and Schulz (1968,
1970). This technique makes use of a small (5-60 mV) ac
signal applied to the walls of the collision cell with
respect to the entrance and exit electrodes. Subsequent
phase-sensitive detection of the transmitted current re-
sults in a signal that is proportional to the derivative of
the total cross section dQr /dE, rather than to Qr, and
thus highlights even very small changes in the total cross
section. This technique was used extensively by Schulz
and his co-workers to provide the bulk of the early infor-
mation on atomic and molecular negative-ion resonances
(see Sanche and Schulz, 1972a, 1972b, 1972c; Schulz,
1973a, 1973b, and references therein). In the years since
the Schulz review, its application has mainly been in the
study of molecular systems (see Burrow, 1985), although
several investigations on atomic resonance effects have
been carried out with this technique and it has been used
for the study of metal vapors and some transient atomic
species (e.g., Spence and Chupka, 1974; Spence and
Inokuti, 1974; Burrow and Comer, 1975; Spence, 1975a,
1975b; Burrow et al., 1976; Johnston and Burrow, 1982).
These will be discussed in later sections. While there have
been no major technological advances in this area in the
past decade, some effort has been invested in modeling
the operation of trochoidal monochromators with a view
to optimizing their performance (McMillan and Moore,
1980).

A related technique, which in many aspects is very
similar to the transmission technique but which actually
detects the scattered electrons, is the trapped-electron
method, first used by Schulz (1958). These experiments
usually consist of a trochoidal electron monochromator
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and a collision volume lined with a circular collecting
electrode to which is applied a small potential W. Those
electrons that undergo an inelastic collision and have a
resultant energy less than eW will be trapped by the po-
tential well in the collision volume and confined by the
axial magnetic field until, as a result of collisions, they
migrate to the collecting electrode. Thus, as the incident
electron energy is increased above an atomic threshold,
with the well depth W fixed, the collected current is pro-
portional to the total excitation cross section for that
state. A modification to this technique by Knoop and
Brongersma (1970) involved modulating the well depth
W by an amount AW and measuring the ac component of
the collected current in phase with the modulation fre-
quency. This has the added sensitivity that it results in
the detection of only those electrons with an energy of
e(WLAW).

This technique has been used in a number of studies to
measure excitation and ionization cross sections for a
variety of atomic and molecular targets, some of which
have revealed resonance effects and which are discussed
in later sections. A novel extension to the technique was
proposed and applied by Spence (1975a, 1980), who
developed a method to enhance and separate those
features in a trapped-electron spectrum that were due to
negative-ion resonances from those due to inelastic exci-
tation of the neutral atom. This technique proved partic-
ularly useful in the detection and classification of reso-
nances in the autoionizing region of neon and, by infer-
ence, the heavier rare gases. As outlined above, the con-
ventional trapped-electron technique detects only those
electrons that have been inelastically scattered. The
current of inelastically scattered electrons is detected
synchronously with a modulated voltage, AW, applied to
the trap depth W. The output is proportional to the in-
elastic cross section at an energy above threshold corre-
sponding to the depth W of the trap. In such a spectrum,
features associated with doubly excited states are strong-
ly present compared to those associated with negative-ion
resonances, as the latter can only be detected as a result
of a two-electron decay into the continuum, with one of
the electrons having an energy corresponding to the well
depth. Spence was able to enhance the visibility of the
resonance states in this experiment by noting that a por-
tion of the elastically scattered signal also reaches the
detector but is not measured, as its magnitude does not
depend on the modulation voltage AW. Instead of modu-
lating W, he modulated the incident energy and detected
a signal with two components, the first being the deriva-
tive with respect to the incident energy of the elastically
scattered signal and the second being a spectrum of the
inelastically scattered electrons similar to the previous
method. He was able to demonstrate that, for helium,
the negative-ion features in the region of 56—-60 eV were
enhanced by about a factor of 40 by using this technique,
presumably as a result of the preferential decay of these
states into the elastic channel rather than the continuum.

Spence also noted that the position of the negative-ion
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resonances in the trapped-electron spectrum depended on
the well depth W, while the position of the doubly excit-
ed neutral states was independent of W. Thus, by collect-
ing spectra with variations in W of several hundred mil-
livolts, he was able to chart those features that shifted
correspondingly; and these could be ascribed, with some
certainty, to negative-ion resonance states. These results
are discussed in Sec. IV.D.

Various other derivative techniques that employ only
electrostatic fields have been used for high-resolution res-
onance studies. Golden et al. (1972) make a comparison
between the retarding potential difference method and
the retarded energy modulation method. Schowengerdt
and Golden (1974) combined both of these techniques in
a double modulation spectrometer, which realized an en-
ergy resolution of 29 meV with good signal-noise charac-
teristics, and resolution as high as ~ 10 meV with a poor-
er signal-noise ratio. Data obtained with this technique
will be discussed in a later section. Jost and Ohnemus
(1979) combined a parallel-plate energy selector and asso-
ciated electron optics with a scattering cell to measure
the absolute total collision cross section for Hg. Their en-
ergy resolution of 100 meV enabled the observation of
many resonance features below 12 eV. Similar experi-
ments with a hemispherical energy selector (AE ~30
meV) have been conducted in the rare gases (Jost et al.,
1983).

Several other recent, novel electron monochromator
designs have been used in conjunction with scattering
cells to obtain transmission resonance spectra with ob-
served widths of 30 meV or less. Grisenti and Zecca
(1982) have obtained low-energy electron beams with an
energy resolution of less than 25 meV at a current of 1
nA in a linear electron gun by utilizing the dispersion due
to chromatic aberration in an electrostatic lens system.
Paske et al. (1981) have developed a digital difference
technique that gives similar results to the retarded energy
modulation technique without the need for energy modu-
lation, phase-sensitive detection, or a highly mono-
chromatic incident electron beam. They obtained an en-
ergy resolution of 30 meV at an incident energy of 20 eV.

Transmission experiments, in particular those. that
measure the derivative of the transmitted current, are ar-
guably the most sensitive means of detecting the presence
of narrow negative-ion resonances. However, because
these experiments only detect those electrons that have
not undergone collisions (with the exception of the
trapped-electron method, which detects inelastically scat-
tered electrons), all information about the energy and
scattering angle of those that have undergone collisions is
lost. As a result, transmission experiments cannot pro-
vide conclusive evidence leading to the unambiguous
classification of negative-ion resonances or their decay
modes.

Such information can, however, be obtained from mea-
surements where the presence, or otherwise, of a reso-
nance is determined by detecting particles that directly
arise from the decay of the resonant state. Reaction
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products such as electrons, photons, metastable atoms,
and positive ions, and their angular distributions and/or
polarizations, can all be used in a detailed study of reso-
nance excitation. Experiments in which scattered parti-
cles are detected are usually (but not exclusively) per-
formed in a beam-beam geometry.

2. Crossed-beam studies

The past decade has witnessed a marked increase in
the variety of experiments used to study resonance
effects. In addition to the detection of the directly eject-
ed or autodetached electrons, a number of intermediate
and final states involved in the decay process have been
probed by the detection of metastable atoms (see, for ex-
ample, Brunt et al., 1976, 1977a; Keesing, 1977; Buck-
man et al., 1983a, 1983b; Koch et al., 1984; Newman
et al., 1985), decay photons (see, for example, Kisker,
1972a; Heddle et al., 1973, 1977; Heddle, Keesing, and
Kurepa, 1974; Heddle, Keesing, and Watkins, 1974; Hed-
dle 1976, 1977; Brunt et al., 1977b, 1977c; Wolcke, 1983;
van der Burgt et al., 1985a, 1985b), and dissociation
fragments of molecular negative ions (Huetz and
Mazeau, 1981).

Much of the wealth of new data derived from crossed-
beam and beam-gas cell techniques is without doubt due
to improvements in electron optical and spectrometer
design as well as data-acquisition and analysis tech-
niques. The manifestation of negative-ion resonances as
sharp structures in the energy dependence of electron-
scattering cross sections has maintained interest in the
quest for stable, highly monochromatic, variable-energy
electron beams. Most of the experimental work in this
field is performed with conventional energy analyzers and
electron optical techniques. The majority of the energy
analyzers in use are still the dispersive devices such as the
180° hemispherical or the 127° cylindrical electrostatic
deflection analyzers. Little use has been made of either
magnetic or combination crossed magnetic- and electric-
field analyzers, because of the difficulty in shielding the
electron paths external to the analyzer from stray B
fields, the difficulties faced in construction, and, often,
the lack of compatibility of magnetic devices with high-
vacuum conditions. Another variety of dispersive device,
the time-of-flight analyzer, has also seen little use in the
study of atomic negative-ion resonances, because the en-
ergies involved are generally too high to exploit the high
resolution which this technique can provide at very low
energies. Time-of-flight spectroscopy has, however, been
successfully applied in electron-molecule collisions (see,
for example, Raith, 1976 and Kennerly et al., 1979).

a. Developments in electron-energy analyzers
Considerable effort has been invested in approaches to

improve the performance of electrostatic analyzers.
Where a large angular scattering range is not of prime
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importance, the size of energy analyzers can be increased
in order to reduce the effects of surface nonuniformities
and improve energy resolution (Brunt et al., 1977e).
These authors alsc reduced the effects of field nonunifor-
mities at the entrance and exit of an 180° hemispherical
analyzer by use of a series of empirically designed fringe-
field correcting hoops and virtual entrance and exit aper-
tures. They found a marked improvement in the achiev-
able energy resolution over a similar system with real
defining apertures. Nevertheless, there are many exam-
ples of spectrometers with real apertures that have
achieved an energy resolution of 25 meV or better (see,
for example, Jost, 1979b; Jung et al., 1982; Weyhreter
et al., 1983; Williams, 1985).

Many articles offering a comparison of electrostatic en-
ergy analyzers have been written. They are generally
characterized by a “figure of merit,” such as the ratio of
the analyzer transmission to its resolution, T /(AE /E,),
where E, is the mean pass energy (Aksela et al., 1970);
the product of the entrance area A4 and solid angle Q, or
“etendue,” e= A0 (Heddle, 1971a); the luminosity L,
which is the product of the transmission, entrance area,
and entrance solid angle; or a criterion that aims for a
workable compromise between transmitted current and
energy resolution (Read et al., 1974). While such criteria
are extremely useful in assessing the relative performance
of a particular analyzer, it is generally only a part of the
overall electron optical system, and its design and suc-
cessful operation, of course, depend critically on the oth-
er elements of the system. Read et al. (1974) used a com-
puter code to determine the optimum physical dimen-
sions and operating conditions for double focusing
analyzers (cylindrical mirror and hemispherical deflector)
that would maximize the transmitted current for a given
energy resolution. This design study included the effects
of Boersch energy spreading, space charge, and lens and
analyzer aberrations. They concluded that the hemi-
spherical deflector was the superior device, and, provided
careful design criteria are followed (such as the elimina-
tion of stray B fields), it is generally favorable to use a
large analyzer with small, well-defined virtual apertures.

Jost (1979b) proposed a novel spectrometer design that
produced spherical equipotentials in the region of the
electron-beam trajectories from a series of nonspherical
electrodes. The principal advantage of this device was its
ease of construction, and a prototype yielded an energy
resolution of less than 25 meV with an unspecified beam
current.

In addition to those references already mentioned,
there are many other articles on the design and optimiza-
tion of energy analyzers (see, for example, Kuyatt and
Simpson, 1967; Sar-El, 1970; Risley, 1972; Steckelmach-
er, 1973; Roy et al., 1975b; Imhof et al., 1976; Eland,
1978; Poulin and Roy, 1978; Jost, 1979a; Boesten, 1985,
and references therein). An excellent general review arti-
cle by Granneman and Van der Wiel (1979) on electron
optics, energy analyzers, and particle detectors is also
recommended. '
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b. Developments in electron optics

Regardless of the form of energy analysis used, op-
timum performance almost always necessitates the use of
electron lenses at the input and output of the analyzer.
As the absolute resolution of an electrostatic analyzer,
AE, is proportional to the pass energy E, the resolution
may be improved greatly by operating with a low value
of E,. However, the entrance to the energy selector of an
electron monochromator is perhaps the most critical re-
gion in the system (Read et al., 1974). The size, angular
spread, and aberrated radius of the electron beam must
be carefully controlled at this point, and a multielement
energy-changing lens is usually required to transport the
beam from the (generally) higher-energy region of the
electron source to the selector entrance. Similar lens sys-
tems are- also required to transport and
accelerate/decelerate the energy-analyzed electron beam
to the scattering region.

Perhaps the most significant contributions to the
design of electron optical systems in recent years have
been the publication of extensive tables of calculated lens
parameters for a large variety of two- and three-element
cylinder, aperture, and slit lenses (Harting and Read,
1976) and the development of personal-computer-based
ray tracing programs such as SIMION (Dahl and Delmore,
1988) and LENSYS (Heddle, 1991) for quick evaluation of
electron optical systems of various geometries. The Hart-
ing and Read book represents a compilation and exten-
sion of the many lens calculations undertaken by the
Manchester group (see Harting and Read for references)
and is an invaluable asset to any experimental electron
spectroscopist. This volume, and Heddle’s book, also
contains comprehensive introductions to the terminology
and parameters used in lens design. Many other sources
of calculated lens parameters for two- and three-element
lenses also exist (e.g., Heddle, 1969; Klemperer and Bar-
nett, 1971; Grivet, 1972; Natali et al., 1972).

One disadvantage in the use of three-element lenses,
particularly when used as zoom lenses (Cross et al.,
1967), is that it is difficult to maintain a constant image
position and magnification over a wide zooming range.
In general, if it is required to maintain » individual prop-
erties of an image, then n —1 independent voltage ratios
will be required (Read, 1983). Design criteria for lenses of
more than three elements can be found in the literature
(e.g., Heddle, 1971b; Kurepa et al., 1974; Chutjian, 1979;
Fink and Kisker, 1980; Kisker, 1982). Recently Martinez
and co-workers (Martinez and Sancho, 1983; Martinez
et al., 1983) applied a new version of the charge-density
method (Read et al., 1971) to calculate the focal proper-
ties, aberrations, and energy-scanning capabilities for a
range of four-element cylinder lens configurations. Read
(1983) has given design parameters for a three-cylinder
lens with a movable midplane that can be used to main-
tain the required focal properties over a wider energy
range than a fixed four-cylinder lens. Heddle and Papa-
dovassilakis (1984) give experimental evidence of the abil-
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ity of a five-element cylinder lens to maintain constant
magnification over a wide range of overall voltage ratio.

While there have certainly been major advances in the
design and application of energy analyzers and electron
optical systems, no conventional high-resolution system
has yet achieved those beam currents predicted by calcu-
lation, even when effects such as space charge and lens
aberrations are accounted for. In fact, as has been dis-
cussed previously by Read (1983), the experimentally
achieved electron-beam currents are generally a factor of
5-10 lower than those predicted by calculation. Read
has postulated that this may be due to factors such as
surface patch fields or a non-Maxwellian initial energy
distribution in the electron gun. Other possible detri-
mental influences, particularly at the very high-energy
resolutions obtained in recent experiments, may be the
stability of power supplies at the mV level and, more im-
portantly, the effects of stray-field broadening (Read,
1975).

Many other factors have contributed in part to the im-
provements in resolution and sensitivity of electron spec-
trometers in recent years. Prominent among these is the
increased attention devoted to the maintenance of clean
ultrahigh vacuum and uniform surface conditions. In
most cases the latter has been attained by the use of tur-
bomolecular pumping systems and extensive high-
temperature bakeout. Jung et al. (1982) heat their spec-
trometer during operation to 100°C to help preserve
clean surface conditions. While many of the procedures
used in different laboratories have almost entered the
realm of folklore, it is clear that the maintenance of high
resolution requires rigorous attention to all experimental
details.

3. New techniques

There have been several new and elegant experimental
techniques developed in the past decade that have made,
or indicate the potential to make, a significant contribu-
tion to the study of atomic negative-ion resonances.

A high-resolution spectrometer based on a photoion-
ization electron source has been developed and used at
the Joint Institute for Laboratory Astrophysics (JILA).
The experimental arrangement for this spectrometer is
shown in Fig. 7 and described in detail by Gallagher and
York (1974) and Kennerly et al. (1981). A beam of meta-
stable 655d ' D, barium atoms formed in a dc discharge at
the exit of an oven is photoionized within the cavity of a
He-Cd laser. The uv wavelength of 3250 A (3.815 eV) re-
sults in the production of photoelectrons with an energy
of 17 meV. These electrons are extracted from the pho-
toionization region, accelerated, and focused by an elec-
trostatic lens system onto the supersonic target beam of
interest. The energy width of the electron beam so
formed is limited mainly by the potential gradient estab-
lished across the photoionization region by the slow-
moving photoions and the Doppler broadening due to the
relative motion of the photoions and electrons.
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FIG. 7. Schematic of the experimental arrangement of Kenner-
ly et al. (1981).

In measurements conducted with this system by
Kennerly et al. (1981) on resonances in elastic scattering
from Ar, N,, and He, the widths of the observed features
were dominated by Doppler broadening in the target gas
beam. However, they could deduce that source widths of
<2 meV at a beam current of 1X10™!! A are achievable
with this system. In a series of impressive measurements
on the He™ 1s(2s?) 28 resonance, they were able to rou-
tinely achieve an instrumental width of 5 meV at a beam
current of 5X107!2 A. While these measurements,
which will be discussed in Sec. IV.B, represent perhaps
the most accurate determination of the S resonance
width and the s- and p-wave phase shifts at the reso-
nance energy, it appears unlikely that the method could
be used for a study of weaker, higher-lying features un-
less a significant increase in beam current could be
achieved. A similar source that utilizes electrons pro-
duced by photoionization of argon by synchrotron radia-
tion has recently been developed by Field et al. (1988,
1991) and applied to electron-molecule scattering.

Another promising area which has not yet been fully
explored by high-resolution resonance studies has been
the development of high-brightness, solid-state sources of
polarized electrons. Several experiments (Heindorff
et al., 1973; Albert et al., 1977, Wolcke et al., 1983)
have demonstrated the advantages to be gained from con-
ducting resonance excitation with beams of spin-
polarized electrons, even at relatively low intensity and
energy resolution. This work is discussed in later sec-
tions. The new era of polarized electron sources that use
photoemission from a GaAs crystal are capable of pro-
ducing several microamps of beam current with an ener-
gy resolution of about 100 meV. Recently, Feigerle et al.
(1984) demonstrated that by cooling the Ga As crystal to
77 K, an energy width of about 30 MeV is attainable with
a beam current of 1 uA. Such high-resolution versions of
these sources have not yet been specifically used for the
investigation of resonance effects, but the advantages to
be gained from their use are obvious. Indeed, regardless
of the degree of polarization of the beam, these sources
can provide, at an energy resolution of 30 meV, up to an
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order of magnitude more beam current than conventional
combinations of thermionic emitters and electrostatic
analyzers. One other possibility yet to be extensively ex-
plored for obtaining high-energy resolution is the use of a
GaAs source as the input to a dispersive energy analyzer.

Yet another exciting development in electron spectros-
copy has been the recent successes in the use of multi- or
position-sensitive detectors. In a typical high-resolution
electron spectrometer, the information collected through
the exit aperture (real or virtual) of a dispersive energy
analyzer represents only a small fraction of the total sig-
nal available at the image plane. It would be an obvious
advantage to be able to gather the signal from discrete
positions across the whole image plane simultaneously
and thus span a significantly wider range of scattered
electron energies. A number of systems have been
developed in the past to improve the efficiency of conven-
tional analyzers (see Granneman and Van der Wiel, 1983
and Hicks et al., 1980 for a general discussion), but the
most efficient seems to be that of Hicks et al. (1980,
1982), which uses a charge-coupled device as an image
scanner. In this apparatus, electrons arriving at the im-
age plane of a large (10 cm mean radius) hemispherical
deflector are detected and amplified by channel plates
and then accelerated onto a phosphor screen. The pho-
ton image from the phosphor is then transferred by an
optical system to the charge-coupled device, which in-
tegrates the charge generated by the photon input to its
256 discrete channels and transfers the information to a
data-acquisition system This apparatus has demonstrat-
ed that an improvement in efficiency of at least a factor
of 100 over conventional spectrometers is possible. Fur-
thermore, energy-loss measurements in CO (Wallbank
et al., 1983) show that it is capable of an energy resolu-
tion of 7 meV.

To our knowledge such a system has not yet been used
in the study o1 atomic negative-ion resonances. The in-
crease in sensitivity obtained in recent measurements of
vibrational excitation functions in N, (Reddish et al.,
1984) indicates that its application to atomic systems
would be of great benefit. The attainment of higher reso-
lution in conventional spectrometers is almost always
achieved at the expense of signal, and this ultimately re-
stricts the range of experiments that is possible. Mul-
tidetectors may well provide the key to overcoming these
probléms.

Another emerging area that holds some promise is that
of electron scattering in laser fields. A number of experi-
ments in which both electron and photon excitation have
been combined to study negative-ion resonances have
been carried out. These have involved either discrete ex-
citation (e.g., Hanne et al., 1985; Zetner et al., 1986) or
free-free excitation (Langendam and Van der Wiel, 1978;
Langhans, 1978; Weingartshofer et al., 1983; Andrick
and Bader, 1984; Bader, 1986). With the exception of the
work in mercury (Hanne et al.), most of these studies
have highlighted the substantive effect that resonances
can huve on the free-free cross section, but have not shed
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any extra light on the assignments of the resonances con-
cerned. The experiments of Langendam and Van der
Wiel are somewhat different and will be discussed in
more detail in Sec. IV.D.2.

B. Photodetachment spectroscopy

An area in which significant contributions have been
made since the Schulz (1973a, 1973b) review is the field
of negative-ion laser photodetachment. This field, which
was in its formative stages in 1973, expanded rapidly dur-
ing the 1970’s mainly as a result of advances in both laser
and negative-ion beam technology.

The first observation of resonance structure in a
negative-ion photodetachment cross section was made by
Lineberger’s group at JILA (Patterson et al., 1974) in a
series of experiments to determine the electron affinities
of alkali negative ions. In these experiments, and subse-
quent measurements by this group where resonances
were observed (Slater et al.,, 1978), a 2-2.5-keV
negative-ion beam from a hot cathode discharge source is
crossed with light from a tunable dye laser. A variety of
reaction products including positive ions, neutrals, and
electrons can be detected with this system as a function
of laser frequency. A schematic of the apparatus is shown
in Fig. 8 . For a single photodetachment process, several
final channels may be available, depending on the energy
of the detaching photon. In the case of the alkalis, with
electron affinities in the range of 0.62-0.47 eV, the onset
of neutral production at the photodetachment threshold
corresponds to wavelengths in the range 2.0-2.64 um,
which is outside the range of available dye-laser systems.
However, the energy required to leave the neutral alkali
atom in its first excited state following photodetachment
can be achieved with conventional dye lasers; thus the
electron affinities can be accurately measured by detect-
ing the production of the n 2P excited states. In these ex-
periments on the alkalis, both flash-lamp-pumped and
argon-ion-pumped dye lasers were utilized, and, in the
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case of the Rb™ measurements, laser linewidths of ~0.5
cm ™! were used for high-resolution studies in the vicinity
of the 5 2P, , excited-state threshold. While the princi-
pal aim of these experiments was the determination of
the alkali electron affinities, the photodetachment cross
sections for the heavier alkali ions (Cs™ and Rb™) were
dominated near the neutral excited-state thresholds by
doubly excited states of the negative ion (resonances).
These results are discussed in some detail in Sec. IV.C. A
similar experiment with significantly higher photon reso-
lution (~0.1 cm™!) has been conducted in Rb™ by Frey
et al. (1978) and is also discussed in Sec. IV.C.

A more recent development in the laser photodetach-
ment (LPD) field has been the study of photodetachment
of H™. In a series of experiments at the Los Alamos
Meson Physics Facility, Bryant and co-workers (Bryant
et al., 1977, Hamm et al., 1970; Clark et al., 1980)
crossed a beam of relativistic H™ ions (800 MeV) with
pulsed light from a nitrogen (Bryant et al., 1977) or
Nd:YAG (Hamm et al., 1979) laser. By changing the an-
gle of intersection of the two beams, the photon energy in
the ion rest frame can be continuously varied according
to the equation

Ehv=7/Elab( 1 +BCOS(1) )

where «a is the angle between the beams, S=v /c for the
H™ ions, y=(1—p2)"!2, and E,,, is 3.678 eV for the ni-
trogen laser and 4.65 eV for the Nd:YAG laser. For the
LAMPF H™ beam with 8=0.842, this results in a tun-
able photon energy range of 1.8 to 11.5 eV and 1.63 to

. 15.6 eV for the nitrogen and Nd:YAG lasers, respective-

ly. Photodetached electrons resulting from the interac-
tion are removed from the ion beam downstream from
the interaction region by application of a small magnetic
field and are identified by virtue of both their energy and
temporal relationship to the laser pulse. Resonances in
the smoothly varying photodetachment cross section are
detected when the process proceeds via an excited state
of H™, and the energy of the resonance (by necessity of
1p° symmetry) is given by the photon energy at the reso-
nance minus the binding energy of H™ (0.754 eV) in its
ground state. This technique has been used to study H™
resonances in the vicinity of neutral excited states of H
up to n =6, and these results are discussed in Sec. IV.A.

Photodetachment spectroscopy has also been used by
the SRI group to study resonances in a range of atomic
negative ions including, among others, He™ (Peterson
et al., 1983, 1985) and Ca™ (Peterson, 1992). These are
discussed in more detail in later sections.

C. Collisions of negative ions with atoms

Heavy-particle collisions have also proved very useful
in the study of the spectra of various negative ions, par-
ticularly for many reactive species such as the halogens
and atomic hydrogen and oxygen, where there is only
sparse information from electron-scattering experiments.
In general, those experiments that have proven the most
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informative have involved the collision of fast (1-10 keV)
negative-ion beams with thermal atomic and molecular
beams. Less energetic collisions do not appear to pro-
duce excited negative-ion states.

The negative-ion beams are usually produced in a gas
discharge source such as a duoplasmatron ion source
(Aberth and Peterson, 1967). They are then extracted
and momentum analyzed before being focused onto the
atomic beam of interest. Electrons that result from the
collision are energy analyzed, typically in a dispersive
electrostatic analyzer (e.g., Edwards et al.,, 1971; Cun-
ningham and Edwards, 1973, 1974) or by time-of-flight
techniques (e.g., Fayeton et al., 1978). These electrons
can result from a number of different collision processes,
but only those involving excitation of some sort, of either
the beam or target species, will lead to structure in the
yield of electrons as a function of energy. In particular, if
the collision results in the formation of doubly excited
states in either the beam, as a result of direct excitation,

A +B—>A"**+B—> A" +B+e” ,
or the target,
A +B—>A+B ** > A+B™+e™,

as a result of charge exchange plus excitation, then the
electron spectrum should show structure corresponding
to the energy of these excited negative-ion states.

The energy resolution in most of these experiments has
been better than 100 meV, and the absolute accuracy of
the energy calibration as high as 20 meV.

IV. REVIEW OF SPECIFIC RESULTS BY ELEMENT

A. Hydrogen

As the simplest possible negative-ion system, H™ has
been treated in numerous theoretical calculations and has
been subjected to a variety of modelistic descriptions.
Early experimental studies have been less prolific, due
mainly to the technical difficulties associated with e-H
scattering and with H™ photodetachment in the reso-
nance region (around Ly-a wavelengths). At the time of
Schulz’s 1973 review, three H™ resonances had been
clearly observed experimentally in the region of the n =2
excited states (e.g., in the transmission experiments of
Sanche and Burrow, 1972), and there was evidence for
many more structures in the vicinity of the n =3
excited-state thresholds (e.g., in the optical excitation
functions of McGowan et al., 1969).

The amount of experimental work on this system in-
creased dramatically in the late 1970s and early 1980s,
due to the development of a relativistic ion-beam ap-
paratus that enabled photodetachment studies to be car-
ried out with laser techniques (Bryant et al., 1977 —see
Sec. III.B), and due to the improvement of H atom
sources to enable high-resolution electron-impact studies
(Slevin and  Sterling, 1981). Both experimental and
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theoretical studies have advanced beyond the point at
which a spectroscopic description of the H™ spectrum in
terms of isolated resonances is either feasible or desirable.
For example, Ho and Callaway (1986) give a table of over
150 resonances converging to the n =4, 5, and 6 thresh-
olds of H. In the period immediately following the
Schulz review, there were a number of further observa-
tions of resonances in H™. In the light of the recent ex-
perimental advances, we shall not summarize all of these,
but recommend the articles of both Williams (1976a,
1976b) and Risley (1980) as excellent reviews of work car-
ried out in the 1970s.

The lowest-lying resonance in H™ is the 2s? IS state,
which, combined with the effects of other resonances,
was first observed experimentally by Schulz in 1964.
This resonance lies below the first excited state of neutral
hydrogen (10.200 eV) and thus can only be observed in
the elastic channel in electron-scattering measurements
or in the ejected electron spectra resulting from an ion-
atom collision. There is excellent agreement for the ener-
gy of this resonance between high-resolution elastic
differential cross-section measurements (9.557+0.010
eV—Williams, 1976a; 9.549+0.013 eV—Warner et al.,
1990), high-resolution electron transmission experiments
(9.558+0.010 eV—Sanche and Burrow, 1972), and in
studies of the energy spectra of ejected electrons follow-
ing collisions of H™ and He, Ar and N, (9.593+0.030—
Risley et al., 1974). However, the two determinations of
the width of this state differ slightly, with Williams
measuring a value of 451+5 meV while Warner et al. find
it to be 63+8 meV.

On the theoretical side there have been many calcula-
tions of both the energy and the width of the 252 1S reso-
nance using a variety of techniques: for example, the
Feshbach projection operator (Bhatia and Temkin, 1974;
Temkin and Bhatia, 1985, and references therein); com-
plex rotation (e.g., Bardsley and Junker, 1972; Bain
et al., 1974; Doolen et al., 1974; Ho, 1977; Wendoloski
and Reinhardt, 1978); and close-coupling approaches
(e.g, Burke et al., 1967; Taylor and Burke, 1967; Seiler
et al., 1971; Morgan et al., 1977). The results of these
range in value between 9.54 and 9.59 eV for the position
and 40 and 54 meV for the width, both of which are in
good general accord with the experiments.

Also located below the 2s-2p excitation thresholds are
the 2s2p 3P° and 2p? !D resonances. These have been
clearly observed in a range of experiments similar to
those described above. The most accurate experimental
estimates for the energy of the 3P° state are from Willi-
ams (1976a, 9.735+£0.010 eV), Warner et al. (1986,
9.736+0.013 eV), and Sanche and Burrow (1972,
9.738+0.010 eV). Clearly there is good accord between
these measured values for the position, and a similar level
of agreement is observed for the width (5-6 meV) of this
state. Theoretical estimates (Burke et al., 1967; Taylor
and Burke, 1967; Seiler et al., 1971; Mercouris and
Nicolaides, 1991) range between 9.74 and 9.77 eV for the

_position and 6 and 8 meV for the width of the state. The
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1D resonance position has been accurately measured by
Sanche and Burrow and Warner et al., who find energies
of 10.1284+0.010 eV and 10.115+0.013 eV, respectively.
They are also in good accord as to the width of this state
with values of 7.31+2 meV and 6.0+2 meV, respectively.
The calculations appear to generally overestimate both
the energy (10.12-10.16 eV) and the width (89 meV) for
this state. Figure 9 shows an example of electron elastic-
scattering determinations of the resonances below the
n =2 thresholds.

Several other resonances were predicted, by calcula-
tion, to exist below the threshold for the first excited
state of neutral hydrogen. They are the 2p? 'S and the
2s2p 'P° and a 3S state. There is some evidence for the
2p? 1S state in the elastic measurements of Warner et al.
(1986) at a scattering angle of 54° where the contribution
from the 'D resonance is minimal, and Sanche and Bur-
row place the 2s2p 1p° resonance, observed in electron
transmission at 10.128+0.010 eV. The former is in good
general agreement with the predicted energy (Burke
et al., 1967; Taylor and Burke, 1967; Seiler et al., 1971)
of 10.178 eV, while the latter is some 50 meV below the
range of predicted theoretical values (10.177-10.185 eV).

Autodetaching states of H™ have been observed, both
below and above the H (2p) threshold, in collisions of en-
ergetic H™ (1s21S) with rare-gas atoms (Risley, 1972;
Risley et al., 1974; Risley and Geballe, 1974). These ex-
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periments, in which the autodetached electrons are
detected over a range of scattering angles with a typical
energy resolution of 50 meV, provide evidence for four
excited states of H™, three below and one above the
H (2p) threshold. Those observed below the threshold
were classified as 2s52!S (9.5910.03 eV), 2s2p3P°
(9.7610.03 eV), and 2p2'D +2s2p 'P° (10.18+0.03 eV),
all of which are in reasonable to good agreement with the
values from high-resolution electron scattering. Risley
et al. (1974) also contains an excellent summary of work
in this area, both experiment and theory, prior to 1974.
H™ resonances have also been observed in electron-
molecular hydrogen scattering experiments. In these ex-
periments (Huetz and Mazeau, 1981) the resonant states
are observed in the decay of short-lived molecular
negative-ion resonances:
e TH,—H; —H (1s)+H™(212]')

€inc

—2 H(1s)+ey .

They observe five features in excitation functions of the
nuclear continuum at various energy-loss values which
they attribute to atomic negative-ion resonances. In gen-
eral, the energies they assign are in good agreement with
other measurements performed with higher resolution.
They also tentatively assign a structure at 10.18+0.04 eV
as 2p? 'S, which appears to be in good agreement with
the observation of Warner et al. (1986), covered later in
this review.

Without doubt, most interest in this energy region has
centered on the threshold behavior of the cross sections
for the 2s and 2p excited states and the predicted
2s2p 'P° shape resonance just above the thresholds for
these excited states. Damburg and Gailitis (1963) predict-
ed that the cross sections for these states would be finite
at threshold. This was first shown experimentally by
Chamberlain et al. (1964), who measured the yield of
Ly-a photons following electron-impact excitation of
H(2p). By unfolding the energy resolution of their ap-
paratus from the measured spectrum, they were able to
show good agreement with the predicted cross section of
Damburg and Gailitis. The existence of a 2s2p 'P° shape
resonance above the threshold for the 2s and 2p levels
was first predicted in a three-state close-coupling calcula-
tion by Taylor and Burke (1967). Shortly after this the
first observation of this resonance was made by Williams
and McGowan (1968) and McGowan et al. (1969) in an
experiment where the optical excitation function for the
2p state was measured with an energy resolution of 0.07
eV. They found a resonance at threshold, in good agree-
ment with the calculated position of 10.214 eV but with a
width that appeared slightly larger than the calculated
value of 0.015 eV. They also observed several subsidiary
maxima in the near-threshold cross section, which were
explained in an accompanying paper (Marriott and
Rotenberg, 1968) as interference effects between resonant
and nonresonant scattering. In a subsequent, similar ex-
periment performed with the same energy resolution but
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with considerably higher statistical accuracy, Williams
and Willis (1974) observed only one 'P° resonance above
the 2p threshold and suggested that its true width was
less than that calculated by Taylor and Burke.

In parallel with the electron-scattering investigations
of this resonance, there has been considerable interest in
its detection in both photoabsorption and photodetach-
ment experiments on H™. It will be strongly coupled to
the H™ 1s2 'S ground state, and its predicted energy in-
dicates that it should appear in the photoabsorption cross
section at a wavelength of 1129.5 A [10.976 eV,
equivalent to the predicted energy of 18 meV above the
H (2p) threshold at 10.204 eV plus the electron affinity of
H™, 0.754 eV]. Macek (1967) calculated the peak photo-
absorption cross section for H™ in the vicinity of this res-
onance to be 1.5X 1076 cm?, which is about 25 times the
background photoionization cross section. Using this
calculation as a base, Ott et al. (1975) searched for the
252p 'P° shape resonance of H™ in a plasma emission ex-
periment. They found no obvious indication of any struc-
ture between the wavelengths of 1105 and 1135 A. This
negative result was explained by a series of calculations
by Broad and Reinhardt (1976) and Wendoloski and
Reinhardt (1978), who indicated that the resonance
structure would be much weaker than expected due to a
smaller oscillator strength for the transition and the
effects of processes such as Stark broadening and molecu-
lar background. In a subsequent plasma experiment,
similar to that of Ott et al. but presumably with higher
sensitivity, Behringer and Thoma (1978) were able to
demonstrate clearly the presence of this resonance at the
predicted energy.

However, the experiments that have shed the most
light on this particular resonance are the H™ photode-
tachment measurements of Bryant and collaborators
(e.g., Bryant et al., 1977). These experiments, which have
been described in detail in Sec. II1.B, involved a measure-
ment of the photodetachment cross section at incident
photon energies between 10.90 and 11.10 eV, with
respect to the H™ ground state. They reveal two clear
resonance features (see Fig. 10). The first is a sharp 'P°
Feshbach resonance at a photon energy of 10.93 eV,
which, with respect to the ground state of the H atom, is
at 10.176 eV, in excellent agreement with calculated
values (Burke and Taylor, 1966; Taylor and Burke, 1967;
Seiler et al., 1971). The second is a broad shape reso-
nance feature at a photon energy of 10.980 eV [10.226
with respect to H (1s)], which places it above the H (2p)
threshold as predicted. In these measurements it has an
apparent width of 22+3 meV. Subsequent measurements
in this energy region (MacArthur et al., 1985) give a
more accurate value for the energy of the Feshbach reso-
nance of 10.1722+0.0006 eV.

Resonances between the n =2 and n =3 thresholds of
neutral hydrogen have been observed in a number of ex-
periments. Semiresolved structure was first seen in this
energy region in the measurements of McGowan et al.
(1969) and, subsequently, by Koschmieder et al. (1973).

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

: Atomic negative-ion resonances 565

4.0 —

C l” ]

35| T .E

; 3

[ 7

3.0 ~:

3° 2.5:— } -

z ]

S I .

Seof 3
w =

w L -4

a F ]

3 J

"4 15 } -

(&) -4

10 I § _‘j

3 7

i B Yaa gy ]

0.5) /14 H =

[T S R

) SRS NS 5 VTS U U NN WO SN TN NN VU ST N S N

1090 1092 1094 1096 1098 100 11.02 104 106 108
ENERGY (eV)

FIG. 10. Photodetachment cross section for H™ in the region
of the n =2 threshold (from Bryant et al., 1977).

Spence (1975a) identified a lone structure in a transmis-
sion experiment at an energy of 11.86+0.03 eV, which he
classified as a!D resonance. A substantial amount of the
current information on resonances in this region has
come from a wonderful series of electron-scattering ex-
periments by Williams (1988) with sub-10-meV energy
resolution. These experiments, which measured the abso-
lute excitation cross section for both H(2s) and H (2p)
from threshold to about 12 eV, give a beautiful illustra-
tion of the finite excitation cross section at threshold and
the effect of the shape resonance on the near-threshold
cross section (see Fig. 11). These data and recent inelastic
electron differential cross-section measurements by
Warner et al. (1990) are in excellent agreement with one
another and with the close-coupling calculation of Calla-
way (1982) for the positions and widths of 13 H™ reso-
nances below the n =3 threshold. This calculation in-
cludes a basis set of 18 states, seven of which are exact
hydrogenic functions (all states up to n =3 plus the 4f)
and the remaining 11 are pseudostates. In particular, the
level of agreement shown between the experimental (Wil-
liams, 1988) and the calculated 2s and 2p total cross sec-
tions is remarkable (Fig. 12). In some cases the two ex-
periments are entirely complementary, as features that do
not appear in the high-resolution integral cross-section
measurements are present at certain scattering angles in
the lower-resolution (typically 25 meV) differential mea-
surements. In other cases, particularly at higher energies
approaching the n =3 threshold, neither experiment is
capable of identifying all of the resonances that are pre-
dicted by Callaway (1982). More recent calculations by
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FIG. 11. Near-threshold excitation cross sections for H(2s) and
H(2p). From Williams (1988).

Callaway (1990) of differential angular cross sections and
spin asymmetry parameters yield information that could
provide more detailed classification of these resonances.

There have recently been several other theoretical in-
vestigations of resonance energies in this region. Pathak
et al. (1988) calculated the positions of a host of reso-
nances converging on the n =2, 3, and 4 neutral thresh-
olds in a 15-state R-matrix approach. They found excel-
lent agreement with the experimental values discussed
above for resonances below the » =2 and 3 thresholds.

In a series of photodetachment experiment of the type
mentioned above, Hamm et al. (1979) observed reso-

0.60

0.50

0.40¢;

Cross Section (mas)

5 3 3 3p|A
L G L ¥ i oA
11.66 .76 11.86 11.96 12.06
Energy (eV)

FIG. 12. Excitation cross sections for production of H(2s) and
H(2p) between the n =2 and n =3 thresholds (from Williams,
1988).
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nance structure much closer to the n =3 threshold.
They measured two pronounced dips in the photodetach-
ment cross section at photon energies of 12.650 and
12.837 eV. They interpreted these structures as the first
two members of a 'P° Feshbach resonance series that
converges on the n =3 neutral thresholds. They further
predict, based on their experimental observations of the
widths and g values for these resonances and agreement
with various calculations (Chung, 1972; Oberoi, 1972;
Morgan et al., 1977; Greene, 1980c), that these reso-
nances belong to a “+” Feshbach series; i.e., they are
states where the two excited electrons reside at approxi-
mately equivalent distances from the core, and the wave
function is approximately even under radial exchange.
These states are likely to be less stable against autode-
tachment than the “—” states, where the two electrons
have different radial separations.

In a more recent and extremely impressive investiga-
tion of resonances in the photodetachment cross section,
Harris et al. (1990; Harris, Bryant, et al., 1990) observed
series of resonances converging on the n =5, 6, 7, and 8
neutral hydrogen thresholds. By monitoring the yield of
excited neutral hydrogen, they observed structures due to
resonances formed in the process

H +y—-H ** H*(<n)+e™ .

The excited states are detected by detaching the excited
electron in a strong electric field whose strength is suc-
cessively reduced to enable observation of selectively
higher excited states. The high-energy photons are ob-
tained from the fourth harmonic of a Nd:YAG laser.
Harris et al. stress the importance of selectively isolating
the excited final states of neutral hydrogen in observing
any resonance structure. This is apparently due to the
preferential decay of resonances with principal quantum
n to excited neutral states with (n —1).

They observe a total of 13 resonance features converg-
ing on these thresholds with an absolute uncertainty in
position of 1 meV and an energy resolution of about 8
meV (Fig. 13). The observed structures are mainly dips in
the photodetachment continuum, but, as they indicate
some asymmetry, an extensive fitting process to sets of
Fano profiles has been applied to accurately extract their
energies and widths. Furthermore, by combining the
modified Rydberg formula (Read, 1977), which gives the
energy of the lowest resonance in a series, with a recur-
sion formula (Gailitis and Damburg, 1963) to give the en-
ergies of subsequent resonances, they obtain excellent
agreement (within a few meV) with the experimental data
for almost all of the observed structures. This high level
of agreement led them to conclude that the observed
series of resonances, which are the lowest - series,
dominate the spectrum. There is also good agreement
with the calculated values of Ho and Callaway (1986),
Pathak et al. (1988, 1989), Koyama et al. (1989), and Ho
(1990) for the widths of the lowest-lying member of each
series converging on the n =5, 6, and 7 thresholds. It is
interesting to note that the members of each series be-
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come progressively narrower and thus progressively
more stable against autodetachment. It also appears that
the lowest member of each series may become somewhat
broader as n increases, although this trend is marginal.

In a concurrent theoretical study, Sadeghpour and
Greene (1990) calculated adiabatic hyperspherical poten-
tial curves for highly excited states of H™ converging on
neutral excited states with »n <12. They demonstrate
that the resonances observed in the above experiments
are in fact associated with the lowest “-+” state within
each n manifold and propose that their dominance in the
photodetachment cross section is evidence of a new selec-
tion rule involving the approximate conservation of the
bending vibrational quantum number v (see Sec. II).
They also use a similar combination of modified Rydberg
formula and recursive relation to fit both the experimen-
tal resonance positions and those calculated by Ho and
Callaway (1986; Ho, 1990) and find excellent agreement
for both the screening parameter o and the quantum de-
fect u, derived from these fits. It is also of interest to
note that plots showing comparisons of the observed ex-
perimental resonance positions, expressed as the energy
below the double detachment thresholds, with those cal-
culated from the above formula indicate that the lowest
resonance in each series is a ridge resonance, while the
subsequent resonances become increasingly planetary in
nature. Sadeghpour (1991) elaborates upon these selec-
tion rules and demonstrates that the experimental spectra
of Harris et al. that converge to each n can be fit well by
a two-channel quantum-defect theory, in which the open
channel is taken to be the “+” channel associated with
n —1. This supports the idea that the dominant autode-
tachment channel for these resonances is that associated
with the closest threshold. This result has also been
found by Chrysos et al. (1992), who have computed par-
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tial widths of 'P° resonances converging to the n =3, 4,
and 5 thresholds.

Ho (1992) has calculated the positions of the 'P° reso-
nance series converging on the n =3-9 hydrogen thresh-
olds, as observed in the experiments of Hamm ez al.
(1979), Cohen et al. (1987), and Harris et al. (1990;
Harris, Bryant, et al., 1990). In general, he finds excel-
lent agreement with both the experimental resonance en-
ergies and those from the calculations discussed above.
At higher values of n there are some differences between
his calculated and the measured widths, although most of
these cases involve resonance widths that are less than
the experimental resolution and are thus subject to some
additional uncertainty (Harris, Bryant, et al., 1990).

Recommended values for the energies, widths, and
classifications of negative-ion resonances in H™, includ-
ing those in the (KT)“ coupling scheme, are given in
Table I.

We now discuss the effects of external fields.

There have been many studies, particularly in recent
years, on the effects of external electric and magnetic
fields on highly excited atomic Rydberg states. In con-
trast, there has been little work done in this area on tran-
sient excited states of negative ions, and the bulk of this
effort has been concentrated on H™ (e.g., Gram et al.,
1978; Wendoloski and Reinhardt, 1978; Bryant et al.,
1983; Lin, 1983a, Cohen et al., 1987). There have also
been several investigations of resonance excitation in the
rare gases in the presence of laser fields, and this work is
discussed further in Sec. IV.D.

The effect of external fields on the low-lying H™ reso-
nances has been extensively reviewed (Bryant, 1980;
Bryant et al., 1981; Smith et al., 1985; Lin, 1986), and,
as the ramifications of this work are somewhat peripheral
to the main thrust of the present review, we shall only



568 S. J. Buckman and C. W. Clark: Atomic negative-ion resonances

briefly summarize the salient features.

Gram et al. (1978) studied the effects of external elec-
tric fields of between 1.2X 10 and 5.5X 107 V/m on both
the shape and Feshbach 'P° resonance near the n =2
neutral excited-state threshold. They found quite
different behavior, the Feshbach resonance splitting into
three components at low-field strengths which then
disappeared, at differing values as the field strength was
raised to around 2X10* V/m. They did note that the
two outermost components of this resonance showed
characteristics of a linear Stark shift while the middle
component appeared to be due to the quadratic Stark
shift. On the other hand, the shape resonance was essen-
tially unaffected at similarly low values of the external
field strength and appeared to decrease in strength and
broaden considerably for fields in excess of 5X 107 V/m.
Gram et al. postulated several possibie explanations for
this observed behavior and noted that it was qualitatively
very similar to that calculated by Wendoloski and
Reinhardt (1978).

This experimental work prompted calculations by Cal-
laway and Rau (1978), using the stabilization method (see
Sec. II), of the positions of H™ resonances and their

behavior under the influence of an electric field. They
note that the near degeneracy of the 'P° resonance and
the second member of the .S resonance series ['S(2)]
lead to a linear Stark effect that is responsible for the
behavior observed by Gram et al. (1978). They interpret
the “triplet” observed by Gram et al. as features due to
the 1S¢ (M =0) and !P° (M=0 and M ==1), the !S° res-
onance being excited as a result of the Stark mixing in
the external field. Their results were in good qualitative
agreement with the observations of Gram et al.

These earlier experimental studies were extended by
Bryant et al. (1983), who increased the range of the
electric-field strength covered to 1.3X10® V/m and in-
troduced polarized laser photons as a means of probing
the resonance structure, in particular, that of the Fesh-
bach triplet. These studies confirmed the earlier measure-
ments and demonstrated that the two outer components
of the split Feshbach resonance have M =0 while the
inner is due to M ==1. Based on the simple model of
Stark mixing, they also interpret the two lower resonance
as the M =0 and M ==1 branches, respectively, of the
1P° Feshbach resonance, with the upper feature being due
to the 'S resonance.

TABLE I. Recommended energies, widths, and classifications for negative-ion resonances in hydrogen.
Energies are expressed relative to the 1s ground state of H. Experimental values are from Warner et al.
(1986, 1990), Williams (1976a, 1976b, 1988), Cohen et al. (1987), and Harris et al. (1990; Harris, Bryant,
et al., 1990). Figures in parentheses following the energies and widths represent the uncertainty in the
least significant digit. Those following the classifications indicate the recursion number calculated by

Ho (1992).
Classification (KT)4 Energy (eV) Width (meV) Comments
25218 (10)* 9.557(10) 63(8)
2s2p 3pP° (1o0)* 9.735(10) 5(2)
2p*'D (10)* 10.115(13) 6(2)
2s2p 'P° (10)~ 10.1722(6) Feshbach resonance
2s2p 'P° (on+ 10.226(2) 22(3) Shape resonance
s (20)* 11.722(9) 37(8)
'D (200" 11.807(9) 45(8)
3s3p 'P°(1) (20)~ 11.902(6) 33(10) Electron scattering
11.900(7) 27.5(0.8) Photodetachment
3F° (20)* 11.925(2) 4(2)
D (20)~ 11.997(5) 10(3)
s ? 12.029(5) 9(3)
3pe (20)* 12.036(4) 10(4)
'D 12.049(4) 7(3)
3s3p 'P°(4) 12.082 1.6(0.3) Photodetachment
5s5p 'P°(1) 12.9316(3) 21.5(5)
5s5p 'P°(4) 13.0166(3) 14.1(7)
5s5p 'P°(7) 13.0377(11) 14.3(7)
6s6p 'P°(1) 13.1270(3) 13.0(3)
6s6p 'P°(4) 13.1837(2) 10.5(3)
6s6p 'P°(10) 13.2015(1) 8.4(3)
6s6p 'P°(?) 13.2086(1) 1.4(1)
7s7p 'P°(1) 13.2482(7) 12.4(14)
7s7p 'P°(3) 13.2914(7) 4.9(9)
7s7p 'P%(T) 13.3016(2) 0.9(2)
8s8p 1P°(1) 13.326(10) 3.1(1)
8s8p 'P°(2) 13.3590(2) 1.39(4)
8s8p 'P°(D) 13.3629(3) 1.13(6)

Rev. Mod. Phys., Vol. 66, No. 2, April 1994



S. J. Buckman and C. W. Clark: Atomic negative-ion resonances 569

At field strengths in excess of 4X 10’ V/m, Bryant
et al. (1983) observe a further feature at energies below
the split Feshbach resonance. They believe that this is
due to a 'D Feshbach resonance which, although normal-
ly not accessible from the H™ ground state by single pho-
toabsorption, can be excited in the presence of a strong
external field via its mixing with the nearby 'P° states.
Its apparent energy is in good accord with a calculation
by Burke (1968). They also propose that this resonance
may be split into two components, presumably M =0 and
+1 components. They also observe that the upper
branch of the Feshbach resonance may not, in fact, be
quenched at high electric fields, as there is experimental
evidence for a small shoulder on the shape resonance at
electric-field strengths above 4 X 107 V/m which gradual-
ly becomes consumed by the broadening shape resonance
as the field strength is further increased.

There is some uncertainty as to the relative positions of
the zero-field !P° and 'S(2) resonances. The Los Alamos
experiments are consistent with the !P° lying below the
1S as the calculation of Callaway and Rau indicates is the
case, the difference in the calculated energy being 2.3
meV. However, the calculation of Callaway (1978),
which was undertaken to investigate this question
(among others), indicates the 'P° is 0.6 meV above the 'S.
The more recent calculation of Pathak et al. (1989) pre-
dicts that the 'S(2) lies 1 meV above the 'P°.

The shape resonance itself was shown, in this latter
series of measurements, to initially narrow for the low-
field strengths where the Feshbach resonance begins to
quench, and then to broaden considerably until, at
1.3X10% V/m, it had a width of approximately 60 meV,
up from the zero-field value of about 20 meV, but still
showed no sign of quenching.

In a more recent series of experiments, Cohen et al.
(1987) studied the effects of strong (0-2.36X10® V/m)
external electric fields on the !P° Feshbach resonance at
an energy of 12.650 eV in the H™ photodetachment cross
section below the n =3 thresholds. They observed this
feature to gradually broaden as the field strength was in-
creased until it was quenched at the maximum field
strength.

A recent theoretical paper by Mercouris and
Nicolaides (1991) presents results on the width of the
2s2p 3P° resonance of H™ in both ac and dc electric
fields. They note that this resonance is much less sensitive
to a dc field than is the !P° shape resonance.

B. Helium

1. Resonances below the first ionization potential

The negative-ion resonance spectrum of helium has
been the subject of the most extensive experimental and
theoretical investigation of any element in the periodic
table. It was, in fact, the He™ 1s(2s?) %S resonance that
was the first such state positively observed and identified

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

in an electron-scattering experiment by Schulz (1963).
Since that pioneering observation, resonances in the heli-
um atom have been studied in an impressive variety of
electron-scattering experiments where the energy depen-
dence of reaction products such as electrons (elastic and
inelastically scattered and transmitted), decay photons,
and metastable atoms has been measured. Recently there
have also been observations of resonance states, which by
virtue of their parity or angular momenta are inaccessible
by electron-impact excitation, during the photodetach-
ment of métastable helium ions.

The abundance of experimental interest and the rela-
tive ease of describing the e~ +He scattering process
have also resulted in significant theoretical interest in the
spectroscopy of He™ and in the mechanisms responsible
for the formation of the negative-ion states. In fact, as
has already been demonstrated in Sec. II, several new
methods including group-theoretic and classical Wannier
techniques have been adopted to describe many of these
He ™ features in terms of two excited electrons in a highly
correlated state.

The logical place to begin any discussion on He is with
the well-established, lowest-lying 1s(2s2) S resonance at
19.37 eV, which is observable only in elastic electron
scattering. Since its first observation, much effort has
been devoted to the determination of its energy and
width and to the value of the scattering phase shifts at
the resonance energy. These parameters have been used
extensively for the absolute calibration of the energy and
width of high-resolution electron beams and as a means
of calibrating absolute electron-scattering cross sections.
The extent of the interest shown in their determination
can be gauged from Fig. 14, which documents the many
experimental and theoretical investigations of the width
of this resonance over the past 20 years. It is interesting
to note that the most recent, and most accurate, estimate
of the width by Kennerly et al. (1981) is in excellent
agreement with the first experimental determination
made by Simpson and Fano (1963).

This resonance has been discussed in much detail in
many papers and review articles, and we do not wish to
dwell further upon it here other than to record what we
believe to be the best current estimates for its energy and
width. The first high-accuracy (uncertainty <10 meV)
measurement of the resonance energy was performed by
Cvejanovic et al. (1974), who measured the relative posi-
tion of the (fitted) 2S resonance center to that of the
(fitted) center of the cusp at the 23S threshold in elastic
scattering at 19.819 eV. Their value of 19.3671+0.009 eV
was higher than most previous values, including that of
Mazeau et al. (1973), who determined an energy of
19.345+0.009 eV from the relative position of the reso-
nance to the 2'S threshold. Cvejanovic and Read (1974)
derived a value of 19.36110.009 eV from their measure-
ments of threshold excitation in He. The 22S resonance is
present in these measurements through a secondary pro-
cess, and its energy was again determined from its posi-
tion relative to the 23S threshold. The most accurate
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FIG. 14. Published results for the natural width of the 1s2s22S
resonance (see Kennerly et al., 1981, for details of references).

measurement to date is that of Brunt et al. (1977¢), who
used a technique similar to that of Cvejanovic et al.
(1974), but with improved sensitivity, to obtain a reso-
nance energy of 19.36610.005 eV.

The width of this resonance, as noted above, has re-
cently been accurately determined in an experiment by
Kennerly et al. (1981). The details of this experiment
have been discussed in Sec. III.A, the essential improve-
ments over previous measurements being the use of
near-threshold laser photoionization as a source of mono-
chromatic electrons (AE ~2 meV) and a reduction in the
Doppler broadening of the resonance profile through the
use of a supersonic atomic beam. This technique yielded
a resonance width of 11.0£0.5 meV, a value which is
slightly higher than most other recent measurements.
Kennerly et al. believe that this difference is possibly due
to the presence of finite background levels in the other
measurements, all of which assumed the background to
be zero. Also shown in Fig. 14 are theoretical estimates
for the width of this resonance, most of which are in
good agreement with the above experimental value. The
most recent theoretical estimate of the width of this reso-
nance, 11.7 meV, by Fon et al. (1989), is in excellent
agreement with the experimental value. A complete dis-
cussion of both experimental and theoretical comparisons
can be found in Kennerly et al. and Brunt et al. (1977¢).
In our general classification nomenclature this state is an
a-type resonance.
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One of the earliest observations of this resonance, that
of Kuyatt et al. (1965), also indicated the presence of a
weak feature on the high-energy side of the %S resonance
at an energy of about 19.45 eV, which they tentatively
classified as He™ 1s(2s2p) 2P. Further observations of a
structure at this energy were made by Gibson and Dolder
(1969) and Golden and Zecca (1970). In the latter case
five weak, narrow structures were observed in the energy
interval between the S resonance and the 2'S threshold.
These structures were not observed in the transmission
experiments of Sanche and Schulz (1972) under normal
operating conditions, but a feature that shifted in energy
relative to the 22S resonance could be produced in the
neighborhood of 19.45 eV by detuning their apparatus.
They concluded that the structures were an artifact of
the experiment and most likely represented an echo of
the %S resonance formed by electrons losing energy on
collision with an aperture. Golden et al. (1974) repeated
the measurements of Golden and Zecca (1970) with im-
proved signal to noise and resolution and confirmed the
earlier results. Further, they estimated the width of the
resonance at 19.45 eV to be 0.4 meV and argued that it
was not observed by Sanche and Schulz (1972) because of
their lower-energy resolution.

In a specific attempt to resolve this situation, Andrick
and Langhans (1975) studied the differential elastic elec-
tron yield at a scattering angle of 10° in a crossed-beam
geometry. The energy resolution in these measurements
was about 40 meV (including Doppler broadening), and
the relative statistical error was less than 0.01%. While
acknowledging the increased sensitivity that is possible
with transmission experiments employing the derivative
technique, Andrick and Langhans concluded that their
results were not consistent with either the resonance
width or classification proposed by Golden et al. (1974)
and that, if additional resonances do exist in this energy
region, the widths of these states must be smaller than 10
ueV. They further conclude that when comparing.spec-
tra from apparatus of comparable sensitivity, the pres-
ence of a structure is less significant than the absence, a
point with which we concur. They postulate that these
structures are due to some (unspecified) experimental er-
ror.

The high-resolution elastic-scattering measurements of
Brunt et al. (1977c) and Kennerly et al. (1981) also
covered the energy region where these additional struc-
tures had been observed. These measurements covered a
wide range of scattering angles (33°-100°,22°-135° re-
spectively), and although both were of high resolution (17
and 5 meV) and high relative statistical accuracy (0.1%
and 1.4%), neither showed any evidence of these addi-
tional resonances. Kennerly et al. place upper limits of
10 and 50 peV, respectively, on the widths of any s- or p-
wave resonances in this region. There has also been no
substantive theoretical evidence for the existence of these
features. On the contrary, several specific searches for
resonances (in addition to the 25) below the 23S threshold
(e.g., Sinfailam and Nesbet, 1972; Temkin et al., 1972;
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Berrington, Burke, and Sinfailam, 1975) found no evi-
dence for additional 2P resonances. Given the weight of
these recent, specific experimental and theoretical stud-
ies, it would appear that the structures observed between
the 22S resonance and the 23S threshold are most likely
artifacts of the experiments concerned.

The energy region between the n =2 and n =3 excited
states of He contains several generally rather broad reso-
nances. These states have been observed in a variety of
experiments in which scattered electrons and metastable
atoms have been detected. The earlier work (e.g., Kuyatt
et al., 1965; Chamberlain, 1967; Ehrhardt et al., 1968;
Pichanick and Simpson, 1968) has been reviewed by
Schulz (1973a). Andrick et al. (1975), Pichou et al.
(1976), and Phillips and Wong (1981) have measured the
yield of inelastically scattered electrons from threshold to
several eV above for the n =2 states of He. The lowest-
lying resonance occurs at 20.40 eV (Pichou et al., 1976;
Phillips and Wong, 1981); and from the angular behavior
observed in these and earlier excitation functions, it is
undoubtedly of overall P symmetry with a width of about
400 meV. This resonance has also been observed in meta-
stable excitation functions (Brunt et al., 1977a; Keesing,
1977; Buckman et al., 1983a), although its apparent en-
ergy in this decay channel (23S) is somewhat lower (20.27
eV), and its apparent width (~0.8 eV) much larger, than
the values obtained from the electron-scattering experi-
ments. Brunt et al. classify this state as He™ 1s(2s2p *P)
2P, which in our nomenclature is a b-type resonance. The
classification scheme favored by Brunt et al. assumes
that two excited electrons, in well-defined valence states
of the negative ion, couple externally to the positive-ion
core to form the resonance state—the so-called
grandparent scheme. To aid in the classification of the
observed features in their metastable excitation function,
they used the modified Rydberg formula (MRF) of Read
(1977) to predict the energies of resonances of the type
[corelninl’. For the configuration (2s2p 3P) 2P, the
MREF predicts an energy of 20.192 eV, in reasonable
agreement with experiment. The experimental estimates
for the width of this state vary quite dramatically. The
most reliable value is probably that from the differential
scattering experiments (e.g., Andrick et al., 1975; Phil-
lips and Wong, 1981) where the resonance appears as a
symmetric structure above a small nonresonant back-
ground contribution.

A number of calculations have also been performed on
this state. The earlier R-matrix (see, for example, Burke
et al., 1969; Fon et al., 1978) and variational (Oberoi and
Nesbet, 1973; Nesbet, 1975) calculations determined the
resonance energy to be 20.45 eV and 20.17 eV, respec-
tively, and concluded from its width and dominant pres-
ence in the 23S excitation function that it was a 2P° shape
resonance associated with the 23S state. In the early
1980s, however, several investigators concluded that this
state was, in fact, a Feshbach resonance. The saddle-
point and quasiprojection operator methods of Chung
(1981) give energies of 20.536 and 20.495 eV, respective-

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

ly, for this state. The quasiprojection was also used by
Bhatia and Temkin (1981) to give an energy of 20.52 eV,
while Junker’s (1982a, 1982b) study using the complex
stabilization method resulted in an energy of about 20.4
eV. Junker also performed a computation of p-wave
scattering by He 2 3S and found no shape resonance.
Komninos et al. (1983) calculated the energy and width
of this resonance using a two-term multiconfigurational
Hartree-Fock approach which included correlation
effects. They obtained an energy of 20.26 eV and a width
of 600 meV. The most recent 19-state R-matrix calcula-
tion (Fon et al.,, 1989) indicates a width of about 500
meV. There is thus good accord between theory and ex-
periment on the position of this resonance, but some un-
certainty as to its width. The assignment of Feshbach
character to this state was based on the fact that it is
bound with respect to He 2 S and that a projection of its
wave function onto target channels indicates that it is
predominantly (He 2 'S)2p rather than (He 2 3S)ep.
However, in light of what is now known regarding the b
resonances in the heavier noble gases, we feel that this is-
sue deserves reexamination, and we comment upon it in
Sec. VI.B. In brief, we believe that the appropriate cou-
pling scheme for this resonance should be written 1s
2s5ep(3P°), and that it is indeed essentially a shape reso-
nance analogous to the 1s22sep(3P°) b feature of Li™.

At a slightly higher energy Ehrhardt and Willmann
(1967) observed the next prominent He™ resonance
feature in the excitation function of the 23S state. This
resonance, at 21.0 eV, was classified, from its angular
behavior, as having overall 2D symmetry and was also ob-
served by Pichanick and Simpson (1968) in metastable
production. Its position and classification were
confirmed in the excitation functions of Andrick et al.
(1975) and Phillips and Wong (1981). Brunt et al. (1977a)
associate a prominent feature in their metastable excita-
tion function with the 2D resonance, but note that the
asymmetry of this feature in their high-resolution study
is probably due to the opening of the 23P and 2!P chan-
nels, and they decline to assign an energy to it. They do
calculate through the MRF that the 1s(2p? D) 2D reso-
nance occurs at 20.583 eV.

Phillips and Wong (1981) also proposed the existence
of a further resonance of 2P symmetry in the region of
the 2D resonance. This observation was based on the
behavior of the excitation function for the 238 state in the
vicinity of 20.8 eV. To support this proposal, they exam-
ined, as a comparison, the two-electron configurations
1s2 2s2p and 1s? 252 in Be. In order to obtain correspon-
dence with the He™ states, they assigned the Be ground
state to the energy of the He™ 2S resonance and divided
the energy above this ground state of the Be excited
states by 4 to correct for the difference in core charge.
This model predicts the He™ 1s(2s2p3P) 2P° states at
20.1 and 20.7 eV, respectively. Given the classification of
the lower resonance as the triplet (in grandparent cou-
pling) member of this configuration (Brunt et al., 1977a),
the resonance proposed by Phillips and Wong is presum-
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ably the 1s(2s2p 'P) 2P° state of He ™, a ¢ resonance in
our notation. Although they make no observation of
such a state, Brunt et al. had calculated its energy with
the MRF to be 20.606 eV. While the spectra of Phillips
and Wong can be interpreted as suggesting a further 2P
resonance near 20.8 eV, the situation is complicated by
the position and width of other nearby He™ resonances.
There is also no definitive theoretical evidence for the ex-
istence of this state, despite specific searches conducted
by Junker (1982b) and Nesbet (1982). Indeed, the evi-
dence for ¢ resonances is, in general, rather sketchy
throughout the periodic table. As discussed in Sec. VI,
they are invariably quite broad features, usually situated
near excitation thresholds, and there are some uncertain-
ties regarding their classification. For example, one
would expect the spectrum of Li~ 1s? 252p to provide a
closer correspondence to the He™ spectrum than does
that of Be, but there is no evidence for a 252p 1p° feature
there (see Sec. IV.C.2).

Also found in this energy region is the 1s2p? *P state
of He™, which, although not accessible by electron-
impact excitation from the ground state, has been ob-
served in the photodetachment of metastable He™
(1s2s2p *P°) by Peterson and co-workers (Peterson
et al.,, 1983, 1985). In these experiments a metastable
He™ beam is formed by electron-capture collisions of a
He™ beam in an alkali vapor oven. The process

He™ (1s2s2p *P°)+hv—He(2’P)+¢ep

was studied near threshold by extending the operation of
a Kr* laser-pumped cw dye laser into the infrared region
above 1000 nm. The yield of neutral He atoms produced
in the photodetachment collision was measured by detec-
tion of the secondary electrons ejected on their collision
with a metal surface. Peterson et al. (1985) determined
the 4P shape resonance to lie 12.3 meV above the 23P
threshold at 20.963 eV and to have a width of about 8
meV (Fig. 15). They also determined the electron affinity
of He(23S) to be 77.5 MeV. These values are in excellent
accord with the calculations of Hazi and Reed (1981) and
Bunge and Bunge (1984) and with the hyperspherical
coordinate treatment of Watanabe (1982).

Before discussing the next group of resonances in the
vicinity of the He(n =3) excited states, some mention
should be made of the sharp structures observed at the
excitation thresholds of the 23S, 21S, and 2°P states, par-
ticularly, but not exclusively, in differential electron-
scattering experiments. Structure, in the form of a nar-
row peak, has been observed at threshold in the electron
excitation function for the 23S state by Ehrhardt and
Willmann (1967), Ehrhardt et al. (1968), Pichou et al.
(1976), and Phillips and Wong (1981). It is attributed to
the rapid rise of the S contribution to the 23S excitation
due to the proximity of the 2S resonance, and its shape
and width appear to be limited by apparatus resolution
(Pichou et al., 1976). It has also been observed in
elastic-scattering measurements (Cvejanovic et al., 1974;
Andrick et al., 1975; Brunt et al., 1977c), where it ap-
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FIG. 15. He™ photodetachment cross section near the 2°P
threshold. The solid line represents a least-squares fit to the ex-
perimental data of a modified Wigner threshold law.

pears as a cusp; in metastable excitation functions (Brunt
et al., 1977a; Keesing, 1977), where it manifests itself as
a break or shoulder in the near-threshold cross section;
and in transmission experiments (e.g., Golden et al.,
1974). There is excellent qualitative agreement between
the above observations and the theoretical calculations of
Nesbet (1975) and Berrington et al. (Berrington, Burke,
and Robb, 1975; Berrington, Burke, and Sinfailam, 1975).
Similar behavior is observed near the threshold of the 21§
state in elastic, inelastic, and metastable excitation func-
tions. Berrington et al. performed an eigenphase sum
analysis in this energy region, and their calculations indi-
cated a virtual state near the 2.S threshold. Again, the
experimentally observed features are in excellent qualita-
tive agreement with theory, particularly for the cusp in
elastic scattering (see Nesbet, 1975) and for the threshold
feature observed in the metastable channel (see Brunt
et al., 1977a). Cusp behavior has also been observed at
the 23P threshold but has not been reproduced in either
the variational or R-matrix calculations.

The energy region spanning the n =3 thresholds is rich
in sharp resonance structure. Since the Schulz (1973a) re-
view, high-resolution studies in the metastable atom
channel (Brunt et al., 1977a; Keesing, 1977; Buckman
et al., 1983a), in the photon channel (Heddle, 1976, 1977;
Brunt et al., 1977b), and in the inelastic electron channel
(Pichou et al., 1976; Andrick, 1979) have all shed further
light on the nature of these autodetaching states.

The first strong feature observed in this region in all of
the above excitation functions is at 22.44 eV (Andrick,
1979) and was first tentatively classified by Kuyatt et al.
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(1965) as He™ 1s(3s2 1S) S by analogy with the n =2
resonance features at lower energies. This classification
was confirmed by Ehrhardt and Willmann (1967),
Ehrhardt et al. (1968), and Andrick et al. (1968) in
differential electron excitation functions for the n =2 lev-
els. In the metastable excitation functions of Brunt et al.
(1977a) and Buckman et al. (1983a), this feature was as-
signed an energy of 22.450 eV, while Keesing determined
an energy of 23.434 eV. In the UV photon excitation
function of Brunt et al. (1977b), this feature occurs at
22.47 eV. The MRF (Brunt et al., 1977a) predicts an en-
ergy of 22.543 eV for this state with a screening parame-
ter value of o0 =0.25.

Although many other resonances had been observed in
this energy region prior to the Schulz review, the only
other state that had been classified was one of overall 2P
symmetry at 22.6 eV (Andrick et al., 1968). This and
many other resonances were observed in the high-
resolution studies of metastable excitation by Brunt et al.
(1977a). These authors also advance tentative
classifications for many of the observed features based on
predictions from the MRF. In addition to the 1s(3s2 'S)
S resonance at 22.45 eV, they assign classifications to
features at 22.64 eV [1s(3s3p 3P°) 2P°], 22.70 eV
[1s(3p2 'D) 2D, 22.74 €V [1s(3s3p 'P°) 2P°], and 22.88
eV [1s(3p? !S) 2S]. This work prompted Nesbet (1978)
to extend the earlier variational calculations of Oberoi
and Nesbet (1973), which did not adequately predict the
structure observed by Brunt et al. Nesbet computed to-
tal cross sections for excitation of both 23S and 2'S meta-
stable states with an expanded variational wave function
and explicit consideration of states with total symmetry
28, 2P°, and 2D. The results of this calculation in the vi-
cinity of the n =3 levels of He are shown in Fig. 16 along
with the experimental excitation function from Brunt
et al. The qualitative agreement between the two spectra
is remarkably good. However, thee are some differences
in the classifications proposed by Nesbet and by Brunt
et al. for these states. Specifically, in addition to the res-
onances of the grandparent type. Nesbet established the
existence of another class of resonance states that are not
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associated with He™ valence shells but are formed by the
attachment of an electron in the polarization potential
associated with a neutral excited state. Nesbet found ex-
amples of such states at the thresholds of the 3135 states
of He, and, as will be highlighted in later sections, there
is evidence for the presence of these so-called nonvalence
states in many other atomic systems.

The major differences in the classifications are for the
two nonvalence features at 22.74 and 22.88 eV, which
Nesbet classifies as 1s(3s p) 2P° and 1s(3s 5) 25, respec-
tively. There is good correspondence between the theory
and the experimental classifications for the overall sym-
metry of all the other resonances in this region. Another
interesting comparison can be made between the experi-
mental values for the n =3 resonance energies and those
from the hyperspherical coordinate analysis of Watanabe
et al. (1982). They identify all the features observed by
Brunt et al. (1977a) and calculated by Nesbet (1978),
and their calculated energies are in good agreement with
both of the above. In addition, they find resonances of
overall 2F° and 2G symmetry at 22.836 and 23.014 V. It
is possible that these states are the features U and ¥ ob-
served, but not classified, by Brunt ez al. at 22.99 and
23.05 eV. Such states would not appear in the calcula-
tion of Nesbet because of the high angular momenta in-
volved.

Freitas et al. (1984) have extended earlier R-matrix
calculations (e.g., Berrington, Burke, and Robb, 1975;
Berrington, Burke, and Sinfailam, 1975) to include the
first 11 helium target states in the expansion of the total
wave function and have investigated the eigenphase sums
for the symmetries S, 2P°, 2D, *F°, and 2G in the vicinity
of the n =2 and 3 excited-state thresholds in helium.
They find a wealth of resonance structures in these sym-
metries between 22.0 and 22.5 eV but refrain from assign-
ing a single configuration to each due to the presence of
strong configuration mixing. However, their calculations
are in excellent agreement with the metastable excitation
functions of Brunt et al. (1977a) and Buckman et al.
(1983a) and further indicate that the higher-lying features
U and ¥ may be 2F° and %G resonances, respectively.
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The calculations of Freitas et al. also indicate that
there are two classes of resonance in this energy region.
Firstly, Freitas and co-workers, like Nesbet, find several
narrow features that are associated with the threshold of
a neutral excited state—the ‘“nonvalence” or intershell
resonances. Resonances in the second class are broader
and, in general, not closely associated with any threshold,
but are ‘mixtures of configurations, such as 1s 3/3/'.
These are the states classified by Read and Brunt et al.
(1977a) as grandparent or intrashell (Herrick et al., 1980)
doubly excited resonances.

Le Dourneuf and Watanabe (1990) have used the adia-
batic hyperspherical formalism to classify the He™
(n =3) resonances in terms of the normal modes of a tri-
atomic molecule (see Sec. II.LF). They obtain the reso-
nance energies after a comparison of the normal modes
for He™ ** with those of H™, taking into account the
effect of the perturbation due to the core electrons. Their
resonance energies are in good agreement, both with ex-
periment and with the other calculations described
above.

A discrepancy that existed between the calculated and
experimental widths for these n =3 resonances (see Nes-
bet, 1978) was resolved by Andrick (1979), whose high-
resolution differential electron excitation functions for
the 23S state enabled separation of the overlapping reso-
nance profiles by appropriate choices of scattering angle
(Fig. 17). While not in complete concurrence with the
theoretical values, these experimental widths do show the
same trend of increasing with increasing energy.
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FIG. 17. Differential electron excitation functions for the 23§
state at (a) 54.5°, d wave vanishes; (b) 90°, p wave vanishes; (c)
125.5°, d wave vanishes; and (d) 140°, all partial waves present
(from Andrick, 1979).
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The majority of these states in the region of the n =3
thresholds were also observed by Heddle (1976a) in a
series of optical excitation functions for the n 13 § states
and were classified with the assistance of an expression
similar to the modified Rydberg formula. There is good
general agreement between this work and the above ex-
perimental and theoretical studies, although there are
some discrepancies in the energies of assigned features.
A summary of the recommended positions, widths, and
classifications for the n =3 resonances is given in Table
1I.

The higher-lying reaches of the He™ resonance spec-
trum were observed in several of the early experimental
measurements [see Schulz (1973a) for a summary], al-
though no attempts were made to classify the observed
features. The first detailed studies were made by Heddle
and co-workers (see Heddle, 1976, 1977, and references
therein), who carried out optical excitation functions for
many singly excited helium states with principal quan-
tum number n =3-6 and identified many features up to

TABLE II. Recommended energies, widths, and classifications
of resonances in He™ below the first ionization potential. Ener-
gies are expressed relative to the 1s2 ground state of atomic He.
Unless otherwise specified, values are from Brunt et al. (1977a)
and Buckman et al. (1983a). Figures in parentheses represent
the uncertainty in the least significant digit.

Width

Energy
Classification (eV) (meV)

1525228 19.366(5) 11.0(5)
15252p 2P 20.400(30) ~400(100)
1s2p24P¢  20.963(1) 8.0(4) Patterson et al.
1s2p?*D  21.000(3) - Andrick et al.
1s(3s22S)  22.440(10) 35 "
1s3s3p 2P 22.600(10) 42
1s3s3d 2D 22.660(10) 47
1s3sp 2P  22.740(10) 23 Nesbet

1s3ss2S  22.880(10) 18 "

1s3p2?D  22.930(10) 20

’F 22.990(10) 20 Freitas et al.
G 23.050(10) 32 "

23.443(5)

23.518(10)
23.579(10)
23.667(5)

23.860(5)

23.907(10)
23.952(10)
23.983(10)
24.088(10)
24.144(15)
24.176(10)
24.216(10)
24.261(15)
24.288(10)
24.307(15)
24.340(15)
24.367(15)
24.387(15)

Comments

Width: Kennerly et al.
Pichou et al.
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n =7 and 8, although attempts at classification were only
tentatively made for features above n =5. Resonances
near the n =4 singly excited states were also observed in
the metastable excitation functions of Keesing (1977) and
Brunt et al. (1977a), the latter offering tentative
classifications for four features at 2345 eV
[1s(4s2 18) 2S], 23.53 eV [1s(4s4p 3P°) 2P°], 23.57 eV
[1s(4p? 'D) 2D], and 23.67 eV [1s(4p? 'S) 2S]. Brunt
et al. also observed weak features at 23.86 and 23.96 eV
but offered no classification for them.

The most extensive study of these features and others
with principal quantum numbers up to n =7 was made
by Buckman et al. (1983a), once again in measurements
of metastable atom excitation. These experiments trace
the occurrence of resonances belonging to the four prom-
inent symmetry classifications observed in the n =3 and
n-=4 manifolds, i.e., the 28, 2P°, 2D, and 28, respectively
(see Buckman et al. and Andrick, 1979), from n =3 to
n =7, although for n =6 and 7 the 2p° states were not
observed (Fig. 18). We note that in discussing these
high-lying states it is certainly more appropriate to use
the two-electron classification scheme of Lin (1984). Un-
der this scheme these states are classified ,(n —1);F IS.
In the interest of brevity, we shall retain the more con-
ventional notation for these states in the following discus-
sion but stress that, particularly for high values of n, this
is not the most accurate description of these doubly ex-
cited states.

Buckman et al. note several aspects of these resonance
multiplets that lead them to conclude that some of the
observed features are formed as a result of a highly corre-
lated two-electron motion. Firstly, they note that the
Rydberg formula, when applied to a normal, unperturbed
series of neutral atomic excited states, predicts that the
energy span of a multiplet of states corresponding to a
given n is proportional to (n —8,,) 2 for high values of
n, as is the energy separation of neighboring multiplets.

Metastable atom yield (arb. units)

22.0 23,0 Ty 25.0
Energy (eV)

FIG. 18. Metastable atom (23S +2'S) excitation function ex-
tending from 22.0 eV to the He™" threshold. The energies of the
prominent He ™ resonances are indicated along with those of the
ns, np, and nd states of He for n =3-7. In each spectrum a
sloping background has been subtracted and the zero
suppressed (from Buckman et al., 1983a).
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If, as is the case in He, the atomic multiplets do not over-
lap at low values of n, then they will also not do so for
high values of n. Buckman et al. observe that for the
He™ features, the gap between successive multiplets de-
creases as n increases until they begin to overlap for
n = 8. They also note that when applied to the lowest S
member of each multiplet, the usual Rydberg formula
gives values of the quantum defect §,; that increase
essentially linearly with »n; this is in marked contrast to
the behavior generic to atomic Rydberg series, for which
8,; converges to a constant as n— o (see also Read,
1983).

Buckman et al. also apply the modified Rydberg for-
mula (Read, 1977—see Sec. IL.F) to the lowest 2§
member of each multiplet, with the quantum defect for
the ns? configuration being approximated by a weighted
mean of the §,; obtained from the Rydberg formula for
the configurations lsns 'S and 1sns 3§ of neutral He.
With a value of 0.25 chosen for the screening parameter
o, which corresponds to the situation in which the two
electrons reside at or near the Wannier ridge (with
ry=r,) in a highly correlated state, this formula predicts
binding energies for the 2§ terms that are within 1.6% of
the experimental value for n =2 and 9.5% for n =7.

The existence of such high-lying resonance states had
been proposed by Fano (1980), who drew an analogy be-
tween double electron excitation near the ionization po-
tential and the behavior of a Rydberg electron in a strong
magnetic field. He proposed that the electron-scattering
analog to the quasi-Landau resonances in the magnetic-
field problem may well have been observed in the higher
reaches of the optical excitation functions of Heddle
(1976, 1977). As this work, and much of the other
theoretical contributions to correlation effects in electron
scattering, is based on Wannier’s (1953) treatment of the
unstable motion of a pair of electrons along a potential
ridge, Buckman et al. have referred to the observed
feature as ‘“Wannier ridge” resonances.

Following the work of Buckman et al. (1983a), there
have been several semiempirical calculations using
Rydberg-like formulas for the energies of these higher-
lying states, as well as a number of calculations using
correlated wave functions and the R-matrix technique.
The 19-state R-matrix calculation of Fon et al. (1989) ex-
tends the earlier R-matrix calculations (Freitas et al.,
1984) to the n =4 region. While there is still excellent
agreement with experiment in the n =3 region, the agree-
ment with experiment for the metastable cross section in
the region of the n =4 excited states is not as good. This
may in part be due to cascade contributions in the experi-
mental spectrum. However, the agreement for the posi-
tions and assignments of most of the resonances in this
region are nonetheless remarkably good. For the most
part, the generalized Rydberg formulas (see, for example,
Rau, 1983; Feagin and Macek, 1984; Lin and Watanabe,
1987; Dmitrieva and Plindov, 1988, 1989; Read, 1990)
show good agreement with the experimental resonance
energies for the ridge states. Rau (1983) derived an equa-
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tion for the energies of a Rydberg series of bound states
in a six-dimensional Coulomb potential. This equation is
algebraically similar to the MRF, although it is concep-
tually different in that it arises from considering the two
electrons as a single entity rather than as individual con-
tributors with their own, possibly different, quantum
numbers. Rau’s Bohr-Rydberg equation has the form

_ [ZyZ =0
" 2n +5/2—8)?

where ZO=2\/5(Z-—0.25), Z being the charge of the
core, o the screening constant, 8 a quantum defect, and
the ionization potential. The energies calculated from
this formula show excellent agreement with the experi-
mental values (see table below). Lin and Watanabe (1987)
have calculated the screening constant used in the double
Rydberg formula wusing intrashell configuration-
interaction states. They determine the dependence of the
screening constant o on the bending rovibrational quan-
tum numbers (Lin, 1986 —see Sec. II), and their calculat-
ed energies for the He™ resonances (“ns? 25”) also show
excellent agreement with the experimental values.

Feagin and Macek (1984) extrapolated Wannier con-
tinuum wave functions for two-electron escape to ener-
gies just below the ionization potential and obtained a
Rydberg series of resonances. However, in order to
reproduce the experimental energies of Buckman et al.,
they required unphysical magnitudes for the parameters
in their double Rydberg formula. They do not provide
tabulated values for these states, but it is apparent that
their widths and energy spacings are smaller than those
observed experimentally. They also found that the partial
widths of these states should vary as n =%, not n ¢ as
calculated by Rau and noted experimentally by Buckman
et al. in terms of the variation in intensity of these states.
Subsequent experiments (Buckman and Newman, 1987)
show a slightly different variation in the intensity as a
function of n, but it should be stressed that such mea-
surements are not definitive as an indicator of partial
widths.

Rost and Briggs (1988) derived, using molecular coor-

dinates, an analytic diabatic potential for vibrational ex-
J

: Atomic negative-ion resonances

citation in a symmetric state of a two-electron atom.
From this approach they have determined a Rydberg for-
mula for calculating the energies of the eigenstates of this
potential which correspond to the energies of ns? doubly
excited states. This formula provides results that are in
excellent agreement with experiment (Buckman et al.,
1983a; Buckman and Newman, 1987) for n greater than
about 5.

Read (1990) has recently extended his double Rydberg
formula in a specific investigation of Wannier ridge intra-
shell states. His revised expression, which is based both
on the earlier modified Rydberg formula and on the ex-
pression of Dmietrieva and Plindov (1988, 1989), includes
a double electron quantum defect which is energy depen-
dent. In particular, this quantum defect decreases as the
principal quantum number increases, a result of higher
angular momentum components contributing to the
“ns? 2S” configuration.

In the extension to the experiment of Buckman et al.,
Buckman and Newman (1987) have traced the oc-
currence of these resonances to n =8 and 9. The energies
they assign to their observed features are in excellent
agreement with those of Buckman et al. up to n =7 and
with those calculated from the various modified Rydberg
expressions (see table below).

The first quantum-mechanical calculations on these
highly excited states were reported by Komninos et al.
(1987). They have performed a multiconfiguration
Hartree-Fock (MCHF) calculation on the 'S and 2S states
of H™ and He™, respectively, for a range of principal
quantum numbers 7 =3-10. The multiconfigurational
wave functions used in this calculation contain both an-
gular and radial correlations. Their calculated energies
for the 28 states of He™ are in good agreement with the
experimental results of Buckman et al. and Buckman
and Newman, and conditional probability plots for a
selection of these states show localization around the
classical Wannier point.

In the table below we reproduce experimental values
for the “ns? 2S” ridge resonances together with values
calculated using several of the semiempirical forms of the
modified Rydberg formula, correlated wave-function ex-
pansions, and R-matrix techniques.

Theory
n Experiment a b c d e
3 22.451 22.432 22.774 22.439
4 23.435 23.408 23.578 23.434
5 23.850 23.857 23.865 23.843 23.879 -
6 24.080 24.087 24.095 24.077 24.090 -
7 24.217 24.223 24.230 24.213 24.219 -
8 24.307 24.310 24.316 24.301 24.304 -
9 24.387 24.369 24.361 24.362 -
The experimental values are from Buckman et al. I(1989).

(1983a) and Buckman and Newman (1987); theory: a—
Rau (1983); b—Lin and Watanabe (1987); c—Komninos
et al. (1987); d—Rost and Briggs (1988); e—Fon et al.
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The agreement, especially for high values of n, is re-

markably good and may be interpreted as strongly sup-
porting the notion that many of these features are exam-
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ples of highly correlated, ridge-riding states.

Further discussions of the implications of both the ex-
perimental and theoretical work in this area can be found
in the review articles of Fano (1983a, 1983b), Fano and
Rau (1985), Read (1983), and Macek and Watanabe
(1987).

Recommended values for the energies, widths, and
classifications of He™ resonances below the first ioniza-
tion potential are given in Table II.

2. Resonances in the autoionizing region of He

In addition to the wealth of resonance structure ob-
served below the first ionization potential in He, reso-
nances have also been observed in the energy region of
the doubly excited autoionizing states between 57 and 66
eV. The first such measurement was in the transmission
experiment of Kuyatt et al. (1965), who observed two
weak features at 57.1 and 58.2 eV. Fano and Cooper
(1965) classified these as states of He™ in which all three
electrons were excited to the n =2 shell, 252 2p P° and
252p? 2D, respectively. In addition, they suggested that
two other states with the configurations 2s2p2 %S and
2p3 2P° should also exist.

In the years preceding the Schulz (1973a) review, the
25s%2p 2P° and 2s2p? 2D resonances were observed in a
trapped-electron experiment by Burrow and Schulz
(1969), in transmission by Golden and Zecca (1970) and
Sanche and Schulz (1972a), in electron-energy loss by
Kuyatt et al. (1965) and Simpson et al. (1966), and by
Quemener et al. (1971) in a measurement of the yield of
He™ following high-resolution electron impact. The ener-
gies of these two resonances in the transmission experi-
ments (57.161£0.05 and 58.251+0.05 eV, respectively;
Sanche and Schulz, 1972a) were in excellent agreement
with the ionization measurements of 57.15+0.04 and
58.231+0.04 eV.

In a study of post-collision-interaction (PCI) effects in
the autoionization of He, Hicks et al. (1974) also investi-
gated the 2P° and 2D resonances in a number of different
decay channels. Measurements of the yield of elastically
scattered electrons at scattering angles of 90°, 54°, and 40°
confirmed the symmetries of these resonances. Their en-
ergies were accurately determined by a novel calibration
technique involving the excitation of the 2!P state of He.
They used a double-scattering process involving excita-
tion of the He™ 1s2s? 2§ resonance at 19.367 eV to pro-
vide an energy calibration in the region above the ioniza-
tion potential. In this fashion they determined the ener-
gies of these resonances to be 57.221+0.04 and
58.30+0.04 eV, respectively. Hicks et al. found no evi-
dence of any further resonances in the energy range from
56 to 66 V.

In a series of recent experiments, Heideman and co-
workers made a comprehensive study of resonances and
their effects in the excitation of helium autoionizing
states. They proposed (van der Burgt and Heideman,
1985; van der Burgt et al. 1986) that, by analogy with the
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situation near the n =3 excited-state thresholds of He, it
may be possible that two classes of resonances, the so-
called intrashell and the intershell or nonvalence reso-
nances, also exist in the autoionizing region. The two
strong, triply excited features discussed above are clearly
examples of intrashell resonances. They argued that
intershell resonances, if they exist, would presumably be
formed by an electron being weakly bound in the polar-
ization potential associated with a doubly excited state
and that these resonances would only give rise to struc-
tures in the excitation functions for high-n neutral excit-
ed states, as these states are favored in the decay of au-
toionizing levels near threshold because of the effects of
PCI. On the other hand, the intrashell resonances are ex-
pected to decay strongly and preferentially to the low-n
neutral excited states, a process that has been demon-
strated experimentally by Roy et al. (1978a, 1978b), who
investigated the relative decay strength of the He™
2s22p 2P° resonance into various neutral excited states
with principal quantum number 2=<n =8. Spence (1980)
used a similar scheme in neon to separate structure due
to negative-ion states from that due to neutral autoioniz-
ing states.

The first observation of an additional resonance in this
energy region was by Baxter et al. (1979), who measured
the excitation function for the He**(252p)*P° autoioniz-
ing state in the energy range from 61 to 64 eV. A struc-
ture observed at 62.90+0.05 eV is attributed to a
negative-ion resonance at or near the threshold of the
He**(2s3s)!S state. Van der Burgt et al. (1985a) pro-
posed the existence of a resonance at 59.90 eV, which
they observed in both the ejected electron spectrum of
the He**(2s2p)>P° state and the electron excitation func-
tion for the 23S singly excited state at a scattering angle
of 10°. By comparison of the measured width (0.410.1
eV) of this resonance with the calculation of Ormonde
et al. (1974) for the predicted He™ (2s2p?) 2S state (0.3
eV), and its relatively strong decay to the He**(2s2p) *P°
state, van der Burgt et al. tentatively classified this
feature as He™ (2s2p?) 2S. However, they also add the
caveat that great care must be exercised when interpret-
ing such structures in the autoionizing region.

To investigate their hypothesis on both the existence
and decay modes of intra- and intershell resonances in
the autoionizing region of He, van der Burgt and others
(van der Burgt and Heideman, 1985; van der Burgt et al,
1986) carried out a comprehensive series of excitation
function measurements for the n13/(2<n<6;0<1<2)
singly excited states of He. For the 213§ states, these
measurements comprised inelastic electron excitation
functions, while for all other states, optical excitation
function measurements were made.

In the excitation functions for the n =2 levels, prom-
inent structure is observed due to the 2P and 2D intrashell
resonances at 57.22 and 58.30 eV, but there is little evi-
dence of further resonance excitation. However, in the
n =3,4,5 38 excitation functions, a strong peak, the rela-
tive intensity of which increases with increasing n, is seen



578 S. J. Buckman and C. W. Clark: Atomic negative-ion resonances

at the threshold of the He**(2p?) !D autoionizing level
at 59.90 eV (Fig. 19). Their observations indicated that
this feature is clearly influenced by PCI and, in contrast
to their earlier tentative classification of it as 2s2p? 2§, an
intrashell resonance, they classify it as a shape or inter-
shell resonance associated with the D state with an ap-
proximate configuration of He™ (2p? 5) 2D.

Similar structure is observed at 58.30 eV in the 4,5 'D
and 3,4 !P excitation functions (Fig. 20) and at 57.8 eV in
the 4,5 3P excitation functions (Fig. 21). Based on the
higher-n excitation function, van der Burgt et al. (1986)
propose that, in addition to the 2s2p2 2D He™ state
at 58.30 eV, an intershell resonance of undetermined
symmetry also occurs at this energy, presumably
due to the polarization potential associated with the
He**(2s2p) 3P° state. The strong peak observed near
57.8 eV in the excitation function for the 4,5 3P states is,
they propose, due to another intershell resonance of
the configuration (2s5%p) 2P at the threshold of the
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FIG. 19. Optical excitation functions for the n =3,4,5 38 levels
of He in the energy region of the doubly excited autoionizing
states (from van der Burgt et al., 1986).
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He**(2s2) 'S autoionizing level.

Further evidence of intershell resonances is found at
62.94 eV at the threshold of the He**(2s3s) 'S state and
at 63.50 eV at the threshold of the He**(2p3p) !D state.
Van der Burgt et al. (1986) tentatively classify the former
as He™ (2s3sp) 2P°. They offer no classification for the
latter. To further support their proposal for the ex-
istence of this class of intershell resonance in the autoion-
izing region of He, van der Burgt et al. have investigated
the polarizabilities of the doubly excited states of He by
using the surface density plots of Lin (1982a), the expec-
tation being that those states that have a small amplitude
outside the Wannier region (see Lin, 1982a, 1982b, 1984;
Le Dourneuf and Watanabe, 1984) have a high polariza-
bility. They find that those doubly excited states, which
they propose as supporting intershell resonances, all have
a small surface charge amplitude outside the Wannier re-
gion. A comprehensive summary of much of the recent
work on triply excited states is given in a recent review
paper by Heideman (1988).

The 2522p 2P° and 2s52p? 2D resonances at 57.22 and
58.30 eV have also been studied in a recent series of ex-
periments in which their effect on the electron-impact ex-
citation cross section for the 3 D state was measured by
Batelaan et al. (1991). These experiments involved the
detection, and the measurement of the polarization, of
photons arising from the 3 >D-2 3P decay as a function of
incident electron energy. While the experiments do not
shed any new light on the energy or widths of these
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FIG. 20. Optical excitation functions for the » =3,4 'P and
n =3,4,5 'D levels of He in the energy region of the doubly ex-
cited autoionizing states (from van der Burgt et al., 1986).
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TABLE III. Recommended energies, widths, and classifications
for resonances in He™ above the first ionization potential. En-
ergies are expressed relative to the 1s? ground state of atomic
He. Figures in parentheses represent the uncertainty in the
least significant digit.

Energy Width
Classification (eV) (meV) Comments
2s22p 2P° 57.22(4) 0.07(1) Hicks et al.
Width: van den Brink
2s%p 2p° 57.80 van der Burgt et al.
2s2p?2D 58.30(4) Hicks et al.
2p%s 2D 59.90 0.4(1) van der Burgt et al.
2s3sp 2P 62.94 van der Burgt et al.
63.50 "

states, they do illustrate significant interference effects
between direct and resonance excitation of the 3 3D state
in this energy region.

The recommended energies, widths, and classifications
for He™ resonances in the region of the He doubly excit-
ed states are given in Table III.
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FIG. 21. Optical excitation functions for the n =3,4,5 3P levels

of He in the energy region of the doubly excited autoionizing
states (from van der Burgt et al., 1986).
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C. The alkali metals

The alkali negative-ion resonances have been studied
in electron-scattering, electron-transport, and laster pho-
todetachment experiments. The amount of experimental
data available, particularly from the electron-scattering
area, is not extensive when compared with the rare gases,
a consequence, no doubt, of the difficulties these elements
pose when used in conjunction with high-resolution elec-
tron beams. On the theoretical side, calculations employ-
ing multconfigurational Hartree-Fock, close-coupling,
variational, and relativistic R-matrix techniques have
been applied. In addition, in the low-energy region,
effective-range theory has been used in order to extrapo-
late scattering phase shifts to energies below 0.1 eV. Rel-
atively few autodetaching features have been observed in
the energy region below the ionization potentials of these
atoms, and, indeed, little is known about the higher-lying
resonances within a few eV of the ionization limit. Be-
cause many of the autodetaching states appear to be
common to all of the alkali group, we start with a de-
tailed discussion of sodium rather than lithium, which is
perhaps the logical choice as an example of the alkali
metals, as the latter has been the subject of little investi-
gation. Any differences that occur or, in the heavier al-
kalis, any more extensive information that becomes avail-
able, will be discussed in appropriate detail.

1. Sodium

The autodetaching states of Na~ have been studied in
electron scattering by Gehenn and Reichert (1972), An-
drick et al. (1972), Eyb and Hofmann (1975), Johnston
and Burrow (1982), and Johnston (1983) and in photode-
tachment studies by Patterson et al. (1974). The stable
ground state of Na~ (3s2 1S°) is bound with respect to
Na (3s) by 0.543 eV (Patterson et al., 1974). The lowest-
lying autodetaching state was predicted by several calcu-
lations (Norcross, 1971; Karule, 1972; Moores and Nor-
cross, 1972; Sinfailam and Nesbet, 1973) to be a shape
resonance with the configuration 3s3p 3p°, i.e., in our no-
tation, a b resonance, at an energy of about 1.0 eV. How-
ever, the first direct experimental observation of this
feature was only made in recent years in an electron
transmission experiment (Johnston and Burrow, 1982),
although an earlier theoretical analysis of electron swarm
data (Nakamura and Lucas, 1978a, 1978b) resulted in a
derived momentum-transfer cross section which exhibit-
ed a pronounced low-energy shape resonance at about
0.13 eV, in good agreement with the close-coupling cal-
culation of Norcross (1971).

The measurement of Johnston and Burrow (Fig. 22),
which is proportional to the derivative of the total
scattering cross section, reveals the low-energy shape res-
onance to be located at 0.0810.02 eV, in excellent agree-
ment with the value of 0.083 eV obtained from both the
variational calculation of Sinfailam and Nesbet (1973)
and the effective-range-theory analysis of Fabrikant
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FIG. 22. Derivative of the transmitted current as a function of
impact energy for Na (from Johnston and Burrow, 1982).

(1982). Sinfailam and Nesbet also calculate a width of
0.085 eV for this resonance.” As the transmission experi-
ment cannot provide definitive information on the
configuration of the autodetaching states, Johnston
(1983) has analyzed this feature with the aid of the
modified Rydberg formula (MRF) of Read (1977). He
finds that the configuration 3s3p and energy of 0.08 eV
result in a value for the screening parameter o =0.21,
close to the recommended value of 0.25 (Read, 1977). In
addition, Johnston applied the approach of Kurtz and
Jordan (1981) for estimating the depth of the potential
barrier formed by the combination of the long-range po-

larization potential and the centrifugal potential. This
potential in the /th partial wave is given by
1(I+1) a
Vin=———"—7""7%, (34)
( 2r? 2rt

where a is the dipole polarizability. The barrier height is
given by
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Johnston notes a striking correspondence between the p-
wave barrier height calculated from this equation for
sodium (0.085 eV) and the b resonance energy. He also
notes that the values calculated for other partial waves
(and other alkali atoms) show some correspondence with
the energies of other observed features. The particular
relevance of the correspondence with the sodium b reso-
nance is that this rather simple approach may be an indi-
cator that this feature is a shape resonance of the non-
valence type formed as a result of the electron being at-
tached in the polarization potential of the ground state,
which for the alkalis is very strong. Similar features
found by Nesbet (1978) in helium and proposed by Buck-
man et al. (1983b) in the heavier rare gases have already
been discussed. The correspondence of this feature in
these and other atoms is discussed in Sec. VI.D.

For the higher-lying resonance features, near and
above the threshold for excitation of the 32P, /,2,3/2 States,
experimental information is available from transmission
spectroscopy (Johnston, 1983), electron scattering (An-
drick et al., 1972; Gehenn and Reichert, 1972; Eyb and
Hofmann, 1975), and laser photodetachment measure-
ments (Patterson et al., 1974). At energies close to the
32P excitation thresholds (2.102, 2.104 eV), the variation-
al calculation of Sinfailam and Nesbet and the four-state
(3s-3p-4s-3d) close-coupling calculation of Moores and
Norcross both predict resonances in the 'P° and 'D chan-
nels, as well as cusp activity in the !P° channel. Andrick
et al. and Eyb and Hofmann have measured the energy
dependence for elastically scattered electrons in the
neighborhood of the 32P thresholds over a wide range of
electron-scattering angle, and the structure they observed
is in good agreement with the calculation of Moores and
Norcross (1972; Fig. 23). However, no conclusive infor-
mation about the predicted resonances in this region can
be drawn from the electron-scattering data, as the thresh-
old structure is strongly influenced by the cusp in the 'P°

FIG. 23. Experimental (left) and theoretical
(right) differential elastic cross sections for
electrons scattered from Na near the 32%P
thresholds. The dashed lines are the calcula-
tions of Moores and Norcross (1972); the
smooth solid lines are the result of folding the
theory with the experimental resolution func-
tion (from Eyb and Hofmann, 1975).
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channel (Eyb and Hofmann, 1975). Moreover, unlike the
heavier alkali atoms (see following sections), the laser
photodetachment (LPD) measurements of Patterson
et al. do not show any evidence of resonance structure
near the 32P thresholds, but only the existence of a
Wigner cusp.

In measurements of the transmitted current in Na,
Johnston observes a strong broad feature near the 32P
thresholds (Fig. 24). This observation in itself provides no
clue as to the nature of the feature, but Johnston has
drawn on other experimental and theoretical work to
support a classification. He rejects the configuration
3s3p!P° on two grounds. Firstly, such a state would be
quite broad due to its strong coupling to the ground
state, a notion which is not consistent with the laser pho-
todetachment measurements in Cs~ and Rb™ (Patterson
et al., 1974; Slater et al., 1978), where the !P° resonance
is observed with a width of about 1 meV. Secondly, the
screening parameter o calculated from the MRF for such
a configuration is 0.38, a value not consistent with the ex-
amples provided by Read (1977). Calculations by both
Patterson et al. and Moores and Norcross (1974) indicate
a configuration of np(n +1)s for this resonance in the
heavier alkalis (» =5 for Rb—, 6 for Cs~) with a sizable
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FIG. 24. Derivative of the transmitted electron current as a
function of energy for Na, K, Rb, and Cs. The positions of
atomic excited states are indicated by small vertical lines (from
Johnston, 1983).
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admixture of np (n —1)d. Johnston points out that both
these configurations (3p4s and 3p3d) in Na give rise to a
plausible value of o from the MRF.

Johnston proposes that the 'D term has the
configuration 3p? and supports this classification, over al-
ternatives such as 3s3d or 3d?, on the basis of the MRF
screening parameters. Such a configuration also gives
rise to 'S and 3P terms. Moores and Norcross (1974) cal-
culated the 3p2 3P term to lie about 60 meV below the
32P states, but it would not be observable in electron
scattering because of parity considerations. Johnston
further proposes that the 3p? IS term lies above the 32P
thresholds but is not observed, as it will decay strongly to
these states and consequently be very broad.

No estimate of the widths of the 'P° and ' D resonances
can be given for Na™, due mainly to the effect of the cusp
in the !P° channel, although the width of the observed
threshold feature in electron scattering can certainly
serve as an upper limit on the width of the 'D resonance.
For resonances above the 32P thresholds, the only experi-
mental evidence available comes from the transmission
experiments of Johnston (Fig. 24). He observes a feature
at 2.57 eV, which is not predicted by any of the theoreti-
cal calculations. However, several calculations (Burke
and Mitchell, 1973; Moores, 1976; Scott et al., 1984b) for
the heavier alkalis predict a >F° resonance above the first
inelastic threshold. Johnston observes such structures in
K7, Rb7, and Cs™ and shows, by application of Spence’s
(1977) graphical classification method (see Sec. II.F), that
these three structures extrapolate to the center of the
broad feature in Na™ at 2.57 eV, prompting the tentative
classification of this resonance as a 3F term. Further-
more, based on the strength of the decay of this state to
the inelastic channel, as measured in a series of trapped-
electron experiments (Johnston, 1983), and on the values
of calculated screening parameter from the MREF,
Johnston favors a configuration of 3p 3d for this state.

The next feature in Johnston’s transmission spectrum
is a narrow resonance at 3.20 eV (Fig. 24), just above the
4s excited state. There is no additional experimental in-
formation to assist in the classification of this feature.
However, the multiconfigurational Hartree-Fock calcula-
tion of Fung and Matese (1972) produces a 'S state of
Na™ at 3.04 eV, just below the 4s threshold. On this
basis Johnston tentatively classifies this resonance as
4s? 'S. Further support for this classification comes once
again from the MRF, which gives a screening parameter
of 0.29 for such a configuration.

The feature at 3.53 eV in Johnston’s transmission spec-
trum has been classified as a 'D resonance, as graphical
extrapolation techniques indicate it belongs to the same
family of resonance as a feature in potassium at 2.60 eV,
for which angular electron-scattering data exist (Eyb,
1976). Johnston tentatively classifies this state as
4s3d 'D. This is supported to some extent by his
trapped-electron measurements, which indicate a strong
decay of this resonance into the 4s channel.

Two further features were observed by Johnston at
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TABLE IV. Recommended energies, widths, and classifications
for resonances in Na™. The energies are expressed relative to
the 3s S ground state of atomic Na. Values are from Johnston
and Burrow (1982) or Johnston (1983).

Classification Energy (eV) Width (meV) Comments
3s3p ’P° 0.08
3pas 'P°+3p2'D 2.10
3p3d3F° 2.57
452§ 3.20
4s3d 'D 3.53
? 4.11
? 4.49

4.11 and 4.49 eV, but the lack of any other experimental
or theoretical information has not enabled a firm assign-
ment to be made for either of these resonances.

Recommended parameters for the autodetaching states
of Na™ are given in Table IV.

2. Lithium

As mentioned previously, there have been few studies
of the autodetaching states of Li~, particularly experi-
mental studies. In fact, to our knowledge, there has been
no definitive observation of a negative-ion resonance in
lithium, although the LPD measurements of Bae and
Peterson (1985) have demonstrated the existence of a vir-
tual state below the 22P° excited states. On the theoreti-
cal side, electron-scattering calculations utilizing the
close-coupling approximation (Burke and Taylor, 1969),
the scaled Thomas-Fermi model potential (Norcross,
1971), and variational techniques (Sinfailam and Nesbet,
1973) have been applied to the identification of resonance
effects. In addition, Fung and Matese (1972) have per-
formed MCHF calculations, and Moores and Norcross
(1974) have calculated Li~ photodetachment cross sec-
tions using configuration-interaction wave functions for
the initial state and close-coupling scattering wave func-
tions for the final state. Stewart et al. (1974) used a mod-
el potential to compute the energies of 11 resonances in
the vicinity of the 2p and 3s states of Li. Lin (1983c)
computed the energies of eight resonances using an adia-
batic hyperspherical treatment.

The lowest energy feature in the electron-scattering
calculations, the 1s2 (2s2p) 3P° b resonance, has been
shown to occur at an energy of about 0.06 eV (Burke and
Taylor, 1969; Norcross, 1971; Sinfailam and Nesbet,
1973; Fabrikant, 1982) with a width of about 0.06 eV.
These calculations also indicate the existence of 2p3s 'P°
and 2p2 D resonances near the 22P thresholds. The pho-
todetachment calculations also show a strong, sharp
feature at the 22P threshold, which is attributed (Moores
and Norcross, 1974) to a combination of cusp and reso-
nance effects. In the experiment of Bae and Peterson
(1985), a 3-keV Li~ beam is directed coaxially with the
light from a Kr* laser-pumped dye laser, and Li atoms
formed by photodetachment are detected by detecting
the secondary electrons they eject on striking a low
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work-function conductive plate. The absolute photode-
tachment cross section so measured is in excellent agree-
ment with that of Moores and Norcross near the 22P°
threshold, and the structure they observe in this region is
well fitted by a parametric expression derived from mul-
tichannel scattering theory (Nesbet, 1980a) including the
effects of a virtual state. Their fitting procedure yields
the energy of the virtual state to be 55110 meV below
that of the 22P§ 2 state, i.e., at an energy of 1.793 eV.

The calculations of Fung and Matese (1972) were done
in a MCHF formalism that only reveals states that are
bound with respect to their parents. Thus they did not
find the lowest b or c resonances near the 22P threshold.
However, seven resonances were found near the 3s and
3p states, which would appear to have the term designa-
tions 3s2, 3s3p 3P° and 'P°, 3s4s 38, 3p? 'D and 'S, and
3p4s 3P° and 'P° [these designations are not proposed by
the authors, but are inferred by us from the subsequent
work of Stewart et al. (1974) and Lin (1983c)]. The mod-
el potential calculations of Stewart et al. yield all the res-
onances found by Fung and Matese, at energies that
agree to within 0.001 Rydberg, plus five additional reso-
nances, apparently associated with the 3p parent state.
This method is of the stabilization type, and it did not
produce the lowest b or c¢ features. Lin treated Li~ by
using a model potential similar to that of Stewart et al.
to represent the electron-core interaction, and by describ-
ing the outer electrons in the adiabatic hyperspherical
approximation. He shows adiabatic potential curves for
several symmetries (Fig. 25). No discussion of the b or ¢
resonances is given; however, it is of interest to note in
Fig. 25 that the 3P° adiabatic potential curve that con-
verges to Li 25 as R — o could possibly support a shape
resonance, whereas no such possibility is apparent in the
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FIG. 25. Adiabatic potential curves for the Li~ 1S¢, 3¢, 'P°,
3P° channels converging to the n =2 limits of Li (from Lin,
1983c).
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TABLE V. Recommended energies, widths, and classifications
of resonances in Li~. The energies are expressed relative to the
25 2S ground state of atomic Li. There are no experimental
values available.

Classification Energy (eV) Width (meV) Comments
252p *P° 0.06 0.06
2p3s '\P°+2p2'D 1.85
1s,°p,3S 3.11-3.34
'D,1S,’P,'P 3.70-3.78

1p° curve. Lin reproduces many of the results of Stewart
et al. and also reports some resonances in the vicinity of
the 425 state.

A summary of the Li~ autodetaching states is given in
Table V.

3. Potassium

The situation in potassium is somewhat brighter due to
information being available from both electron-scattering
and photodetachment measurements, as well as from
various theoretical treatments.

The low-lying b resonance, which in potassium will
have the configuration 4s4p 3P°, apparently occurs at a
lower energy than the corresponding state in Na~ and
Li~. Sinfailam and Nesbet (1973) calculate its energy to
be 2.4 meV, while Moores finds the 3P° phase shift to go
through 7 /2 radians at about 20 meV. Kaulakys (1982)
has calculated the position and width of this resonance
from experimental data (Stoicheff et al., 1981) on self-
broadening of K (ns) and K (nd) Rydberg series. These
resonance parameters, which can be related to the oscil-
lating components of the linewidths and shifts as a func-
tion of n, were found to be 1.7 meV and 0.47 meV, re-
spectively. Fabrikant’s (1982, 1986) effective-range-
theory extrapolation of K-phase shifts results in a value
of 19 meV for the resonance energy and 16 meV for the
width. These low-energy phase shifts are obtained by ex-
trapolating phase shifts from calculations (Karule, 1965,
1972) at higher energies and are supported by favorable
comparisons with various experimental data. The data
are, firstly, information on the broadening and shift of
Rydberg levels by alkali atom perturbers and, secondly,
the widths and shifts of the free-electron spin-resonance
frequencies which result from collisions of Rydberg
atoms with alkali metals. However, no such resonance
could be observed in the transmission apparatus of
Johnston and Burrow (1982). Given the predicted low en-
ergy, this is perhaps not surprising.

Information on the ¢ and other resonances near the 42P
thresholds from electron-scattering experiments (Eyb and
Hofmann, 1975; Eyb, 1976; Johnston, 1982) is again
clouded by the strong cusp activity in the !P° channel.
We can only note the good agreement between the elastic
differential cross-section measurements of Eyb and Hof-
mann and the three-state close-coupling calculation of
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Moores (1976), which predicts both !D and 'P° reso-
nances and a 'P° cusp in the near-threshold region.
Strong, sharp structure is observed in the LPD cross sec-
tion near the opening of the 42P channel (Patterson
et al., 1974; Slater et al., 1978). This structure, which
has the form of a downward step at each of the fine-
structure thresholds, is interpreted, by comparison with
Rb™ and Cs™, as the 4p5s !P° state of K~. In the case
of potassium, these resonances are very loosely bound to
the parent 4°P states, and the resonance profile in the
photodetachment cross section does not fully develop be-
fore the new channels open.

A strong feature observed by Johnston in electron
transmission at an energy of 1.86 eV (Fig. 24) has been
classified by him as 4p3d 3F° (see Sc. VI.C.1). This as-
signment is well supported by both theoretical work in K
(Moores, 1976) and the use of the graphical technique to
extrapolate theoretical (Scott et al., 1984a, 1984b) and
experimental (Gehenn and Reichert, 1977) information in
Cs.

At 2.4 eV Eyb observes a small feature in the elastic-
scattering cross section for scattering angles above 60°
(Fig. 26). This feature is not observed by Johnston in
transmission and apparently not by Eyb in the excitation
functions for the 4%P levels. Considering the intensity
and relatively small width in the differential measure-
ments, it is somewhat surprising that it is not observed in
transmission, given the high sensitivity of this technique.
From its observed angular distribution, Eyb suggests that
this resonance is an S state. However, Johnston main-
tains that such a classification is not consistent with his
graphical analysis scheme across the alkalis. The most
plausible configuration for such a state is 552 1S, and the
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FIG. 26. Experimental elastic differential cross sections for
electrons scattered by K (from Eyb, 1976).
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TABLE VI. Recommended energies, widths, and classifications
for resonances in K~. The energies are expressed relative to the
45 2S ground state of atomic K. Unless otherwise specified, the
values are from Johnston and Burrow (1982) or Johnston (1983).

Energy Width
Classification (eV) (meV) Comments
4s4p 3P° ~0.01(?) Calculation
4p5s 'P°+4p?'S 1.61 Various experiments
4p3d°F 1.86
2.4 ~50 Eyb
5s4d 'D 2.60-2.63 60
Por F 2.68
3.08
3.34
3.70

graphical extrapolation of similar features in Na~ and
Rb™ predicts such a state at 2.6 eV in K~. A strong
structure exists at this energy in the measurements of
both Eyb and Johnston, but the differential data indicate
that this is a D state. As a result, Johnston does not iden-
tify a 5s2 'S state in K and raises the possibility that the
2.4-eV structure observed by Eyb is an artifact. Clearly,
more experimental work in this energy region would be
desirable.

As we have alluded to above, the strongest feature in
the higher reaches of the potassium spectrum is observed
by both Eyb and Johnston at an energy of 2.60 and 2.63
eV, respectively. Johnston has tentatively classified it as
5s4d 'D (see Sec. IV.C.1). Eyb also observes another
state at 2.68 eV at angles where the resonance at 2.6 eV
disappears. From its angular behavior, he concludes that
it is a P or F state. Structure is also observed by Eyb in
the vicinity of 2.6—2.7 eV in the 4?P excitation functions,
but it is thought to be strongly influenced by threshold
effects at the opening of the 528 (2.607 eV) and 32D (2.670
eV) neutral excited states, which are strongly coupled to
the 4°P° level. Higher-energy features (at 3.08, 3.04, and
3.07 eV) have been observed by Johnston, but he offers no
classification for them. A summary of the K~ autode-
taching states is given in Table VI.

4. Rubidium

The autodetaching states of Rb™ (ground state 5s2 'S,
binding energy 0.4859 eV —Frey et al., 1978) have been
investigated experimentally by electron scattering
(Johnston and Burrow, 1982; Johnston, 1983) and photo-
detachment (Patterson et al., 1974; Frey et al., 1973).
Theoretical studies by Rabin and Rebentrost (1982),
Kaulakys (1982), and Fabrikant (1982, 1986) have been
devoted exclusively to the study of the low-lying b reso-
nance.

Johnston and Burrow found evidence for the 5s5p *P°
resonance at an energy of less than 50 meV, but could not
clearly resolve the structure from the wings of the
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electron-energy distribution in their transmission experi-
ment. From the analysis of the shift and broadening of
Rb Rydberg spectra, Rabin and Rebentrost predicted an
energy and width for this state of 1.7 and 0.5 meV, re-
spectively. Kaulakys (1982) analyzed the same experi-
mental data and obtained values of 1.3 and 0.4 meV for
the energy and width, while Fabrikant’s phase-shift ex-
trapolation via effective-range theory gave 23 and 25
meV, respectively, for these resonance parameters.

Rubidium is the first member of the alkali series for
which unambiguous information concerning the reso-
nances near the first excited states is available from
high-resolution LPD measurements. In the experiment
of Patterson et al. (1974), a ground state Rb~ beam is
photodetached by radiation from a tunable dye laser, and
the neutral atoms so formed are detected as a function of
laser wavelength (see Sec. III.B). They observed the pho-
todetachment cross section to vanish over a small wave-
length range just below the 52P, ,, threshold at 1.560 eV
(Fig. 27) and attributed this structure in the cross section
to the existence of an autodetaching state that is optically
connected to the Rb™ ground state. A similar feature is
located below the 52P3 ,» threshold (1.590 eV), but does
not result in a vanishing cross section because of the new-
ly opened 5P, ,, nonresonant continuum channel. These
features can be explained by the existence of a resonance
in the 'P° channel just below the respective excited-state
thresholds. The width of the lower resonance is about
0.15 meV and that of the upper resonance about 1 meV,
the lower feature lies about 0.5 meV below the 2P, ,
threshold. The configuration of these states is believed to
be 5p6s 'P°.

In a more recent experiment, Frey et al. (1978) have
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conducted a series of elegant high-resolution (0.1 cm™?)
measurements of Rb™ photodetachment in the region of
the 5P, , threshold. They measured both the total pho-
todetachment cross section, by detecting neutral atoms,
and the partial Rb(5s) cross section, by measuring the
yield of 1.56 eV electrons produced in the photodetach-
ment process. Both the total and partial 5s cross sections
show a strong resonance below the 52P; , threshold (Fig.
28) with a width similar to that quoted above. In addi-
tion, above the 52P, ,, threshold, extremely sharp struc-
ture (~10 peV) is evident in the S5s cross section. The
origin of this structure is unknown, although Frey et al.
postulate that it may be evidence of a new threshold
effect.

TABLE VIL Recommended energies, widths, and
classifications for resonances in Rb~. The energies are ex-
pressed relative to the 5s 2S ground state of atomic Rb. Unless
otherwise specified, the values are from Johnston and Burrow
(1982) or Johnston (1983).

Energy Width
Classification V) (meV) Comments
5s5p *pP° <0.05 Various experiments
5p6s 'P° 1.559 0.15 Patterson et al.
5p6s 'P* 1.588 1 "
5p21S+5p>'D 1.58
Spad 3F° 1.74
6s5d 'D 2.40
7s%1S 2.45-2.50
2.93
3.15
3.52
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Once again there is no definitive experimental informa-
tion for the existence of other resonance configurations ir.
the vicinity of the 52P thresholds. The transmission ex-
periments of Johnston (1983) show a broad feature in this
energy range (Fig. 24), but individual contributions ('P,
D, 'S, and 'P cusp) cannot be resolved.

The only available evidence for resonances above the
52P thresholds is once again the experimental work of
Johnston. As there is no supporting information from
other experimental or theoretical work, Johnston has re-
lied heavily on the graphical technique to classify these
features into groups observed in the other alkali atoms.
The energies of these states, and, in some cases, their ten-
tative classifications, are shown together with the other
Rb™ resonances in Table VII.

5. Cesium

The stable ground state (6s2 1S) of the cesium negative
ion is bound by 0.472 eV (Slater et al., 1978) with respect
to the ground state of the neutral cesium atom (6s 2S).
As for sodium and potassium, a relatively large amount
of information is available on the autodetaching states of
Cs™. Experimental electron-scattering investigations in-
clude transmission studies (Johnston and Burrow, 1982;
Johnston, 1983) and differential elastic-scattering and op-
tical excitation function measurements (Gehenn and
Reichert, 1977). In addition, low-energy data are avail-
able from swarm experiments (Postma, 1969a, 1969b,
1969c; Nighan and Postma, 1972; Saelee and Lucas,
1979) and measurements of electron thermal conductivity
(Stefanov, 1978). In the energy region near the 62P excit-
ed states, the LPD measurements of Patterson et al.
(1974) and Slater et al. (1978) provide further experimen-
tal information. Theoretical treatments include the
effective-range, phase-shift analysis of Fabrikant (1982),
and two-state close-coupling calculations of Burke and
Mitchell (1973), and the relativistic R-matrix method of
Scott et al. (1984a, 1984b).

The transmission experiments of Johnston and Burrow
do not exhibit a b resonance in cesium at energies above
0.1 eV. On the other hand, several independent swarm
experiments predict a broad low-energy maximum in the
Cs momentum-transfer cross section (Q,,). Nighan and
Postma analyzed the electron-transport data of various
groups and derived a Q,, that has a strong, broad max-
imum at about 0.25 eV. Saelee and Lucas analyzed their
own electron drift-velocity data to obtain a Q,, with a
very broad maximum at about 0.15 eV. Stefanov’s
analysis of electron thermal-conductivity data also leads
to a pronounced structure in Q,, at about 0.2 eV. The
swarm and transmission results are thus inconsistent con-
cerning the presence of a resonance; however, it should
be noted that the independent swarm analyses yield vast-
ly different results, as indicated in Fig. 29. The relativis-
tic R-matrix calculation by Scott et al. (1984b) exhibits a
maximum (~ 1 radian) in the eigenphase sum in the J =1
odd-parity channel at around 0.1 eV, which may be con-
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sistent with a low-energy shape resonance. However, the
authors do not identify it as such. There are no struc-
tures visible in the J =0 or 2 odd-parity channels, which
would also be associated with a 3P° resonance, that sug-
gest its presence at low energies.

The absence of a b resonance in the data of Johnston
and Burrow could be due either to the insensitivity of the
transmission experiment to reasonably broad structures,
or to the possibility that this feature is not strongly mani-
fested in the total cross section. However, there is a
significant body of theoretical evidence suggesting that
the b state of Cs™ is bound, or that it lies at very low en-
ergies (~0.01 eV). Fabrikant (1982, 1986) has performed
several phase-shift analyses using effective-range theory.
His first extrapolation of higher-energy phase shifts used
a value for the Cs dipole polarizability of 449 a.u., de-
rived from wave functions of Karule (1965). The analysis
indicated that the b state was bound by 27 meV. Howev-
er, as noted by Fabrikant, this value of the polarizability
is about 10% larger than the accepted experimental value
(40318 a.u., from Molof et al., 1974), so it would give a
more attractive long-range potential than is actually
present. Fabrikant’s subsequent analysis using this lower
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value of the polarizability produced a shape resonance in
the P° channel at about 12 meV. A calculation by
Krause and Berry (1986) gives a b state that is bound by
12 meV, but this result is well outside the range of accu-
racy claimed by those authors.

Following the discovery that the b state of Ca~ was
stable, several groups addressed the question of whether
the corresponding states in the heavier alkalis were also
bound. We discuss these results in Sec. VI.B. Froese,
Fischer, and Chen (1989) have performed an extensive
MCHEF calculation that predicts the b state of Cs™ to be
bound, by between 1 and 10 meV. Greene (1990), using a
frame transformation approach that is very successful in
reproducing experimental photodetachment data, finds
all states of the 6s6p *P° term to be bound, a energies of
32, 25, and 11 meV for J =0, 1, and 2, respectively. On
the other hand, a recent relativistic scattering calculation
by Thumm and Norcross (1991) finds all these states to
be resonances at energies of 1.8, 5.6, and 12.8 meV, re-
spectively. All these results are at the limits of accuracy
that can reasonably be claimed for calculations, but they
do strongly suggest that the b resonance, if it is not
bound, is at a much lower energy than has been investi-
gated by direct methods. Our tabulated value thus indi-
cates a conservative upper bound on the energy of this
resonance. Thumm and Norcross also identify a series of
6p? 3P0’1,2 resonances within several hundred meV
(below) the 6p, ,, threshold.

At energies near the 62P, 12,32 €xcited-state thresholds
(1.386, 1.455 eV), angular electron-scattering data
(Gehenn and Reichert, 1977) indicate the presence of
several strong structures, as do the transmission data of
Johnston. The energy resolution in the experiment of
Gehenn and Reichert (60 meV FWHM) does not enable
them to clearly identify individual features at each of the
thresholds; but a strong feature(s) occurs at the P},
threshold, and there is an indication of structure at the
2p3 , threshold, although this is masked somewhat by a
further, strong feature at 1.49 eV (Fig. 30). The feature(s)
observed at the 2P}, threshold are again not thought to
be due to a single resonance but to a superposition of res-
onance and cusp effects, the c-type resonance (6s6p 'P°)
perhaps making the dominant contribution to the ob-
served intensity. This state is clearly observed in the LPD
experiments of Patterson et al. (1974) and Slater et al.
(1978; see also Fig. 31). These authors measure widths of
about 1 meV and 3-4 meV for the resonances below the
2p5 , and %P3, thresholds, respectively. They have also
performed close-coupling (6s-6p-6d) calculations that in-
dicate that the dominant resonance configuration is 6p7s
with a strong admixture of 6p5d.

The structure observed by Gehenn and Reichert at
1.49 eV in their elastic differential scattering experiments
has an angular dependence consistent with a resonance in
the f wave. To verify that this feature was not associated
with the 62P° thresholds, these authors made simultane-
ous measurements of elastic scattering at 6=135° and of
the photon yield from the 6P}, and 6°P%,, excited
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states at wavelengths of 894.6 and 852.3 nm, respectively.
The photon excitation functions clearly show the reso-
nance to be above both excited-state thresholds. The
two-state close-coupling calculation of Burke and
Mitchell (1973) reveals a 3F° shape resonance at 1.7 eV
with a width of 0.4 eV. The inclusion of additional target
eigenstates (6s, 6p,5d) in the relativistic R-matrix calcula-
tions of Scott et al. (1984a, 1984b) has the effect of mov-
ing this resonance, which has the configuration 6p5d, to
an energy just above the 2P1 s, threshold, in good agree-
ment with Gehenn and Reichert. Recent experimental
work (Reichert, 1986) has provided further support for
the classification of this resonance. The measured circu-
lar polarization of the 6°P, ,, resonance radiation emitted
following excitation by spin-polarized electrons agrees
well with a calculation that assumes the collision is dom-
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FIG. 31. Cs™ photodetachment ground-state partial cross sec-
tion in the vicinity of the 6%P thresholds (from Slater et al.,
1978).
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inated by a 3F° resonance at 1.50 eV.

The elastic angular distributions of Gehenn and
Reichert show a further very weak structure at about 1.8
eV on which they make no comment (Fig. 30). We note
that this feature is in the vicinity of the 52D excited states
(1.798, 1.810 eV) and that Scott et al. (1984b) find evi-
dence of resonance activity in the d wave in this energy
region, their calculations indicating the presence of a
6p5d 3D° resonance.

At energies above 2 eV, the only available experimen-
tal data are once again provided by Johnston (1983; see
also Fig. 24). As the R-matrix calculations do not extend
beyond 2 eV, and as there is no other theoretical infor-
mation available, one can only rely on a comparison with
the other alkali metals for some insight as to the nature
of the high-energy features. Johnston observes reso-
nances at energies of 2.20-2.30, 2.68, 2.83-2.93, and
3.26 eV, but only offers a classification for the first of
these states. Based on a graphical extrapolation of reso-
nances in Na—, K™, and Rb™, the nature of the K™ reso-
nance having been determined unambiguously by angular
scattering data, he tentatively classifies the structure at
22-23 eV as a D resonance with a possible
configuration of 6s5d. Johnston does point out, however,
that the energy of this feature is higher than that predict-
ed by the extrapolation of 0.1-0.2 eV, an amount which
is unusually large for this technique when applied to the
alkalis. Scott et al. do find a 6s5d 3D resonance in their
calculation, but at a very low energy (<0.5 e¢V). The na-
ture of this resonance, and of those at higher energies,
thus remains in doubt.

In conclusion, it is worth noting (again) that the calcu-
lations of Scott et al. (1984b) indicate the existence of a
number of polarization-type resonances that arise when
an electron is captured at very large distances in the
long-range field associated with an excited state of the
atom. In this case the state in question is the 6°P, and
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TABLE VIII. Recommended energies, widths, and classifications for resonances in Cs~. The energies
are expressed relative to the 6s %S ground state of atomic Cs. Unless otherwise specified, the values are
from Johnston and Burrow (1982) or Johnston (1983).

Classification Energy (eV) Width (meV) Comments
6s6p >P° <0.15 No firm experimental evidence:
may be bound
6p7s 'P°+6p5d 'P° 1.38 1 Patterson et al. and Slater et al.
" 1.45 3-4
6p*'S, 6p2'D 1.39 Various experiments
" 1.45 "
6p5d °F° 1.49 ~80 Gehenn & Reichert
6p5d *D°(?) 1.80 "
6s5d 'D 2.2-2.3
2.68
2.83-2.93
3.26

these resonances appear in the calculation ostensibly as a
result of the inclusion of the 52D states, which are strong-
ly coupled to the 62P.

A summary of observed and calculated Cs™ states is
given in Table VIII.

D. The noble gases

It is appropriate to consider the heavier rare gases
neon, argon, krypton, and xenon separately to helium, as
the spectrum of negative-ion resonances observed for
these atoms reflects the significant differences in the na-
ture of their positive ion-cores from that of helium. The
ion core of these atoms, unlike helium, is split by the
spin-orbit interaction, with the result that the np° (?P3 ;)
and np°> (*P ;) core terms are separated by 97, 177, 666,
and 1307 meV for neon (n =2), argon (n =3), krypton
(n =4), and xenon (n =S5), respectively. This, together
with the fact that the above ion cores have different pari-
ty and angular momenta to that of helium, results in the
need for a different coupling scheme to describe the ob-
served resonances. Furthermore, few similarities exist
between the observed neutral spectra for the above gases
and that of helium, and as such helium cannot generally
be used as a guide for these atoms.

As a result of the ease with which these gases can be
formed into target beams or cells, and their inherent inert
nature, many high-resolution electron-scattering experi-
ments have been conducted in recent years. There have,
however, only been sporadic contributions from other
fields, such as ion-atom collisions, and, unfortunately, rel-
atively little theoretical work.

There are many similarities in the resonances observed
within this group of atoms, but each, in general, has
specific information to add to the overall picture, so it is
not possible to use one as a general example. Systematic
variations of resonances within the rare gases are dis-
cussed in some detail in Sec. VI.
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1. General remarks on collision channels

Before reviewing specific details of resonances ob-
served in electron scattering by the noble gases, it is help-
ful to recall some symmetry considerations that are gen-
erally applicable to electron-atom collisions. All experi-
ments to date have dealt with electron scattering by the
np® 'S, ground state. This implies that the initial state of
the electron-atom system is characterized by the quan-
tum numbers IJm, where [ is the initial orbital momen-
tum of the electron; and the total angular momentum
J=1+1/2 and parity 7=(—1)' are the only quantum
numbers that are strictly conserved in the collision. This
imposes significant constraints upon the nature of the
resonances that can be observed: there is only one in-
cident collision channel for each value of J7r. Thus, for
example, a resonance that is characterized by the
configuration np> n’s? can only be excited by a p wave in-
cident on the ground state, and one with a configuration
np® n'sn'p only by an s or a d wave. For making qualita-
tive statements about resonances in Ne and Ar, it is also
appropriate in most cases to regard the total angular
momentum L =/ and spin § =1 to be conserved quanti-
ties (though even for such light atoms the angular distri-
bution of scattered electrons at resonance energies can
exhibit pronounced effects of spin-orbit interaction: for
example, the strong appearance of the a resonances in
elastic electron scattering at 90°, which could not take
place under strict LS conservation). These facts restrict
the possible classifications of the low-lying resonances.
They also allow for the existence of doubly excited meta-
stable negative-ion states. For example, the np°> (n +1)s
(n+1)p *S;,, state cannot autodetach into the npSel
channel if LS coupling is valid. Such a state would thus
be metastable if its energy were less than that of the np°
(n +1)s 3PS state. This is apparently the case for Ar~,
but no cases are known to date in any other of the noble
gases (Bae et al., 1985).
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All the heavy noble gases have two metastable states,
np’ (n+1)s 3P§,0, which are sufficiently long-lived for a
variety of atomic physics experiments: there have been
numerous studies of photoabsorption in beams of meta-
stable noble gases. To date, no experimental results on
resonances in electron scattering by these metastable
states have been reported. Calculations suggest that a
number of resonances observed in scattering by the
ground state would also play a role in scattering by the
metastables (Taylor et al., 1985). The low-energy cross
sections that have been computed to date show strong
similarities to those for electron scattering by ground-
state alkali atoms.

2. Neon

Negative-ion resonances have been observed in Ne in a
large number of electron-impact experiments in which a
range of scattered particles, including elastic and inelas-
tic electrons, photons, and metastable atoms, have been
detected. Theoretical interest in these problems has been
limited by the complexity of the correct neon target rep-
resentation and the difficulty involved in accounting for
spin-orbit effects. Despite these problems, some consid-
erable success has been achieved through the R-matrix
method in elucidating the spectroscopic classification of
the lower-lying resonances and the contributions they
make to near-threshold excitation cross sections.

The first observations of a Ne™ resonance were made
in 1963 by Schulz and by Simpson and Fano in elastic
electron scattering. Shortly after this, Simpson (1964)
and Kuyatt et al. (1965) observed two sharp structures in
electron transmission studies near 16 eV. These features
were found to be separated by about 95 meV and were
the first observation of a large class of resonances in the
rare gases which are thought to be formed by two excited
electrons being strongly coupled external to the positive-
ion core and interacting only weakly with the core.
Their signature is an energy separation that is closely re-
lated to that of the spin-orbit—split grandparent ion core
states. Simpson and Fano (1963) classified these states as
Ne™ 2p° (*P5 5,1 ,2) 3% ('S). In the years following these
measurements, and up until the review by Schulz (1973a),
there were many other studies of low-lying Ne™ reso-
nances carried out in electron scattering and transmis-
sion (Andrick and Ehrhardt, 1966; Reichert and
Deichsel, 1967; Sanche and Schulz, 1972a), metastable
atom production (Olmsted et al., 1965; Pichanick and
Simpson, 1968), and decay photon observation (Sharpton
et al., 1970). These results have been discussed by
Schulz (1973a). In the years since the Schulz review, fur-
ther observations have been made in many of the same
final channels, although with such improved resolution
and sensitivity that considerably more structure has been
resolved and, to some extent, identified.

Because of their energies, some 0.6 eV below the first
excited (2p°> 3s) configuration of neon, the two lowest-
lying resonances in Ne™ can only be observed in electron
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scattering in the elastic channel. Such measurements
have been performed by Eyb (1968), Kisker (1972b),
Heindorff et al. (1973), Roy et al. (1975b), and Brunt
et al. (1977c), with the measurement of Heindorff ez al.
including the spin-polarization analysis of the scattered
electrons. The measurements of Brunt et al. constitute
the most accurate determination of the energy of these
resonances, the experimental energy scale having been
determined by a combination of methods involving the
known spectroscopic energies of the 2p> 3s *PS metasta-
ble level of neon and the energy of the 22S resonance in
helium. These experiments (Fig. 32), conducted with an
energy resolution of 14-20 meV, give the energies of the
2P§,2’1/23s2 resonances as 16.111 and 16.208+0.008 eV,
in good agreement with other values (Kisker, 1972b;
Sanche and Schulz, 1972a, 1972b, 1972c). They also
determine the widths of both the 3s2 resonances to be
1.31+0.4 meV, in excellent agreement with the measure-
ments of Roy et al. (1.4—1.8 meV) and Eyb (1.4 meV).
The measured spin polarization oi electrons elastically
scattered from neon (at 90°) in the region of these reso-
nances shows distinct maxima and minima corresponding
to the excitation of the 2P$ /2,1,2 Tesonances, respectively
(Heindorff et al., 1973). These states, the Ne™ a reso-
nances, have also been observed recently in the free-free
cross section for e -Ne scattering in the presence of a
laser field (Bader, 1986).

The few calculations of the Ne™ a resonances are all in
reasonable agreement with experiment. The energy of
the center of gravity of the 2p° 3s2 resonance pair was
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calculated by Weiss and Krauss (1970), using a
superposition-of-configurations technique; this result

agreed with the experimental value to within about 0.1
eV. Similar results using a MCHF method were obtained
by Clark (1984, 1986). Analysis of the dominant
configurations in these calculations indicates that the
2p>3s? classification is appropriate and that the structure
of the external electron pair is similar to that of the
ground state of Na™ (see Sec. VI.A). The resonance en-
ergy and width were calculated by an R-matrix method
by Noro et al. (1979) and by Clark and Taylor (reported
in Clark, 1984). Both energies agree with the experimen-
tal value to within about 0.04 eV. The width reported by
Noro et al. is 0.9 meV, whereas that of Clark and Taylor
is 3 meV.

Spence and Noguchi (1975), in their analysis of Ryd-
berg Feshbach resonances in the hydrogen halides, drew
many comparisons with the higher reaches of the noble-
gas resonance spectra observed by Sanche and Schulz,
and made the first detailed attempt to classify the rare-
gas resonances by considering them as two excited elec-
trons external to the positive-ion core in a configuration
such that their mutual screening of the core charge is
maximized. This so-called grandparent scheme was ex-
panded upon in the mid 1970s when several high-
resolution observations of these and other resonances
were made. Read et al. (1976) proposed an external cou-
pling scheme appropriate to the grandparent resonance
picture, and a number of semiempirical techniques, in-
cluding the modified Rydberg formula (Heddle, 1977;
Read, 1977) and a graphical approach (Spence, 1977),
were introduced to aid in the classification of the higher-
lying resonances. These techniques have been discussed
in some detail in Sec. ILF.

High-resolution studies of the resonances above the
2p3 3s neutral excited-state thresholds have been carried
out by measuring the yield of UV photons resulting from
the decay of the 2p> 3s (J=1) states of neon (Raible
et al., 1974; Brunt et al., 1977d), excitation functions for
the 2p> 3s (J =0,2) metastable states of neon (Brunt
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et al., 1976; Buckman et al., 1983b), and elastic electron
differential scattering at a range of angles in the energy
region from 16.5 to 17.5 eV (Brunt et al., 1977c). Several
calculations have also been performed in this energy re-
gion utilizing the R-matrix (Noro et al., 1979; Clark and
Taylor, 1982; Taylor et al., 1985) and distorted-wave
(Sawada et al., 1971) approaches, all within the frame-
work of LS coupling.

The near-threshold metastable and UV excitation func-
tions of Brunt et al. (1976, 1977d) and Buckman et al.
are dominated by resonance features at 16.907 and
16.950 eV, respectively (Fig. 33). Structure is also ob-
served at about 16.9 eV in elastic-scattering measure-
ments (Brunt et al., 1977c). These features have been
classified as one or more of the resonances associated
with a 2p° (P$, 1 ,) (3s3p)*P° coupling scheme and are
therefore, in our nomenclature, b resonances. Noro
et al. (1979) performed an R-matrix calculation that gave
a b resonance, which they identified with this coupling
scheme. Clark and Taylor (1982) carried out an eigen-
channel analysis of electron-scattering calculations in this
energy region. The calculations were made with the R-
matrix method, and, although performed in LS coupling,
they reproduced the general features observed in the
metastable and UV excitation functions (i.e., the singlet
and triplet channels) reasonably well. Their analysis
confirmed the classification for the b resonances of Brunt
et al. (1976, 1977d). In a later paper, Taylor et al. (1985)
calculated total scattering cross sections for excitation of
the 3s and 3p states of neon from the ground state as well
as cross sections for elastic, inelastic, and superelastic
scattering from the 3s level. In particular, the relative
agreement between their cross section for the excitation
of the 3s P, state and the metastable excitation function
of Buckman et al. (1983b) is excellent up to about 2 eV
above threshold.

In the grandparent or external coupling scheme of
Read (1976), the configuration 3s3p can also couple to
give a 'P° term, and this has been associated with the
broad feature labeled ¢ in the work of Brunt et al. (1976,
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1977d) at an energy of about 18.35 eV. On coupling with
the Net core, five different states are possible, and all can
decay to the 3s levels of neon by emission of a p-wave
electron (Read et al., 1976) and minimal rearrangement,
raising the expectation that they would be rather broad
features, in line with the experimental observation. In
neon this resonance does not fully develop before the
opening of the 2p° (2P;,,) 3p(J =1) level at 18.382 eV,
where a sharp decrease in the metastable yield is noted,
consistent with a Wigner cusp or step (Buckman et al.,
1983b).

The classification of this feature is also supported by
the eigenchannel analysis of Clark and Taylor (1982),
but, somewhat surprisingly, the analogous resonance in
argon has been classified differently by Ojha et al. (1982).
This will be discussed in more detail in the next section.
Noro et al. (1979) classified the ¢ feature as a 3s3p 3P°
state, but their reason for doing so is unclear. This
matter is discussed further in Sec. VI.C. It should be
noted that in all these calculations, the resonances appear
in all terms of the relevant resonance configurations. For
example, the configuration labeled 2p° (*P°) (3s3p)’P°
gives rise to six spectroscopic terms >*S, P, D; a b reso-
nance has been found in all collision channels with these
LS values [only the %S and 2D channels occur in electron
scattering by the ground state of Ne; all are present in
scattering by the lowest metastable state (Taylor et al.,
1985)]. This is consistent with the picture of these reso-
nances as a well-defined two-electron complex in the field
of a positive ion: the dynamics of the system are
governed by the external coupling of the two electrons,
with electron-core interactions giving rise only to multi-
plet structure. Such a picture contrasts with the alterna-
tive, a one-electron description, in which the properties
of the resonance are determined by the coupling of an
outer electron to the core; this latter description applies,
for example, to the shape resonances in the halogens dis-
cussed in Sec. VI.D. Thus it should be kept in mind that
the experimentally observed ‘“‘resonances” attributed to
non-'S externally coupled pairs are probably an un-
resolved composite of states with different total angular
momenta and different collision strengths. The experi-
mentally determined energies and widths of these
features therefore will usually not describe the properties
of individual resonances. The calculations of Clark and
Taylor show that the 28 and 2D terms of the b resonance
are separated by energies that are smaller than their
widths, so that the ¢ feature is not associated with a term
of the externally coupled *P° configuration.

In a recent complex dilated double-configuration
Hartree-Fock calculation, Bentley (1991) has confirmed
the grandparent nature of the b and, to a lesser extent,
the ¢ resonance. He demonstrates how the two outer
electrons that constitute the resonance in the
grandparent scheme are almost completely isolated from
the core orbitals and have little effect upon them. Some
question remains about the nature of the ¢ resonance in
this approximation, as Bentley was unable to obtain con-
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vergence for a calculation using a single-configuration ap-
proximation to the 'P° grandparent state. Attempts to
describe the c feature in similar terms to those used by
Ohja et al. for argon (outlined briefly above) were not
successful; so there still remains some uncertainty as to
the nature of the c resonance in neon.

Located immediately above the ¢ resonance in neon
(and in the heavier noble gases) is a group of strong reso-
nances in the region of the thresholds of the 2p° 3p mani-
fold (see Fig. 33). In neon these features have been ob-
served with high resolution in the transmission experi-
ments of Sanche and Schulz (1972a), in metastable excita-
tion by Brunt et al. (1976) and Buckman et al. (1983b),
and in optical (vuv) excitation functions by Brunt et al.
(1977d). The two dominant resonances in this region at
18.578 and 18.670 eV (Brunt et al. —in excellent agree-
ment with the energies of Sanche and Schulz) were
classified as 2p° (*P;,, 1 ,,) 3p* 'S by Brunt et al. (1976)
and Read et al. (1976), although the first such
classification was made for the analogous pair of reso-
nances in krypton by Spence and Noguchi (1975).

Read et al. point out that within their grandparent
coupling scheme the configuration 3p? can result in 'S,
1D, and 3P terms and, on coupling to the ion core, these
terms will be further split into 2, 6, and 13 jLSJ states,
respectively. With the exception of the resonance pair
mentioned above, only three other resonance features are
observed in neon in the energy region of the 3p excited
states. One of these, between the d,d, pair, was assigned
the configuration 3p? 'D, and a further weaker resonance
located below the d, feature by Buckman et al. (1983b)
has also been given this tentative assignment, the D
classification being favored over 3P as the widths of the
latter are expected to be broader (Read et al., 1976). So,
while this region is of particular interest with regard to
the application of the external coupling scheme, the com-
bination of the widths of the resonances and the relative-
ly small ion core splitting in neon results in little con-
clusive information being available. However, we shall
return to this region in more detail in the heavier noble
gases.

The applicability of the grandparent scheme in the rare
gases was brought into question by a series of experi-
ments in which resonant free-free transitions were ob-
served between the 3s? resonances and higher-lying reso-
nances in the d;d, resonance region discussed above.
These experiments (Langendam and Van der Wiel, 1978)
indicated a series of nine resonances at energies between
18.6 and 18.75 eV, which were all classified as nonvalence
resonances associated with neutral 2p> 3p parent states.
This classification, based on close correspondences with
neutral-state thresholds and the imposed even parity of
any such states produced by photoexcitation, was in
conflict with the classification of Read et al. (1976).
However, subsequent experiments of this type were not
able to confirm the earlier results, and they thus remain
in some doubt.

At an energy of 18.964 eV (Brunt et al., 1976) a strong,
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narrow, and rather interesting feature is observed in the
metastable  excitation function (18.95 eV in
transmission—Sanche and Schulz). As there is no ap-
parent partner associated with this resonance, and as
Spence’s (1977) graphical analysis indicates that it be-
longs to a family of similar features in the heavier gases,
it was considered by Brunt et al. (1977d) not to be of the
grandparent type. Rather, they proposed that this family
of states, all of which are located very close to the np®
(*P%,3.1,2) (n +1)p (J =0) levels, are possibly nonvalence
or polarization resonances of the type suggested by Nes-
bet (1978) at the 21S and 2°S thresholds in helium. In the
case of neon, this resonance is situated near the
(*P3,2,1,2) 3p (J=0) state at 18.966 eV. That it lies
below this state in energy is supported by its relatively
narrow width and the fact that optical excitation func-
tions for the 3p state (Kisker, 1972a; Brunger et al.,
1987) show no evidence of a strong, near-threshold reso-
nance.

At higher energies many additional resonances, includ-
ing several resonance pairs, were observed in the experi-
ments of Sanche and Schulz (1972a) and Brunt et al.
(1976). Brunt et al. proposed tentative classifications for
some of these features, as did Spence (1977) in the appli-
cation of his graphical technique to both of the above
data sets. They proposed that the resonance pairs ob-
served at 19.961-19.778 eV (ff,) and 20.05-20.15 eV

TABLE IX. Recommended energies, widths, and classifications
of resonances in Ne™~ below the first ionization potential. The
energies are expressed relative to the 2p®!S ground state of
atomic Ne. Unless otherwise specified, the values are from
Brunt et al. (1976, 1977¢) and Buckman et al. (1983b). Figures
in parentheses represent the uncertainty in the least significant
digit.

Energy Width
Classification (eV) (meV) Comments
2p3(2P5 )35 X(1S) 16.111(8) 1.3(4) a
2p3(2P3 5)3s4(1S) 16.208(8) 1.3(4) a
2p3(*P5 13.1/2)3s3p (3P°) 16.906(10) 117 b
2p°(*P5,5,1,2)3s3p (1P°) 18.35(100) c
2p5(2P§/2,1/2)3p2( 1D) 18.464(15)

18.580(10) 30
18.626(15) 25
18.672(10) 50
18.965(10) 22
19.498(15)
19.598(15)
19.686(10) 42
19.778(10) 23
20.054(10) 60
20.150(10) 60
20.369(15)
20.636(15)
20.737(15)
20.693(15)
20.798(15)
20.890(20)

2p°CP5 )3p*('S)
2P5(2P3/2,1/2)3P2( 'D)
2p°C*P} )3p*('S)
[2P5(2P?/2)3P]0+€S
2p°(2P5 )45 4(18)
2p %P3 ,)4s1(1S)
2p3(2P5 ,)3d*('S)
2p3(2P3 ,)3d*('S)
2P )4p*('S)
2p°(*P] 2)4p?('S)
[2p°(*P{ 2)4plo+es

[ZPS(ZP?/2)5P]0+ €S
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(g,8,) were possibly [core]4s? and [core]3d?, respective-
ly, with the most likely term being !S. Buckman et al.
(1983b) measured metastable excitation functions with
improved resolution and sensitivity. They observed all of
the features found in the transmission experiment of
Sanche and Schulz and offered tentative classifications
for many of them. They observed a resonance pair
(nyn,) at 19.498-19.598 eV that is below the f,f, pair,
and subsequently reassigned this pair the configuration
452 1S, the f,f, pair as 3d2 'S, and the g,g, pair as 4p?
IS. Higher-energy pairs h;h, and i,i, were also ob-
served, but no definitive classification was offered. These
resonances and others mentioned above are shown in Fig.
33.

In addition to these resonance pairs, several other
strong single-resonance features were observed. Two of
these, at 20.369 and 20.890 eV, lie very close to the
thresholds of the (?P5,;)4p and 5p (J =0) states of neon
and were proposed by Buckman et al. as further exam-
ples of nonvalence resonances.

Recommended energies, widths, and classifications for
the autodetaching states of neon are given in Table IX.

3. Argon

The negative-ion resonance spectrum of argon is, in
general, similar to that of neon, although the increased
spin-orbit splitting in the ion core (177 meV) results in
less overlapping of many of the resonance features and a
correspondingly richer spectrum. Once again these
features have been mainly studied in electron-impact ex-
periments with a small input from ion-atom collisions.
Theoretical treatments of Ar~ resonances have been
made by quasi-bound-state methods and by R-matrix cal-
culations.

The lowest-lying (a) resonances are the pair
(*P3,5,1,2)4s* 'S that are below the energy of the first ex-
cited (4s) state of argon and are thus only observable, in
electron-scattering experiments, in the elastic channel.
The body of available work on these two features is simi-
lar to that for neon, except that these features have also
been observed in ion-atom collisions. Measurements pri-
or to 1972 are summarized in Schulz’s review. Since
1972 accurate determinations of the energies of these
states have been made by Weingartshofer et al. (1974)
and Brunt et al. (1977c). The latter experiment, with an
energy resolution of 20 meV, gives energies of 11.098 and
11.270+£0.010 eV, slightly higher than that of
Weingartshofer et al. (11.07, 11.242+0.01 eV, with an
energy resolution of <30 meV) but in excellent agree-
ment with the transmission experiment of Sanche and
Schulz (1972a). Most of the discrepancy with
Weingartshofer et al. can be attributed to these authors’
using a lower value of the He™ 22S resonance energy as a
calibration energy. Both Weingartshofer et al. and
Brunt et al. performed a phase-shift analysis of their data
to extract values for the widths of these resonances.
Their respective values of 3—4 and 2.5+0.5 meV are in



S. J. Buckman and C. W. Clark: Atomic negative-ion resonances 593

reasonable agreement. Edwards (1975a, 1975b, 1976) ob-
served the autodetachment spectra of these resonances in
collisions of Ar with O™, H™, and D™ ; measurements of
the electron angular distributions provided information
on the M; populations of these resonances as produced in
atomic collisions, which supports the (noncontroversial)
assignment of their J values.

Weiss and Krauss (1970) computed the average-of-
configuration energy of the a resonances, using a
superposition-of-configurations approach. Their result
agrees with the experimental value given here to within
100 meV. They made note of the similarity of the 4s or-
bital with that of K~ 3p®4s2. These resonances have also
been studied in two calculations using the R-matrix ap-
proach (Ojha et al., 1982; Scott et al., 1982). The calcu-
lation of Ojha et al. was performed in the LS-coupling
approximation, while that of Scott et al. included, for the
first time in such a calculation, the effects of spin-orbit in-
teraction. The resultant energies and widths for the
(2P /2,1 ,2)4s2 1S resonances are in reasonable agreement
with the experimental values cited here.

These resonances have also been observed in the cross
section for free-free radiative transitions in experiments
in which high-resolution electron-argon scattering is car-
ried out in the presence of a laser field (e.g., Langhans,
1978; Bader, 1986).

At energies above the lowest excited state of argon
[3p> 4s (J=2) at 11.548 eV], negative-ion resonance
features have again been observed in electron scattering
and transmission, and in metastable atom and vuv pho-
ton excitation functions. Yet again the metastable chan-
nel has proven to be an extremely sensitive means of
studying these features, and we use it as an example of
the argon resonance spectrum in Fig. 34. In the work of
Brunt et al. (1976) and Buckman et al. (1983b), four
features are clearly observed in the region of the 4s mani-
fold of neutral excited states. Sanche and Schulz (1972a)
observed two features in this region at 11.71 and 11.91

eV and classified them as 3p° 4s4p resonances. As in
neon, Brunt et al. extended this classification, associating
the four observed states at 11.631, 11.675, 11.785, and
11.845 eV with the 3P° term of this configuration. Two
of these features were also observed in optical (vuv) exci-
tation functions at 11.664 and 11.845 eV (Brunt et al.,
1977d). The R-matrix calculation of Ojha et al. (1982) is
in accord with the classification of these states as b reso-
nances.

Between the 4s and 4p neutral excited states a broad,
strong resonance is observed in the metastable excitation
function and in inelastic excitation functions for the 4s
levels (Buckman et al., 1981; Wong, 1981; Bass et al.,
1987). Brunt et al. (1976) classified this feature at an en-
ergy of about 12.7 eV as (*P3 , 1 ,)4s4p (!P°), analogous
to the ¢ resonance in neon, and this classification was
supported by Buckman et al. However, this
classification is not confirmed by the R-matrix calcula-
tion of Ojha et al. They find that the ¢ feature receives a
significant contribution from channels of overall 2F° sym-
metry, which is inconsistent with a p°sp’ configuration.
They do not report results of a specific eigenchannel
analysis, but assign the c feature to a mixture of the
externally coupled configurations 4s3d 'D and 4p? 'D.

This feature has also been studied in inelastic electron
excitation functions for the individual states of the 4s
manifold by Buckman et al. (1981), Wong (1981), and
Bass et al. (1987). All of these measurements indicate an
apparent preferential decay of the resonance to the 4s
levels with a 2P3 /, ion core: that is, to the 3p° (2P3,,)4s
(J =2 and J =1) states. They also indicate an enhanced
decay to these final states at intermediate (30°-60°)
scattering angles. It is difficult, on the basis of this exper-
imental evidence, to be conclusive in assigning a
configuration to this structure. We believe the terms of
the 4p? D configuration proposed by Ohja et al. are
those observed experimentally at higher energies (and
discussed in some detail below). Both of the alternate
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configurations [4s4p (!P°) and 4s3d 'D] possess a large
number of possible terms, and a consideration of prob-
able decay modes based on angular momenta and parity
arguments does not clearly favor one over the other. It is
thus not possible to conclude that all of the resonance
strength observed in this region is due to a series of c-
type resonances. It is more likely that it arises from a
combination of the 4s4p 'P° and 4s3d 'D configurations.
We discuss this issue somewhat further in Sec. VIL.E.

The region above this broad resonance, in the vicinity
of the 3p4p manifold, is of great interest and importance
in the discussion of the nature of the rare-gas negative-
ion resonances. Unlike neon, many resonance features
have been observed in this region in recent high-
resolution experiments, and the experiments themselves
cover a wide range of final channels, enabling a critical
evaluation of the proposed resonance classifications. In
both the transmission experiments of Sanche and Schulz
and the metastable atom excitation functions of ‘Brunt
et al., six features are observed in this energy region.
Two of these dominate the spectrum and are separated in
energy by an amount approximately equal to the ion core
splitting. These features, analogous to the d resonances
in neon, have been classified as (2P°)4p? 'S by Read
et al. (1976). As both of the above experiments represent
total cross sections, it is not possible to unambiguously
determine the configurations of the observed features.
The application of the classification scheme of Read
et al., particularly to the higher-lying resonances, was
based on information for similar two-electron
configurations in the alkaline earths and the predictions
of semiempirical approaches such as the modified Ryd-
berg formula or graphical analysis. However, in the case
of the resonances near the np> (n +1)p excited states of
the heavier noble gases, information is also available
from further experiments where the angular behavior of
the autodetached electrons is studied, enabling, in princi-
ple, a more detailed investigation of proposed
classification schemes. These experiments include the
differential elastic-scattering measurements of Hammond
(1982) and the differential excitation functions for the ar-
gon 3p>4s levels (Buckman et al., 1981; Wong, 1981;
Bass et al., 1987) mentioned previously.

When studied in elastic scattering, the 3p°
(*P%,5.1,2)4p> (1S) resonances, which have odd parity,
are formed from and decay into the target atom plus a
D1,2,3,2 €lectron. Hammond’s studies for argon, covering
an angular scattering range from 32° to 112°, show no in-
tensity of these features (d,d,) at 90°, in accord with an
outgoing p-wave electron. The conclusions that can be
drawn from the inelastic electron excitation functions are
not quite so straightforward, as the angular momentum
of the ion core of the final state must also be considered.
The measurements of Buckman et al. and Bass et al. in-
volved measuring excitation functions for all four of the
3p? 4s levels for a range of scattering angles between 10°
and 90°. The interpretation of these excitation functions
depends rather heavily on the coupling scheme adopted
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for the description of the argon excited states. Buckman
et al. used jj coupling, and their analysis of the decay
modes of the d;d, pair was reasonably consistent with
the classification of Read et al. The few inconsistencies
that they noted, particularly concerning the decay of the
d, resonance, may well be indicative of the inadequacies
of the jj-coupling description or of configuration mixing
in the resonant state. It is also apparent in the spectra of
Buckman et al., Wong, and Bass et al. that there is a
clear preference, within the constraints imposed by the
external classification scheme, for decay routes that
preserve the nature of the ion core. This is particularly
true for the d,(*P5 ,,) resonance, which shows little or no
intensity in the excitation functions for the 3p°(?P3 ;)
4s(J =2) excited state (Fig. 35). These considerations
will be discussed and illustrated in further detail in the
next section.

In addition to the remaining four resonances observed
in this energy region by Sanche and Schulz and Brunt
et al., three more narrow and relatively weak new
features were observed in the high-resolution metastable
atom experiment of Buckman et al. (1983b; see also Fig.
34). Read et al. had classified three of the remaining
four resonances as possible candidates for the
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S. J. Buckman and C. W. Clark: Atomic negative-ion resonances 595

configuration 4p2 'D. On the basis of their energies and
widths, the three new resonances were also classified as
4p? 'D by Buckman et al., bringing the total number of e
resonances in argon to six, consistent with the predic-
tions of the external coupling scheme. However, obser-
vations in both elastic and inelastic electron excitation
functions are not entirely supportive of these
classifications. In general, these experiments have only
managed to identify the three stronger e features initially
observed by Brunt et al. These features, if their
classification is correct, should decay to the elastic chan-
nel by emission of a p- or f-wave electron. The elastic-

TABLE X. Recommended energies, widths, and classifications
of resonances in Ar~ below the first ionization potential. The
energies are expressed relative to the 3p°!S ground state of
atomic Ar. Unless otherwise specified, the values are from
Brunt et al. (1976, 1977c) and Buckman et al. (1983b). Figures
in parentheses represent the uncertainty in the least significant
digit.

Energy Width
Classification (eV) (meV) Comments
3p3(2P5 ,)4s%(\S) 11.098(10) 2.5(5) a
3p3(2P5 ,)4sH(1S) 11.270(10) " a
3p°(3P5 )51 12)4s4p (CP°) 11.631(8) b
11.675(8)
11.785(8)
11.845(8) 40
3p3(3P5 0,1 2)4s4p ('P°)  12.7(1) c
3p°(2P3 51 2)4p (D) 12.925(10) 17
12.942(10)
12.99(1)
3p>CP3,)4p*('S) 13.055(8) 52
3p(2P5 5,12)4p (D) 13.162(8) 23
13.190(10)

3p3CP] p)ap*('S)
3p 5(21)3/2, 1/2)4p %'D)
[3P5(2P?/2)4P]0+ €s

13.216(8) 43
13.282(8) 27
13.479(8) 25

3p3(2P5 ,)3d('S) 13.864(15)
13.907(15)
3p°(2P5,,)4p (') 14.006(15)

14.052(10) 52
14.214(10) 45
14.434(20)
14.478(20)
14.530(15) 60
14.566(20)
14.634(20)
14.711(20)
14.735(20)
14.811(20)

14.859

14.983

15.064

15.120

15.160

15.288

15.364

15.429

15.477

3p5CP% )55%('S)
3P5(2Pq/2)552( ‘S)

3p3(2P5,,)5pH'S)
[3p°(°P5,)5p]o+es
3p°CP} n)5p*('S)
[3P5(2P?/2)5P]0+€S
3p3(2P5,,)61%(1S)

3p3(2P3 ,)61%(1S)
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scattering experiments of Hammond support this propo-
sition for the resonance e; but apparently not for the oth-
er two resonances, although the sensitivity of this chan-
nel to these weak features is very low. Once again, in the
inelastic excitation functions (Buckman et al., 1983b;
Bass et al., 1987), the expected behavior of these states is
difficult to predict because of spin-orbit effects; however,
the behavior of the observed resonance features is gen-
erally consistent with the classification of Read et al.

The remaining resonance in this energy region is the
strong, sharp feature labeled p in Fig. 34 at 13.475 eV, 5
meV below the energy of the 3p° (2P ,2)4p (J =0) level
of argon. This resonance, which is analogous to those
discussed previously in neon, has been classified as a
“nonvalence” resonance formed by the attachment of an
electron in the polarization potential associated with a
neutral excited state. In this case, and in all other similar
cases in the noble gases, the excited states concerned
have the same spin and parity as the ground state. Thus
excitation observed in elastic scattering will involve s
waves in both entrance and exit channels. The elastic-
scattering measurements of Hammond (1982) confirm
this prediction. The inelastic-scattering measurements
are again not conclusive because of the uncertainty in
describing the coupling of the excited states concerned.
However, they do indicate that decay paths that involve
a flip of the core spin, in this case to the (2P ,)4s (J =2)
level, are not favored.

At higher energies in argon, four further resonance
pairs have been observed (Buckman et al., 1983b) as well
as many other single-resonance features (Sanche and
Schulz, 1972a, 1972b, 1972c; Buckman et al.). The ener-
gies and widths of these resonances, along with those dis-
cussed above, are given in Table X together with suggest-
ed classifications.

The total cross section for electron scattering by Ar, as
viewed on an extended energy scale between O and 300
eV, is dominated by a broad resonance, about 10 eV
wide, centered at a collision energy of about 15 eV (see
Fig. 32). This is presumably a 3p®td shape resonance,
which results from a “double-well” structure in the
effective potential for a d wave. This resonance was used
as an illustrative example in Sec. II and is discussed fur-
ther in Sec. VI.D. It has counterparts in Kr and Xe, but
not in Ne.

4. Krypton

In many respects, krypton offers the best opportunity
for an appraisal of coupling schemes used to describe res-
onance behavior in the noble gases. Firstly, it possesses a
relatively large spin-orbit splitting in the ion core (666
meV), and, as a result, the lower-lying excited states are
well separated, as are many of the b, ¢, d, and e reso-
nances. Secondly, as we descend the group-VIII ele-
ments of the periodic table, it becomes more appropriate
to apply jj coupling in the description of the excited
states of the atom. While the above may ease the task of
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analyzing the lower-lying resonances, it renders, howev-
er, the interpretation of features near the ionization limit
rather difficult, as many of the excited-state manifolds
and resonance pairs begin to overlap. A further advan-
tage in the analysis of the Kr~ spectrum is that many
final channels have been investigated in a wide range of
experiments. In particular, electron excitation functions
for all four of the 5s excited states, and for some of the
states in the 5p manifold, assist in the classification of the
observed resonances.

Krypton is the first atom in the rare-gas sequence in
which the higher-lying a resonance (a,) is located above
the first neutral excited state. In fact, this resonance lies
above both the 4p° (*P ,)5s (J =2) and (J =1) excited
states but below the 4p°> (?P3,,)5s (J =0) and (J =1)
states, and, consequently, it has been observed in a range
of both elastic- and inelastic-scattering experiments.
These include transmission experiments and excitation
functions for uv photons and metastable atoms. In the
elastic electron excitation functions (Weingartshofer
et al., 1974; Heindorff et al., 1976; Hammond, 1982),
these resonances [4p° (*P3,,,,)5s* ('S)] display quite
different intensities at most scattering angles, with the
2p3 , state being considerably stronger. As is the case in
the other noble gases, these resonances decay into the
ground state by emission of a p-wave electron. However,
the a, resonance in Kr can also decay into either of the
(®P3 ;) 4s levels and, in particular, into the (*P3,,) 4s
(J =1) level by emission of an s-wave electron, resulting
in a lower intensity in the elastic channel (Fig. 36). This
resonance is also noticeably broader than the a; reso-
nance, reflecting a shorter lifetime against autodetach-
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FIG. 36. Elastic electron scattering from krypton in the energy
range from 9.3 to 10.5 eV showing the variation of intensity
with scattering angle of the 4p°5s? resonance pair (from
Weingartshofer et al., 1974).

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

ment as a result of the larger number of possible decay
routes.

Weingartshofer et al. locate these resonances at 9.47
and 10.107%0.01 eV, in good agreement with the earlier
measurements of Kuyatt et al. (1965) but somewhat
lower than the energies given by Sanche and Schulz
(1972a, 1972b, 1972c) in their transmission measure-
ments. As in the case of argon, the energies quoted by
Weingartshofer et al. may be too low by up to 50 meV as
a result of the calibration energy used for the 2 2S reso-
nance in helium. Weingartshofer et al. also conducted a
phase-shift analysis on the a,; resonance from which they
determined a width of about 8 meV. They note that the
a, resonance is broader but do not give a value for its
width. In their work on metastable excitation functions,
Brunt et al. (1976) also performed simultaneous measure-
ments for elastically scattered electrons and located the
a, and a, resonances at 9.484 and 10.123 eV, respective-
ly.

Perhaps the most accurate determination of the energy
of this resonance comes from the threshold electron spec-
trum of Jureta et al. (1978). These types of experiment
collect low-energy inelastically scattered electrons with
high efficiency, and, when a negative-ion feature is near a
neutral excited state into which it can autodetach, such a
feature will appear in the threshold spectrum. This is the
case in the threshold electron spectrum of krypton,
where the decay of the a, resonance into the (2P5,)5s
(J =1) neutral excited state results in emission of an elec-
tron of energy less than 100 meV, which can be detected,
albeit with diminished efficiency, by the threshold elec-
tron detector. The measurement of Jureta et al. places
the a, resonance at 10.119£0.005 eV.

A MCHEF calculation in LS coupling by Clark (1984)
gives energies for the a resonances that agree with the ex-
perimental values to within 100 meV. These results are
described in more detail in Sec. VI.A. We are not aware
of other theoretical calculations of Kr™ resonances.

At higher energies the a,, b, ¢, d, and e resonances
have been observed in a wide variety of experiments in-
cluding metastable excitation functions (Brunt et al.,
1976; Buckman et al., 1983b), vuv photon excitation
functions (Brunt et al., 1977d), differential electron exci-
tation functions (Swanson et al., 1973; Buckman et al.,
1981; Hammond, 1982; Phillips, 1982; Bass et al., 1987),
and in the transmission experiments of Sanche and
Schulz. As mentioned earlier, the a, resonance, accord-
ing to its classification as (?P9,,)5s? 'S, can decay into
the (P35 ,,)5s (J =2) level by emission of a d-wave elec-
tron or into the 5s (J=1) level by s-wave emission
(Swanson et al., 1973; Brunt et al., 1977d), although
both of these routes involve a change of the core angular
momentum. These expectations are confirmed by the ex-
perimental evidence. Firstly, the near-threshold
differential excitation functions for the J =2 and J =1
levels measured by Swanson et al. and Phillips indicate a
much stronger decay of the a, feature to the J =1 level
than to the J=2. Secondly, measurements at several
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FIG. 37. Excitation function for the uv-emitting levels of kryp-
ton (from Brunt ez al.,1977d).

scattering angles (30°,55°,90°-Phillips, 1982) support the
decay scheme

(2P3,;)55% 'S=(2P5 ;)55 (J=1)+es .

In addition to these measurements, the metastable
(Brunt et al., 1976; Buckman et al., 1983b) and vuv pho-
ton (Brunt et al., 1977d) excitation functions, which at
energies below 10.56 and 10.64 eV represent total scatter-
ing measurements of the J =2 and J =1 levels, respec-
tively, also indicate that decay of the a, resonance to the
J =1 level is favored (Figs. 37 and 38). These excitation
functions, in which the a, resonance is present as a
strong, symmetric feature, indicate that it occurs at an
energy of 10.125 eV and has a width of about 40 meV. It
should be stressed, however, that it is uncertain as to
what extent these results are affected by other nearby res-
onances.

Evident, also, in the J =2 excitation functions is
another resonance at an energy (10.027 eV-—Brunt
et al., 1976) lower than the a, feature. Brunt et al.
classified this as a b resonance with configuration
4p>(*P3 /)55 5p (3P°) and an estimated width of 130 meV.

The 4p° (*P5 ,)5s (J =0) and (J =1) levels of krypton
occur at 10.562 and 10.644 eV, respectively. The inelas-
tic electron excitation functions for these states at a
scattering angle of 45° (Swanson et al., 1973) indicate the
presence of strong threshold resonances. Similar, but
higher, resolution ( ~33-35 meV) measurements by Phil-
lips (1982) indicate the presence of some structure at
these thresholds, but it is considerably weaker than that
observed by Swanson et al. Two features are observed in
the metastable atom and uv photon excitation functions
at energies of 10.61 and 10.67 eV, respectively, and were
classified by Brunt et al. (1976, 1977d) as members of the
4p3 (*P5 ,,) 5s5p (3P°) configuration, i.e., b resonances. A
single feature was also observed at 10.66—10.69 eV in
transmission by Sanche and Schulz.

Between the 5s and 5p neutral excited states a broad,
relatively strong resonance has been observed, predom-
inantly in the 4p° (2P5 ,)5s excitation channels. The first
observation of this feature was by Brunt et al. (1976) in
the metastable atom excitation function at an energy of
11.06 eV. The classified it as a group of broad resonances
belonging to the 4p° (*P3 ,)5s5p (1P°) configuration, i.e.,
¢ resonances. These resonances, labeled ¢, by Brunt
et al., are observed in the inelastic electron excitation
functions (Swanson et al., 1973; Buckman et al., 1981;
Phillips, 1982; Bass et al., 1987) dominating the 4p°
(®P3 )55 (J =2) and (J =1) levels at low to intermediate
scattering angles but not present at all in the 4p°
(2P ,,)5s excitation functions. The converse behavior is
observed for a further broad feature located about 0.7 eV
above the ¢, feature. This resonance, or group of reso-
nances, is observed in all of the above spectra to decay
strongly to the two Ss levels with core angular momen-
tum J =1 but only weakly to those with J =3/2 (Fig.
39). Thus it would appear that this feature, labeled c, by
Buckman et al. (1983b), is the higher-lying member of a ¢
resonance pair, separated from c¢; by approximately the
Kr* core splitting. If this analysis is correct, then these

FIG. 38. Metastable atom excitation function
for krypton. The two upper parts of the spec-
trum have had a background function sub-
tracted, and the vertical scale has been expand-
ed. The positions of observed resonances are
indicated by the lines above the spectra, while
those below indicate the energies of the excited
states of neutral krypton (from Buckman
et al., 1983b).
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features also provide a further indication of the trend ob-
served in argon whereby decay routes that preserve the
nature of the ion core are favored over those involving a
spin flip.

The ¢, resonance has an appearance remarkably simi-
lar to that of the ¢ feature in Ar, as can be seen by over-
laying Figs. 34 and 38. Given the different interpreta-
tions that have been proposed for the Ar ¢ feature, it may
be possible that the ¢ features in Kr may also have some
contribution from 5s4d and 5p? externally coupled
configurations. We shall return to this point in Secs.
VI.C and VIL.E.

In the same energy region as the c;c, resonances are a
number of sharp, strong features which are observed in
most decay channels. The dominant features in this re-
gion are those labeled d; and d, by Brunt et al. (1976) at
11.388 and 12.022 eV (i.e., separated by 634 meV) and
classified as 4p> (*P3,,,,)5p*('S), respectively (Read
et al.; Brunt et al.). As in argon, the classification of
these states is supported by the elastic-scattering mea-
surements of Hammond (1982), which show no intensity
for the dd, resonances at a scattering angle of 90°, in ac-
cord with the predicted decay of these states into the
elastic channel by p-wave emission.

When observed in the excitation functions for the 4p>
5s levels, the most striking manifestation of the d,d, pair
is the strong final-state dependence that is exhibited. If
we adopt jj coupling to describe the neutral excited
states, the classification scheme of Read et al. (1976) in-
dicates that, with two exceptions, both d, and d, can de-
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cay by s-wave emission to all of the Ss states. The two
exceptions are the decay of d; to the 5s (J =0) level and
d, to the 5s (J =2) level, both of which require the emis-
sion of a d-wave electron to satisfy angular momentum
and parity considerations. The 5s excitation functions of
Phillips (1982), Buckman et al. (1981), and Bass et al.
(1987) all indicate a diminished contribution of d, and d,
to these particular decay channels, although the intensity
does not vanish completely at 54°, as would be expected
for an outgoing d-wave electron. In general, the decay of
the d,d, resonance pair to the 5s states once again shows
the preference for decay routes that do not involve a
change of the core angular momentum.

Swanson et al. (1973) also measured excitation func-
tions for the 4p>(*P3 ,,)5p excited states of Kr with an en-
ergy resolution of approximately 30 meV. With regard
to the d,d, resonances, two of these spectra are of partic-
ular interest, namely, the excitation functions for the
4p>(*P3,,)5p (J=1) and (J=2 and J=3) levels at
11.303 and 11.444 eV, respectively. The excitation func-
tion for the J =1 level, the lowest energetically of the 5p
configuration, is strongly enhanced at threshold by the d,
resonance. However, it is the excitation function for the
5p (J =2) and (J =3) levels that provides a most surpris-
ing result. In this spectrum (Fig. 40) the d, resonance
[4p> (2P5,,)5s%(S)] is strongly present, rising about a
factor of 2 above the nonresonant excitation cross sec-
tion. From angular momentum and parity considera-
tions, this decay route involves the emission of p- or f-
wave electrons and a flip of the core angular momentum.
Given the trends observed previously in other decay
channels, this behavior is most unusual if the proposed
classification is correct.

As in the case of Ne and Ar, several other sharp but
generally weaker resonances are located in the vicinity of
the dd, resonances in Kr. Evidence of these states was
found by Sanche and Schulz, Swanson et al., and Phil-
lips. Further structure was revealed in the higher-
resolution measurements of Brunt ez al. (1976) and Buck-
man et al. (1981, 1983b). Buckman et al. (1983b; see
also Fig. 38) identify five such structures in the d,d, re-
gion, three near the d; resonance and two near the d,.
The width, intensity, and number of these features led to
their classification as e resonances with the configuration
4p° (2P /21 )5p2 'D. In the jLS-coupling scheme, the
external configuration 5p? 'D, when coupled to the
2ps /,2,1,2 COTe states, gives rise to three resonances associ-
ated with the J =3 core and to two with the J =1 core,
in line with observation.

The scattered-electron excitation functions of Ham-
mond (1982), Buckman et al. (1981), and Bass et al.
(1987), with an energy resolution <20 meV, do enable
some further observations to be made concerning the e
resonances. Hammond’s elastic-scattering measurements
indicate no intensity of the e; and e, resonances at a
scattering angle of 90°, in accord with the expectation
based on the jLS-coupling scheme that they should decay
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into the elastic channel by the emission of a p-wave elec-
tron. Further information which is consistent with the
5p? 1D classification for the e resonances is available from
the inelastic electron excitation functions of Buckman
et al. (1981) and Bass et al. (1987). These measurements,
particularly those at forward-scattering angles, show a
very strong final-state dependence for the decay of e; and
e,. In the jLS external coupling scheme, there are five
possible resonances with the configuration
4p>(®P5 5 1,,)5p*('D.) Three of these, formed from the
ground state by incident p-wave electrons, might be ex-
pected to have the largest cross sections. Of these, two
would be associated with the *P3 ,, core (with total angu-
lar momentum J=1,2) and one with the P}, core
(J=3). As a result of their proximity to the d, *P3,,
resonance, e; and e, were considered by Brunt et al.
(1976) to be coupled to the 2P3,, core. The e, feature is
seen to dominate the inelastic electron excitation func-
tion for the 55 (J =0) state at 10° (Buckman et al., 1981;
Bass et al., 1987) and to be present in the excitation func-
tions for the S5s (J =2) level. This behavior is consistent
with this resonance having a total J =1 and decaying to
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FIG. 40. Excitation functions for the 4p°5p states of krypton
(from Swanson et al., 1973).
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the J =0, 1 levels by s-wave emission, but only by d-wave
emission to the J =2 level. By default, the resonance e,
was classified as having total J =%, which is, in turn,
consistent with the observed behavior in the available ex-
citation functions.

A possible candidate for the third, strong e resonance
is the sharp feature observed on the low-energy side of d,
(Fig. 38). This classification [Sp? D (J =2)] is also con-
sistent with its observed decay to the 5s levels but not to
the 55 (J =0) level.

Also observed in this energy region are a number of
structures that are in close proximity to the energies of
neutral excited states. These features, and in particular
the strong resonance at 11.644 eV, are believed to be po-
larization or nonvalence resonances associated with neu-
tral excited states.

At energies above the dd, resonance pair, many other
such pairs have been observed in krypton (see, for exam-
ple, Sanche and Schulz, 1972a; Buckman et al., 1983b).
Tentative classifications for these features are offered by
Buckman et al., who observed seven additional pairs of
resonances with energy separations similar to that of the
Kr' core.

As in Ar, a broad resonance is a dominant feature in
the total cross section for electron scattering by Kr (e.g.,
Dababneh et al., 1980). It is attributed to a 4p°ed shape
resonance (see Sec. VI.D and Fig. 32).

The recommended values for the energies, widths, and
classifications (in some cases tentative) for these states
and the others discussed earlier are summarized in Table
XI.

5. Xenon

The large spin-orbit splitting in the Xe™ core (1.307
eV) indicates that it, like Kr, should be well described by
a jj-coupling scheme and thus be more suitable as a test
case for the jLS external coupling scheme for doubly ex-
cited Xe ™ states than the higher noble gases, where inter-
mediate coupling is more appropriate. Although the
Xe™ resonance spectrum has been classified in a number
of different experiments, the amount of experimental data
available is considerably less than that in Kr. We are
aware of only one calculation of Xe™ resonances.

Many resonance features were observed in the
transmission spectrum of Sanche and Schulz (1972a) and
in the elastic-scattering and metastable atom spectra of
Kuyatt et al. (1965) and Pichanick and Simpson (1968),
respectively. However, at the time of the Schulz (1973a,
1973b) review, only the a resonances [5p° (*P5, ;,,)6s°
151 had been classified. Since then, Xe ™ states have been
studied in excitation functions for inelastic (Swanson
et al., 1976; Buckman et al., 1981) and elastic (Heindorff
et al., 1976; Hammond, 1982) electrons, metastable
atoms (Brunt et al., 1976; Buckman et al., 1983b), and
vuv photons (Brunt et al., 1977d).

As in Kr, the spin-orbit splitting in Xe™ results in the
a resonance pair straddling the lowest neutral excited
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states. The a, resonance [5p>(*P5 ,)6s%(1S)] is located at
7.90 eV (Sanche and Schulz, 1972a). The accurate deter-
mination of the a,(*P3 ;) resonance energy is somewhat
more difficult, as it is a weaker, broader feature (a conse-
quence of its location above the first inelastic thresholds)
that overlaps with the broad ¢ resonances in the energy
region just above 9 eV. Sanche and Schulz estimated its
energy as 9.18 eV, i.e., 1.28 eV above the 2P3 ,, resonance.
Heindorff et al. (1976) made no absolute determination
of the energy of the a;a, resonances but did measure
their energy separation as 1.28+0.04 eV. The energy
resolution of their measurements was about 55 meV. The
noble-gas elastic-scattering measurements of Brunt et al.
(1977¢) do not include any data on Xe; but, as was the
case in Kr, their metastable excitation work (Brunt et al.,
1976) in Xe was performed simultaneously with an
elastic-scattering measurement, and they quote energies

of 7.900 and 9.176 eV, respectively, for the a,a, reso-
nances. Heindorff et al. also carried out a phase-shift
analysis of the a; resonance profile in xenon, obtaining a
value of 4.5£1.0 meV for its width. A MCHTF calcula-
tion in LS coupling of the energy of the a; resonance was
reported by Clark (1984), yielding an energy within 0.1
eV of the experimental value. These results are discussed
in Sec. VI.A. We know of no other calculations of Xe™
resonances.

Several high-resolution electron excitation functions
have been measured for the 5p°> 6s states of Xe. The
metastable atom excitation functions [5p° (*P5 ) (J =2)
and 5p° (?P5,,) (J =0)] of Brunt et al. (1976) and Buck-
man et al. (1983b) reveal a wealth of structure (Fig. 41),
even though the sensitivity of this channel is greatly re-
duced in comparison with the lighter rare gases due to
the lower detection efficiency for the Xe metastables. As

TABLE XI. Recommended energies, widths, and classifications of resonances in Kr~ below the first
ionization potential. The energies are expressed relative to the 4p° 'S ground state of atomic Kr. Un-
less otherwise specified, the values are from Brunt et al. (1976, 1977¢c) and Buckman et al. (1983b). Fig-
ures in parentheses represent the uncertainty in the least significant digit.

Classification Energy (eV) Width (meV) Comments
4p3(2P3 ,)554(1S) 9.484 8 a, width: Weingartshofer et al.
4p3(2P5,,)5s5p (PP°) 10.039(10) 130 b
4p3(2P3 )55 4(18) 10.119(5) 39 a, Jureta et al., threshold

spectroscopy

4p3(*P3,,)5s5p (°P°) 10.60(3) b
4p>(2P3 ,,)5s5p (1P°) 11.12(3) c
4p>(*P3 ,)5p X' D) 11.286(15) 30
4p>(*P5 ,)5p*(' D) 11.318(15) 30
4p>(*P5 ,)5p*('S) 11.400(15) 63
4p3(2P3 ,)5p*('D) 11.49(30)
4p3(2P5 ,,)5p ]+ €s 11.653(15) 32
4p>(2P3 ,,)5s5p (1P°) 11.77(5) ¢
4p5(2P3 ,,)5p X' D) 11.996(30)
4p>(2P3 ,)5pX(1S) 12.036(15) 40
4p>(*P3 ,)5p*(' D) 12.138(30)

12.191
[4p3(*P3 ,,)5p)otes 12.262(20)
4p3(2P3 ,,)65%(18) 12.378(20)
4p3(2P5 ,,)5p*('S) 12.760(15) 47

12.875(30)
4p>(2P3 ;)65 4('S) 13.016(20)

13.067
4p°>(2P35 ,,)71%('S) 13.221

13.291

13.379
4p3(2P3 ,)5p('S) 13.430

13.477
4p3(*P3 ,)81%('S) 13.528
4p3(*P35 ,,)91%('S) 13.598
4p>(2P3 ,,)1012('S) 13.714
4p3(2P3 ) 111%(1S) 13.789
4p3(2P ,)71%('S) 13.891
4p>(2P5 ,,)812('S) 14.199
4p3(2P5 ,)912('S) 14.273
4p3(2P5 ;,)101%(1S) 14.375
4p3(2P5 ,)111%(1S) 14.441
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in the lighter gases, a number of broad resonances are
seen near the lowest metastable-state threshold (8.315 eV)
at energies of 8.338 and 8.430 eV (Buckman et al., 1983b)
and were classified by Brunt et al. as b resonances, i.e.,
5p° (*P5,,)656p (*P°). Swanson et al. (1976) also ob-
served these resonances in electron excitation functions
for the 5p° (*P;,,)6s (J =2,1) levels of Xe at a scattering
angle of 45° and an energy resolution of 30 meV (Fig. 42).
Both excitation functions exhibit a strong threshold
peak, some of which is due to instrumental effects; and
the J =2 spectrum shows a strong resonance at 8.42 eV,
in good agreement with the metastable spectra.

At higher energies two broad resonances, one of
which, at an energy of 9.08 eV, is relatively strong, are
observed in the metastable excitation functions. Both of
these features appear to have an associated pair state res-
onance at higher energies (9.08—10.48 eV; 9.36-10.71),
and several possible classifications have been advanced
for them. In the lighter gases the broad c¢ features have
been classified as nsnp ( 1p°) resonances and, in the case of
neon, this classification was confirmed by Clark and Tay-
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Incident Energy (eV)

Metastabie atom yield (arb. units)

6p'Lu 7p'u , 800 9ph
75" 8s"1
LL 11 15d 6duul  7duu 8dw b
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| I ] L 1 1 ]
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FIG. 41. Metastable atom excitation function for xenon. (a)
Electron energies from threshold to 12.5 eV. The inset
highlights the energy region between threshold and 10.0 eV. (b)
The upper reaches of the spectrum from 10.0 eV to the 2P, ,,
ionization threshold following the subtraction of a quadratically
varying background function. Assignment bars above the spec-
tra indicate the positions of observed resonances, while those
below indicate the energies of excited states of neutral xenon
(from Buckman et al., 1983b).
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FIG. 42. Excitation functions for the 5p}, 6s states of xenon at
a scattering angle of 45°. Some parts of the sharp peaks ob-
served at threshold are thought to be due to instrumental effects
(from Swanson et al.,1976).

lor (1982). However, as discussed earlier, the calculation
by Ojha et al. (1982) determined that the analogous
feature in argon was due to a mix of the configurations
np?('D) and (n +1)snd (‘D). Also expected in this re-
gion are a group of resonances resulting from the
configuration (n +1)p2(3P), which in the lighter gases
were expected to form a broad, weak structure underly-
ing the ¢, d, and e resonances. In xenon the situation is
further clouded by the a, resonance, which is a relatively
broad structure at an energy of 9.18 eV. In classifying
these features in the metastable spectrum, Buckman
et al. (1983b) considered all of these possibilities along
with the differences introduced in the heavier noble gases
due to the presence of the nd orbital, which does not ex-
ist in neon. They tentatively assigned these two pairs of
broad resonances (¢ ¢, and c¢ic3) the configurations 6s5d
(D) and 6p? (°P), respectively. These resonances, espe-
cially ¢, also dominate the 6s (*P3 ;) (J =2,1) excitation
functions of Swanson et al. (1976). In both these spectra,
this peak occurs at 9.09 eV, and it was classified as the a,
resonance 5p° (2P ,)65%(1S).

This apparent discrepancy can be explained by a com-
parison with the similar excitation functions in Kr
(Swanson et al., 1973; Phillips, 1982), where the a, reso-
nance occurs at a much lower energy than the c; reso-
nance. In the Kr 5s (J =2) excitation function, the ¢,
resonance dominates the spectrum with only a small con-
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tribution from a,, while in the J =1 excitation function
the spectrum is dominated by a, and ¢, is considerably
weaker. We would suggest that the same situation
occurs in xenon but is complicated by the fact that the a,
and ¢, resonances are close together in energy and have
similar, broad widths. Thus the strong peak in the 6s
(J =1) excitation function is due to the (®P3,,)6s* ('S)
resonance, while in the J =2 excitation function it is due
to the 6s5d (!D) resonances. A similar conclusion can be
reached by a comparison of the metastable and vuv exci-
tation functions for Kr and Xe. In Kr the metastable ex-
citation function, which below 10.562 eV represents the
total excitation cross section for the J =2 state, shows a
relatively small presence of a, but a large broad contribu-
tion from ¢;. On the other hand, the vuv excitation func-
tion, representing the total cross section for the
2p3 ,J =1 state below 10.644 eV, is dominated by the a,
resonance but shows no evidence of ¢;. In Xe, the meta-
stable and vuv spectra both show structure in the region
of 9.1 eV; but it is significant that the feature in the vuv
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spectrum occurs at 9.14 eV, while in the metastable spec-
trum it is at 9.06-9.08 eV. It would appear therefore
that the broad resonance labeled ¢, in the vuv excitation
function of Brunt et al. (1977d) may, in fact, be the a,
resonance.

In the energy region of the cc’ resonances, many other
strong, and in some cases spectacularly sharp, resonances
are observed in various excitation functions, as well as
the transmission spectra of Sanche and Schulz. The first
attempt to classify these states was made by Brunt et al.
(1976), who identified several d and e resonances near 9.6
and 11.0 eV. The lowest d resonance at 9.619 eV has
what appears to be an associated pair resonance at 10.904
eV in the metastable channel. This pair was also ob-
served in the transmission spectrum of Sanche and
Schulz at 9.65 and 10.92 eV, by Swanson et al. (1976)
and Buckman et al. (1981) in the electron excitation
functions for the 6s states, and in the elastic channel by
Hammond (1982), although in the latter the d, resonance
is not clearly present at any of the scattering angles stud-

TABLE XII. Recommended energies, widths, and classifications of resonances in Xe~ below the first
ionization potential. The energies are expressed relative to the 3p®'S ground state of atomic Xe. Un-
less otherwise specified, the values are from Brunt et al. (1976, 1977¢) and Buckman ez al. (1983b). Fig-
ures in parentheses represent the uncertainty in the least significant digit.

Classification Energy (eV)

Width (meV) Comments

7.90(2)
8.338(15)
8.430(15)
9.08(3)
9.18(2)
9.36(3)
9.505(15)
9.551(15)
9.623(15)
9.644
9.686
9.743
9.831
9.896
10.48
10.71
10.858
10.901
10.957
11.14
11.37
11.525
11.62
11.70
11.94
12.18
12.33
12.45
12.62
12.81
12.92
13.03
13.09

SPS(ZPZ/Z )6S2( 1S)
5p3(2P5 ,)6s6p (*P°)
5p3(2P%/,)6s6p (*P°)
5p3(2P5 ,)6s6p (' P°)
5p3(3P% /5)6s2('S)
5p°(2P5 ,)6s6p (1P°)
5p°(*P5,,)6p*(' D)
5p°(P32)6p*(' D)
5p°CP5 2)6p*('S)

5p3(2P5 ,,)6s6p (' P°)
5p3(3P3,,)6s6p (' P°)

5p°(*PS 2)6p*('S)

4.5(1) a, width: Heindorff et al.

b

o Q 6 O

25
31
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ied. As in the lighter noble gases, the d resonances are
expected to decay into the elastic channel by p-wave au-
todetachment, and this is confirmed for d; by
Hammond’s measurements in the elastic channel. The
inelastic electron measurements do not cover a large
enough range of angles for any further conclusions to be
drawn.

Below the d; resonance, two strong, sharp resonances
are observed in all of the experiments outlined above. In
the metastable atom spectrum of Brunt et al., these
features, at energies of 9.495 and 9.549 eV, were classified
as e resonances associated with the 2P3 , core. These en-
ergies were also in good agreement with the observations
of Sanche and Schulz and Swanson et al. In the metasta-
ble excitation function of Buckman et al. (1983b), several
other sharp features were observed in the region of the
d,d, resonance pair and were also generally classified as
e resonances, although these authors point out that there
are actually too many of these features in the vicinity of
d, for them all to belong to the configuration 6p2 (D).
The additional features appear on the high-energy side of
d, and probably indicate that the original estimate of the
width of this state (90 meV) by Brunt et al. is too large.

While the features on the high-energy side of d, are
relatively weak in the metastable atom spectrum, some of
them decay strongly to individual members of the 6s
manifold as observed in the inelastic electron excitation
functions of Swanson et al. (1976) and Buckman et al.
(1981). In particular, in the excitation functions for the
(2P3 )65 (J =2,1) states at 10° (Buckman et al.) and 45°
(Swanson et al.), strong features occur in the region of
9.70 eV. The expectations of the jLS-coupling scheme
are that there will be only two strong e resonances in the
vicinity of d; so it is possible that these structures are ei-
ther due to members of the 6p2 (3P) configuration or that
they are the 2P5,, component of the 6s6p(*P°)
configuration—i.e., b resonances. The experimental evi-
dence is clearly not yet complete, and it would be prema-
ture to speculate any further on the classification of these
states.

At higher energies many further resonances have been

observed, but only one pair, n,n, at energies of 9.896 and -

11.14 eV, respectively, has been tentatively classified by
Buckman et al. (1983b) as 5d2 (!S) resonances. These
authors also observe a sharp onset in their metastable
spectrum near the energy of the P5 , ionization thresh-
old and many resonances in the energy region between
the 2P/, and ?P5 , limits. This section of the metastable
spectrum shows a remarkable similarity to the excitation
function for high-n xenon states measured by Hammond
et al. (1984) and is attributed by Buckman et al. to be
dominated by contributions from high-n Rydberg states
whose lifetimes are longer than the target-detector transit
time in their experiment. The similarity in the observed
structure also indicates that many of the resonances in
this region must decay principally via high-Rydberg lev-
els.

The total cross section for electron scattering by Xe
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shows two broad features, centered near 8 eV and 20 eV,
respectively (see Fig. 32). The 8-eV feature is a d-wave
shape resonance, similar to those encountered in Ar and
Kr. The 20-eV feature is attributed to an f-wave shape
resonance. It is not present in Ar or Kr, as the f-wave
effective potential only acquires a double-well structure
in heavy atoms, as discussed in Sec. VL.D.

Recommended values for the energies, widths, and
classifications of the Xe™ resonances are given in Table
XII.

6. Resonances above the ionization limit

As was the case for helium, the identification and
classification of resonances that lie above the first ioniza-
tion limit in the rare gases are complicated by the oc-
currence of structure due to the excitation of neutral au-
toionizing states. To some extent these features can be
separated by using information from photo- or ion-
excitation experiments where only the doubly excited
neutrals are formed; but in the case of electron-scattering
experiments, both types of excited state are formed and,
in general, they overlap substantially. Indeed, several au-
thors (Heideman et al., 1974; Wilden et al., 1977) have
pointed out that the assignment of features, observed in
earlier experiments, as doubly excited autoionizing states
may be incorrect.

Before discussing the details of the negative-ion reso-
nance spectra of the rare gases in this autoionizing re-
gion, it is perhaps beneficial to outline some of the tech-
niques that have been used to enable features due to neg-
ative ions and doubly excited neutrals to be separated ex-
perimentally, particularly those techniques that take ad-
vantage of the different decay dynamics of these two
classes of excited state.

Following the first observation of the so-called post-
collision interaction (PCI) by Hicks et al. (1973, 1974), it
was proposed (Heideman et al., 1974; Read, 1974) that
PCI effects might provide a mechanism for the selective
excitation of high-n singly excited atomic states. If, in
the electron-impact excitation of an autoionizing state,
the incident electron energy is sufficiently close to thresh-
old, the energy transfer, Epcp, which occurs between the
inelastically scattered and ejected electrons after the col-
lision and subsequent autoionization, may be larger than
the original excess energy of the scattered electron, Egc.
As a result the scattered electron will remain bound in an
excited state of the atom with a binding energy
E,=—(Egc—Epcy). Typical energy exchanges observed
in PCI can range up to 1 eV (Hicks et al., 1974), imply-
ing that for any particular interaction, E, will have some
upper limit and, consequently, that structure due to au-
toionization +PCI should not be evident in the excita-
tion functions of singly excited states having excitation
energies below some limiting value.

This was verified experimentally by both Heideman
et al. (1974) and Smith et al. (1974). They observed that
PCI structure associated with autoionizing levels oc-
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curred only in the excitation functions for singly excited
states with principle quantum number greater than some
minimum value, for example, n =4. Conversely, it has
also been demonstrated (Roy et al., 1975a, 1975b) that
the negative-ion states in this energy region decay prefer-
entially to low-n singly excited states. Thus by a careful
choice of observation channel it should be possible to op-
timize the detection of either the doubly excited neutral
states or the triply excited negative-ion resonance states.

Another factor that complicates the classification of
resonance features in the autoionizing region of the
heavier rare gases is that the core of the associated parent
states can either be singly or doubly ionized, correspond-
ing to inner-shell or double excitation, and, in principle,
resonances can be associated with any of these states.
These ion cores will have the form nsnp® (2S) and ns? np*
(!S,'D,*P). In the first case there is no fine-structure
splitting, while for the doubly ionized cores the *P-'D and
ID-18 term splittings are 3.2 and 3.7 eV for Ne (n =2),
1.7 and 2.4 eV for argon (n =3), 1.8 and 2.3 eV for kryp-
ton (n =4), and 2.1 and 2.5 eV for xenon (n =5). The
fine-structure splittings in the 3P term are of the order of
0.1, 0.14, 0.5, and 1.2 eV, respectively.

a. Neon

There has been an extensive amount of experimental
work on the negative-ion states in the autoionizing region
of neon. The earlier work, prior to the Schulz review,
has been summarized both in his review and in Sanche
and Schulz (1972a, 1972b, 1972c), and some tentative as-
signments of resonance features were made by these au-
thors. Subsequent studies have been carried out using
several different techniques involving detection in various
decay channels. The yield of Ne* ions resulting from
electron impact in the energy region from 42 to 51 eV
has been measured by Bolduc et al. (1972); inelastic elec-
tron excitation functions for selected n =3,4 levels of
neutral neon have been measured by Roy and Carette
(1974) and Roy et al. (1975a); Wilden et al. (1977) mea-
sured the spectrum of electrons ejected from neon follow-
ing electron impact in the energy range 41-46 eV; Veil-
lette and Marchand (1976) detected broadband photons
resulting from electron impact in the energy range 4254
eV; Spence (1980) measured the trapped-electron spec-
trum for neon in the energy region from 40 to 52 eV us-
ing a modified technique; and the metastable atom excita-
tion function has been measured by Huard et al. (1978)
and Dassen et al. (1983). There have, to our knowledge,
been no calculations of the energies or widths of the
negative-ion resonances in this region.

The situation regarding these Ne ™ resonances has been
extremely well summarized by Spence (1980), and almost
all of his conclusions have been independently confirmed
by Dassen et al. (1983). We shall therefore give only a
relatively brief description of these resonances, highlight-
ing the few areas where there are some discrepancies as
well as the problems that must be addressed when at-
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tempting to detect and classify these states. The
classification has generally been carried out by reference
to the known positions of nearby inner-shell and doubly
excited parent states. Some of the earlier attempts at
classification of the resonance features were considered
by both Wilden et al. and Spence to be in doubt, as the
spectra they relied upon for the parent-state energies may
have been affected by energy shifts due to PCI, or were
contaminated by the presence of negative-ion features.
The more recent attempts (e.g., Wilden et al., Spence,
Dassen et al.) have been mindful of the PCI effects and
have also relied on analogies with alkali and alkaline-
earth spectra, Rydberg-like formulas, and/or graphical
analysis to assist in the classification process.

The lowest-lying resonance in this region occurs at
42.09 eV (our quoted energies represent an average of all
recent measurements where resonances have been
identified). It was first classified by Sanche and Schulz
(1972a) as being associated with the doubly excited state
2s2 2p* (3P)3s? (3P), which earlier measurements (Gris-
som et al., 1969; Bolduc and Marmet, 1973) had placed
slightly above 42 eV. Roy et al. (1975a) first classified
this resonance as 252 2p* (3P)3s? 3p. The first positive
identification of the neutral parent state was made by
Wilden et al. (1977) in ejected-electron spectra at an en-
ergy of 41.87 eV; they observed a structure at 42.1 eV in
the excitation function for this state and concurred with
the previous classification. It is also confirmed by both
Spence and Dassen et al. This and many other features
at higher energies were also observed by Veillette and
Marchand (1976) in broadband photon measurements;
but in many of these, cases were incorrectly attributed to
neutral excited states.

At about 43.09 eV a reasonably strong feature is ob-
served in most of the decay channels studied, the excep-
tion being the ejected-electron spectrum of Wilden et al.
This feature is particularly strong in the excitation func-
tion for the 2° 3s !P° level of neon (Roy et al.) and was
classified by them as 2s 2p°® (25)3s? (2S) based on obser-
vations by Sanche and Schulz and Bolduc et al. Wilden
et al. note that this classification is entirely consistent
with the lack of structure in their measured excitation
function for the 2s% 2p* 352 3P state, as autodetachment
of the resonance to this state would be forbidden on the
grounds of both parity and angular momentum. They
also make an analogy with the measured electron affinity
of Na (0.54 eV), which is consistent with the observed
separation of the resonance in question from its proposed
parent state, 2s2p° 3s 1S at 43.67 eV, of 0.58 eV.

At an energy of about 43.68 eV, a feature is observed
in the trapped-electron (Spence), inelastic electron (Roy
et al.), metastable atom (Dassen et al.), and transmission
(Sanche and Schulz) experiments, but only weakly, if at
all, in the ejected-electron spectra (Wilden et al.). It was
classified by Roy et al. as a shape resonance with the
configuration 2s2p® (25)3s3p attached to the 2s2p®3s 3§
neutral autoionizing state. This classification was
confirmed by Spence, although his thorough examination
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of the energies of possible parent states indicates that this
resonance is most probably attached to the S term of the
2s2p% 3s state, which lies just below it at 43.66 eV.
Dassen et al. are also in accord with this classification.

Two resonances that are observed at energies of 44.06
and 44.37 eV have been classified as 2s22p* (3P) 3s3p? by
Roy et al., with the parent state being the 2s%2p* (°P)
3s3p level at about 44.5 eV. Both Spence and Dassen
et al. concur with this assignment, while Wilden et al.
attributed these features to terms of the 252p % 3s3p neu-
tral excited states. Subsequent work (Spence, 1981) has
shown this not to be the case. Spence (1980) also makes
the observation that the lowest of these two resonances
has an affinity of about 0.44 eV, which is unusual both
for a resonance of this configuration and for these reso-
nances in general, which, with a few exceptions, are all
located close in energy to their parent state.

The only significant differences between the
classifications of both Wilden et al. and Spence and that
of Roy et al. occur for the resonances located at 45.19
and 4543 eV. Wilden et al. classify these states as
2522p* (D) 3s? 3p and 2s2p°® (285)3p?, respectively, with
the first assignment being based on the splitting of the 3P
and 'D terms of the 25s22p*3s? neutral autoionizing states,
and the second on the predicted energy obtained from
the modified Rydberg formula. Roy et al. also gave
these assignments, but in the opposite energy order,
based on an incomplete knowledge of the parent-state en-
ergies. The assignments of Wilden et al. and Spence
have also been confirmed by Dassen et al. At a higher
energy (46.39 eV) Roy et al. observed a weak structure in
the excitation function for the 2p33s('P) level of neon,
which they classified as 2s2p® (2S)4s%, mainly on the
basis of its position just below the core-excited 4s (3S)
state. Later work (Wilden et al., Spence, Dassen et al.)
all found this resonance at a significantly higher energy
(46.52 eV) but still below the parent-state energy.

Several other features at energies near 46.9, 47.4, 47.6,
and 49.0 eV have been identified by one or more of Roy
et al. (1975a), Wilden et al. (1977), Spence or Dassen
et al. (1983). The only discrepancy over classification
occurs for the state at 47.64 eV, which Spence had desig-
nated as 2522p* 5s55p. Dassen et al. suggest that this is,
in fact, another 3s3p? resonance based on the 2s22p* ('D)
3s3p parent state, as its position is consistent with the
3p-1D splitting in the core. Suggested configurations for
the other resonances in this area are found in Table XIII,
as are details for all of the resonances discussed in this
section.

b. Argon

The negative-ion resonance spectrum of the autoioniz-
ing region of argon has been studied using many of the
techniques applied to neon, although not quite as exten-
sively. Features attributed to resonances have been ob-
served in ionization efficiency curves (Bolduc et al., 1971;
Lefaivre and Marmet, 1975); broadband photon emission
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TABLE XIII. Recommended energies, widths, and
classifications of resonances in Ne~ above the first ionization
potential. The energies are expressed relative to the 2p® 'S
ground state of atomic Ne. They represent average values of all
of the measurements that specify a structure as a negative-ion
state. Figures in parentheses represent the uncertainty in the
least significant digit.

Classification Energy (eV) Width (meV) Comments
2522p*(3P)3s3p 42.09
252p%(28)3s2(2S) 43.06 70(20)
252p%(28)3s3p 43.68
2522p*(3P)3s3p? 44.06
2s22p*(*P)3s3p? 44.36 50(20)
2s22p*(1D)3s%3p 45.19
252p%(2S)3p? 45.43
252p5(2S)4s? 46.52 35(10)
252p%(2S)4sdp 46.91
2s2p*('D)3s3p? 47.38
2522p4('D)3s3p? 47.61

48.0
49.04

(Veillette and Marchand, 1974, 1975); electron excitation
functions for the 3p°4s!P excited state (Roy and Carette,
1975); metastable atom excitation functions (Marchand
and Cardinal, 1979; Dassen et al., 1983); and in the
transmission experiments of Sanche and Schulz (1972a).
Some earlier work has been summarized by Sanche and
Schulz and in the Schulz (1973a) review. As there are
many parallels between the spectra of neon and argon,
only the essential features will be discussed here. Quoted
energies represent the average values of those measure-
ments where the resonances are clearly defined as such.

The most extensive effort to classify these states has
been that of Dassen et al., who used semiempirical tech-
niques, such as the modified Rydberg formula and graph-
ical analysis (see Sec. II), to make tentative assignments
for most of the strong features observed in the metastable
atom excitation function. These assignments were very
strongly predicated on the known neon configurations,
particularly those of Spence (1980), which were used as
the starting point for the graphical analysis. Dassen
et al. constructed two sets of straight-line plots, one set
each for states based on the singly and doubly ionized
cores, connecting resonances of similar configuration in
Ne, Ar, and Kr. They were also guided by similarities in
shape and relative intensity of the features in these
atoms, by the known splittings for the different terms of
the doubly ionized core, and by the ordering implied by
the MRF, which was applied to resonances based on both
singly and doubly ionized cores.

The lowest-lying resonance, the 3s3p® (2S)4s? 2§ at
24.51 eV, was first observed and assigned by Bolduc
et al. (1971) as a weak structure in the ionization
efficiency curve for argon. It has been observed in all ex-
perimental investigations and has an estimated width of
90 meV (Dassen et al.). At higher energies there have
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been, with the exception of the work of Dassen et al.,
only a few attempts at classification of the observed
structure in terms of negative-ion resonances (Sanche and
Schulz, 1972a; Roy and Carette, 1975). The other experi-
mental investigations have attributed the bulk of the ob-
served structure to singly and doubly excited autoioniz-
ing states of neutral argon, although there is, in general,
good agreement in the energies of the observed features
in these experiments and in those that attribute the struc-
ture to Ar~ states.

Dassen et al. offer tentative classifications for some 16
other features between 24.5 and 32.5 eV. The first two of
these at 25.03 and 26.50 eV were also classified by Roy
and Carette as 3s3p® (2S)4s4p and 3s3p°® (35)4p? 2D, re-
spectively, the first being a shape resonance associated
with the 3s3p® (2S)4s 3S autoionizing state at 25.03 eV
(Mitchell et al., 1980). The only other feature for which
Roy and Carette offer an assignment is at about 27.05 eV
and is classified by them as 3s3p® (25)5s2 or 3d%. Howev-
er, based on their graphical analysis, Dassen et al. be-
lieve this feature to be the 4s2 4p configuration associated
with the triplet term of the doubly ionized core. Indeed,
their analysis reveals that the 5s? resonance is probably
0.6 eV higher in energy, if the assignments in neon are
correct. Furthermore, application of the MRF to the
3s23p* (°P)4s? 4p configuration reveals a predicted ener-
gy in the vicinity of 27 eV.

Similar techniques are applied throughout the higher
reaches of the argon spectrum by Dassen et al. in an at-
tempt to provide tentative classifications for the remain-
ing structures. They do not consider intershell reso-

TABLE XIV. Recommended energies, widths, and
classifications of resonances in Ar~ above the first ionization
potential. The energies are expressed relative to the 3p®'S
ground state of atomic Ar. They represent average values of all
of the measurements that specify a structure as a negative-ion
state. Figures in parentheses represent the uncertainty in the
least significant digit.

Classification Energy (eV) Width (meV) Comments
3s3p%4s22S 24.52 90(15)
3s3p%4sdp 2P° 25.02
3s3p%4p?2D 26.50
3s3p®3d* (D) 26.91
3523p*(3P)4s%4p 27.10
353p®5s228 27.53 70(10)
3s3p%5s5p 2P° 27.92 75(10)
3523p*(*P)4s4p? 28.30
3523p*(3P)4s4p? 28.50
3s23p*('D)4s’4p 28.96 120(20)
3523p*4sap(2) 29.46
3523p*('D)4s4p*? 29.84
3523p*('D)4s4p? 30.30
3523p4(1S)4s4p 30.86
3s23p*(1S)4s24p 31.31
3523p*(18)4s4p2(?) 31.73
3s23p4(1S)4s4p? 32.12
3s23p*(18)4s4p? 32.40
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nances or states involving d electrons and stress the ten-
tative nature of the assignments that have been made.
Tabulated values for these resonances and those dis-
cussed above are found in Table XIV.

c. Krypton

The experimental information available for the autode-
taching resonances in the autoionizing region of krypton
is similar to that for argon. Studies have been carried out
in transmission experiments (Sanche and Schulz, 1972a);
in elastic electron-scattering measurements (Roy et al.,
1976); and in the yield of positive ions (Valin and Mar-
met, 1975), broadband photons (Boulay and Marchand,
1982), and metastable atoms (Dassen et al., 1983). In
general, there is good agreement between the energies at
which features are observed in these various spectra, al-
though this is not always the case for the corresponding
classifications, despite considerable effort being invested
in the identification of possible neutral parent states (Roy
et al.) and in the application of graphical and MRF tech-
niques (Dassen et al). Additional problems with the
heavier rare gases are encountered, due to the substantial
overlap that occurs between resonances based on the
singly and doubly ionized cores, and most attempts at
classification in this region are couched in some uncer-
tainty.

The lowest-lying feature attributed to a negative-ion
state was observed by Valin and Marmet (1975) in the
ionization efficiency curve at an energy of 22.68 eV and
was assigned by them the configuration 4s24p* (3P,) 552
5p —that is the first occurrence of an observed resonance
associated with the doubly ionized core lying below the
singly ionized (n +1)s? resonance. This state has not
been observed in any other spectrum, although its posi-
tion is consistent with the observation and classification
of a similar resonance associated with the 3P0)1 terms at
an energy of about 23.40 eV (Roy et al., 1976), the sepa-
ration of these features being close to the known term
splitting of about 0.6 eV. The (n +1)s? resonance, in this
case 5s2, was first located at about 22.85 eV (Sanche and
Schulz) with a width of 65+10 meV (Dassen et al.), and
there is good agreement among all experiments, with the
exception of the I.LE. measurement where this state is not
observed, as to its position and assignment. There is also
general agreement on the assignment of the next feature
in the spectra, at about 23.26 eV, as the 4s4p® 5s5p reso-
nance. At about 23.40 eV, both Sanche and Schulz and
Roy et al. observe a feature which the latter have
classified as 4s%4p* (3P0’1 )5s? 5p, a state to which we al-
luded earlier. At about 24.1 eV a resonance is observed
in most decay channels, with the exception of the inelas-
tic electron measurements of Roy et al. It was classified
by Valin and Marmet at 4s24p* (SPO,, )555p2, and Dassen
et al. are in agreement with this configuration. However,
it is here that the degree of consensus on the
classification of these states changes abruptly, with the
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two major attempts (Roy et al. and Dassen et al.)
disagreeing on almost all subsequent assignments at
higher energies, even though they are in good agreement
in most cases for the energies.

The level of complexity of the spectrum makes it
difficult to offer too much guidance in this situation. The
assignments given in both cases are largely speculative
and several of the differences may arise as a direct result
of Dassen et al. not considering intershell states or states
involving d orbitals. As a result, we refrain from suggest-
ing definite assignments for many of these states but rath-
er present the various alternatives, along with energies
and suggested widths, in Table XV.

d. Xenon

There have been only two direct experimental investi-
gations of the negative-ion resonance states of xenon in
the autoionizing region: the transmission study of
Sanche and Schulz (1972a) and the inelastic electron exci-
tation functions of Delage et al. (1977). Although they

TABLE XV. Recommended energies, widths, and
classifications of resonances in Kr~ above the first ionization
potential. The energies are expressed relative to the 4p°®'S
ground state of atomic Kr. They represent average values of all
of the measurements that specify a structure as a negative-ion
state. Figures in parentheses represent the uncertainty in the
least significant digit.

Classification Energy (eV) Width (meV) Comments
4524p*(°P,)5s%5p 22.68
4s4p05s522S 22.85 65(10)
4s54p®5s5p 2pP° 23.24
4s24p*(*P, ,)5s5p 23.40
4s24p*(3P, )5s55p? 24.08
4s24p*(®P, )5s5p?

or 24.51
454p°5p?%D
454p%5p*2D 24.85
4524p*('D)5s%5p

or 25.11
454p°5d*
4s24p*('D)5s5p> 25.66
454p%6s% %S

or
4s%4p*('D)5s5p* 25.95

or
45s24p*('D)5s4d>
454p®Ss5p (2P)

or
4s%4p*('D)5s5p? 26.15

or
4s24p*('D)5s4d>
4524p*('D)5s5p* 26.59
? 26.90
4524p*(1S)5525p 27.19
45%4p*(1D)5s5p? 28.80

carried out no direct measurements on xenon, Dassen
et al. (1983) extrapolated their graphical analysis to en-
able some predictions on the positions of the lower-lying
Xe™ resonances, associated with the singly ionized core,
to be made. They also made the observation, based on
the low-n inelastic electron excitation functions of Roy
and Carette (1975), Roy et al. (1976), and Delage et al.
(1977) for the rare gases, that the spectra observed appear
to become increasingly complex as the atomic weight in-
creases, due mainly to the increasing presence of neutral
excited states.

Delage et al. made a thorough investigation of the res-
onances in this region by measuring excitation functions
at 0° scattering angle for five of the 6s, 6p, and 5d bound
states of Xe, in the energy region between 18 and 24 eV,
and by measuring an energy-loss spectrum, in the au-
toionizing region, for an incident electron energy of 50
eV. Much of the structure they observed in the excita-
tion functions has been attributed to either doubly excit-
ed states of the neutral atom or multiple excitation (dou-
ble scattering) of singly excited levels. Nonetheless, they
have offered classifications, in terms of negative-ion
states, for several of the observed features. These are
largely based on an analysis of their own energy-loss
spectrum from which they have attempted to identify the
positions of the doubly excited parent states of the Xe™
resonances. Their energies can be compared with the en-
ergies recorded by Sanche and Schulz and with the pre-
dictions of the graphical analysis (Dassen et al.).

At an energy of 18.92 eV, Deldge et al. observed a
structure which they classified as 5s5p%6s2 (2S). This is
in excellent agreement with the predicted energy for this
state (18.84 eV) based on a graphical extrapolation of
similar configurations in the lighter gases, and with the
measured energy and classification of Sanche and Schulz.
Similar correspondences are observed between the two
experimental measurements for resonances at 19.11,

TABLE XVI. Recommended energies, widths, and
classifications of resonances in Xe™ above the first ionization
potential. The energies are expressed relative to the 5p®!S
ground state of atomic Xe. They represent average values of all
of the measurements that specify a structure as a negative-ion
state. Figures in parentheses represent the uncertainty in the
least significant digit.

Classification Energy (eV) Width (meV) Comments
5s55p°®6s? 18.92
5s25p*(3P,)6s%6p

or 19.11
555p%6s6p (2P)
555p°6s6p(*P) 19.43
5s25p*(Py,, )65%6p 19.82
5525p*('D)6s%6p 20.13
5s5p®6p?

or 20.55
5s25p*('D)6s%6p
5525p%(1S)6s26p(?) 22.79
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19.43, 19.82, and 20.13 eV. The feature at 19.43 eV is
classified by Deldge et al. as 5s5p°6s6p, in good agree-
ment with the prediction of Dassen et al., while the other
three features are tentatively classified by Deldge et al. as
5s25p“6s26p. The only other features that are tentatively
classified as resonances by Deldge et al. are at 20.55
(555p%6p? or 5s%5p*6s26p) and 22.79 eV (5s25p*6s26p).
Dassen et al. predict the positions of the 5s5p%6p?,
555p®7s?, and 5s5p%7s7p resonances at 20.81, 21.73, and
22.02 eV, respectively, all of which are in good agreement
with features that Deldge et al. ascribe to neutral au-
toionizing states. Their true nature thus remains uncer-
tain, as does that of many of the other so-called reso-
nances in this region. As a result, we once again refrain
from suggesting definite assignments for many of these
states but rather present the various alternatives, along
with energies and suggested widths, in Table XVI.

E. Oxygen

The autodetaching states of O~ have been investigated
experimentally by both O™ -atom and e -O scattering
techniques and theoretically by many-body
perturbation-theory, close-coupling, and configuration-
interaction calculations. They are thus among the best-
documented resonances in the periodic table. However,
the known resonances are contained within a fairly nar-
row range of energy, as they consist primarily of low-
lying doubly excited states associated with the various
terms of the grandparent O™ 2p3 ion core. The apparent
weak dependence of these doubly excited states upon the
grandparent term is quite similar to the case of the noble
gases, where one often finds resonances in pairs that re-
plicate the doublet fine structure of the grandparent ion.
We shall make use of this fact in the discussion of sys-
tematics in Sec. VI. It suggests that there should exist
many resonances at higher energies, which have not yet
been observed or calculated.

The first experimental evidence for autodetaching
states of O~ was obtained by Edwards et al. (1971) in
keV collisions of O~ with He, H,, Ne, N,, and Ar. The
apparatus used was of the type described in Sec. III.C,
with the ejected electrons observed at angles around 10°
with respect to the ion beam. In collisions of O~ with
H,, the only autodetachment features observed were as-
sociated with resonances of H™; in O™ -Ar collisions, the
only such features were derived from the a resonances of
Ar. In O™ -He collisions, electron peaks were seen at en-
ergies of 10.112 eV and 12.115 eV (in the rest frame).
These were attributed to autodetaching states of O, for
which some candidate configurations were proposed.

Subsequent work by the same group (Edwards and
Cunningham, 1973) completed the experimental contri-
bution, to date, of O -atom scattering to the understand-
ing of autodetaching states. The electron spectrum ob-
tained by Edwards and Cunningham from O™ -He col-
lisions is shown in Fig. 43. The peaks at 9.50, 10.11,

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

: Atomic negative-ion resonances

>
>
> o
L -
= o
=]
2 keV O on He
e,
HOXI0 N 6215
.
o
90 9 3
@ 3
=z o
2
g l
70 . . P
NG &
. o
..
S .
50 4 \"'\._/ .
\'h
\—‘.\‘M_/\M
35 . ' . . e
0 100 200 300 400 500
CHANNEL

FIG. 43. Spectrum of ejected electrons resulting from collisions
of O~ with helium (from Edwards and Cunningham, 1973).

10.87, 12.12, and 13.71 eV were attributed to autodetach-
ment of the negative-ion resonances b, x, e,, a,, and a3
(our notation; see Table XVII), which will be discussed
specifically below. These peaks were demonstrated to be
due to autodetaching states of O, rather than autoioniz-
ing states of neutral O, by comparison with an O-He col-
lision spectrum obtained by passing the incident beam
through a stripping cell.

Electron transmission spectroscopy was used by
Spence and Chupka (1974; see also Spence, 1975b) to ob-
serve resonances in electron scattering by atomic oxygen.
These experiments are among the few successful attempts
at studying electron scattering by highly reactive atomic
and molecular species. They were carried out by placing
the interaction region of a transmission electron spec-
trometer in the flowing afterglow of an O, discharge.
Discrimination of features associated with e-O from e-O,
scattering was accomplished by comparing spectra ob-
tained with the microwave discharge on and off. The ex-
perimental results of Spence (1975b) are shown in Figs.
44(a) and 44(b). In the two experiments reported by this
group, all but one of the resonances seen by Edwards
et al. were observed, and six others were discovered. To-
gether these constitute the totality of published experi-
mental data on autodetaching states of O ™. It is summa-
rized in Table XVII.

On the theoretical side, studies of resonances in elec-
tron scattering by oxygen were initiated by Rountree and
Henry (1972). They calculated the cross section for 2pt
3p-2p33s 3S° excitation by various approximations, and in
a two-state (°P and 3S°) close-coupling calculation they
found resonances in the 2P and *P channels at collision
energies of 9.67 eV and 9.94 eV, respectively. These ap-
peared in the total excitation cross section as a single
(i.e., blended) shape resonance feature just above the
threshold. The widths of the resonances are not stated
explicitly by Rountree and Henry, but they appear to be



S. J. Buckman and C. W. Clark: Atomic negative-ion resonances 609

TABLE XVII. Recommended energies and classifications for negative-ion resonances in oxygen. Sub-
script labels are for reference to discussion in text. The energies are expressed relative to the 2p*°P,
state of O. Experimental values are from Edwards and Cunningham (1973) and Spence (1975b). Fig-
ures in parentheses represent the uncertainty in the least significant digit.

Classification Energy (eV) Width (meV) Comments
2p3(4S°)3s? 8.78(5) a;
2p3(#8°)3s3p (3P°) 9.50(2) b,
2p3(s°)3p34p° 10.73(5)
2p3(*S°)3p22pP° 10.87(2)
252p%28? 12.07(2) Uncertain—see text
2p3(2D°)3s? 12.12(2) a,: presumably doublet
with unresolved (3 meV) splitting
2p3(*D°)3s3p (*P°) 12.55(5) b,
2p3(2P°)3s? 13.71(2) a;: presumably doublet
with unresolved ( <1 meV) splitting
2p3(2D°)3p? 14.05(5)
2p3(2P°)3s3p (3P°) 14.40(5)
2p3(2D°)3p? 15.65(5)

about 1 eV. As we shall discuss below, these resonances
almost certainly correspond to the b; feature observed
experimentally.

A calculation of the photodetachment cross section of
O~ 2p3 2P° was performed by Chase and Kelly (1972) us-
ing many-body perturbation theory. They found a strong
resonance in the cross section at a photon energy of
14.089 eV, which corresponds to the process

2522p3 2P°+hv—O"* 252p° 2§ ,

(36)
O *—0 2s2p* (D or 'S)+e (ed or es) .

Decay of this resonance to the *P ground state of O is
forbidden in LS coupling. The calculated width of the
resonance is 2.45 eV. Edwards and Cunningham (1973)
attributed their 10.11 eV autodetachment feature to the
decay of the O™ * 252p® 2§ state in the 'D channel; we
consider this point below. A second resonance associated
with 1s —2p excitation is calculated to occur at a photon
energy of 546 eV, with a width of 38 meV.

Matese et al. (1973) performed configuration-
interaction calculations to find Feshbach resonances in
oxygen. They represented the wave functions of states of
O* and O by single configurations, and the wave func-
tions of states of O~ by a multiconfiguration expansion
upon a fixed O1 core state: for example, 2p° *S
(c{3s3p +c,3s4p +c33p4s + - -+ ). The orbitals used in
the expansion were essentially the Hartree-Fock orbitals
for excited states of O. Only spin doublet states were
considered, as these are the only states likely to be excit-
ed under the experimental conditions of Edwards et al.
A Feshbach resonance was deemed to occur if the total
energy calculated for a state was less than that of an ap-
propriate ‘“‘parent” excited state of O. Four such reso-
nances were found, corresponding to the b, a,, a3, and
e, features. A subsequent set of similar calculations by
Matese (1974), in work stimulated by the advent of
electron-scattering experiments, used the same method to
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investigate quartet and sextet states. Eight additional
Feshbach resonances were found. Of the 12 resonance:
predicted by this method, about seven have been ob-
served in either e-O or O™ -He scattering (or both). As
we shall discuss below, in some cases there is good reason
to think that shape resonances should be present at about
the same energies as the computed Feshbach resonances.
The method used by Matese et al. is not capable, in prin-
ciple, of generating shape resonances, but the distinction
between the two types may be blurred in these cases.

Close-coupling calculations of electron scattering by
oxygen were performed by Ormonde et al. (1973). In
particular, they reported a calculation in overall 2P° sym-
metry that included the five O target states 2p*
(3P,'D,'s), 2p3“*s°)3p °P, and 2p3*D°)3s 3D°. This
yielded two resonances. The first, at a collision energy of
10.38 eV with a width I'=20 meV, is probably the e,
feature, though its energy does not agree well with exper-
imental or other calculated values. The second resonance
occurs at an energy of about 11.36 eV and has a width of
approximately 1 eV (as estimated from Fig. 6 of Or-
monde et al.); it appears as a shape resonance just above
the 2p3(*S°)3p 3P threshold. This resonance does not fit
well into conventional classification schemes and does
not correspond in an obvious way to experimental obser-
vations. We believe it may be an artifact of the calcula-
tion.

We have performed some MCHEF calculations for the a
resonances of O~ (Clark, 1986, and present work) that
give energies similar to those of Matese, Rountree, and
Henry (1973). These results are described in Sec. VL. A.

We now briefly discuss some of the states presented in
Table XVII.

The a, feature is well established. It is not seen in
O™ -He scattering because of spin conservation, but it is a
very strong feature in electron scattering. Its binding en-
ergy with respect to O™ 2p3(%S®) fits the pattern of a res-
onances, and calculations by Matese (1974) and the
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present work are in good agreement with the experimen-
tal energy.

The b, feature: Matese (1974) finds a Feshbach reso-
nance here, of dominant configuration 2p3(*S°)3s3p 2P.
However, its calculated binding energy of 18 meV with
respect to the O 2p3(*S°)3s 3S° parent state is less than
the uncertainty in the calculation, which would be of the
order of 100 meV. Note that Rountree and Henry (1972)
find shape resonances here in both the 2P and *P chan-
nels. We therefore believe that this resonance has the
typical b character; i.e., it is described by the two outer
electrons being coupled to form a 3P° pair, which is then
coupled to the *S° core to yield states of 2P, *P, and °P
symmetry. This is analogous to the case of the b reso-
nance in Ne, where the observed single feature is a blend
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FIG. 44. Derivative of the transmitted electron current
through a beam of partially dissociated oxygen: (a) 7.5 to 12.5
eV; (b) 11.5 to 18.0 eV. Vertical arrows indicate the location of
atomic oxygen resonances (from Spence, 1975b).
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of 28 and 2D negative-ion states (Clark and Taylor, 1982).
Matese (1974) finds the °P state at a somewhat lower en-
ergy of 9.14 eV; it would not be strongly excited in elec-
tron scattering or in O™ -He collisions because of spin
conservation. By the same argument, the 2P component
must be the one observed by Edwards and Cunningham
(1973); we suppose that the *P channel also supports a
resonance, but there is as yet no positive experimental
evidence for this. A remaining puzzle is the absence of
the b, feature in the electron transmission spectra of
Spence and Chupka (1974) and Spence (1975b). In the
transmission experiment of Sanche and Schulz (1972a,
1972b, 1972c¢) on Ne, the b feature appears with about -
the intensity of the a. As the excitation mechanisms in
Ne and in O are presumably similar, one might suppose
that an intensity ratio of the same order of magnitude
would exist for O. This would give a feature on the
upper trace of Fig. 44(a) of about 3 the size of the struc-
ture of 8.78 eV, but none can be seen clearly.

The 10.73 eV feature: Spence (1975b) identifies this as
a sextet state, apparently based on the calculation of Ma-
tese (1974). However, the formation of a sextet state in
an electron collision with the triplet ground state would
require change in the total spin of the complex, which is
rather improbable in an atom as light as oxygen. In
neon, where spin-orbit effects are somewhat larger, there
is no evidence for quartet resonances, which would be
produced by analogous spin-flip processes. The only
reason for making a sextet assignment would appear to
be that Matese had found a Feshbach resonance of this
symmetry; but, as we have noted above, there is
significant uncertainty in these calculations, and it is
quite likely that if a 2p33p2 SP° resonance exists, then so
does a *P° term of the same configuration. Approximate
spin conservation allows the formation of this resonance
in electron collisions with the ground state, so we make
this assignment. The other possible term of this
configuration, 2P°, ought to lie higher, and we have as-
signed it to the feature at 10.87 eV.

The x feature: This state poses some problems in inter-
pretation. Both Edwards and Cunningham (1973) and
Spence (1975b) observed features that were attributed to
this resonance. Edwards and Cunningham observed an
autodetachment transition at 10.11 eV, which could not
be assigned to any of the Feshbach resonances computed
by Matese, Rountree, and Henry. The transition energy
corresponds to that of a state 12.07 eV above the 2p* P
ground state of O decaying to the excited state 2p* 'D.
There is no feature observed that would correspond to
the autodetaching transition to the ground state, which
would, of course, be consistent with the resonance’s being
a singlet. However, one would expect a possible transi-
tion to the other excited term of the ground
configuration, 2p* !S. Edwards and Cunningham looked
in the appropriate energy region, but observed no such
transition and concluded that under the conditions of
measurement the branching ratio for 'S to 'D decay was
less than 1:100. Their classification of the resonance as a
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2s52pS state was based upon the photodetachment calcu-
lation of Chase and Kelly (1972), which put this reso-
nance 12.63 eV above the ground state of O (this number
is obtained by subtracting the experimental value of the
O electron affinity from the excitation energy reported by
Chase and Kelly). The discrepancy of 0.5 eV is not too
worrisome, given the nature of the approximation used
by Chase and Kelly. Spence and Chupka (1974) observed
the resonance as a rather weak feature at 10.10 eV in
transmission spectroscopy, but Spence (1975b) subse-
quently found that the feature vanished when the col-
lision interaction region was moved farther from the
discharge source. This was interpreted as resulting from
the quenching of metastable O 2p* ! D that is produced in
the discharge source, and which, according to the
classification given above, must be present if the reso-
nance is to be observed in electron scattering. In this
sense, the two independent experimental approaches may
be said to point consistently to the assignment given by
Edwards and Cunningham.

The main difficulty with this interpretation lies in the
apparent mode of decay of the resonance. The width of
the feature observed by Edwards and Cunningham is in-
strumentally limited, but therefore cannot be much
greater than 200 meV; the structure observed by Spence
and Chupka is also very narrow. The calculations of
Chase and Kelly, however, yield a resonance width of
2.45 eV. This is due to the very large matrix element for
the interaction of 2s2p® with the 25s?2p* ed continuum,
i.e., a 2p2—2sed dipole interaction. This interaction is
known to be very large in the case of the heavier neutral
halogens, where it is manifest as a pronounced mutual
perturbation of the ns’np*('D)md, ,, Rydberg series by
the nsnp6 state (Reader, 1974; Hansen, 1977). The 2s2p6
state has, to date, not been observed in fluorine, which is
isoelectronic to O ; the 2p*md Rydberg series do not ex-
hibit perturbations, but this may be because the 2s2p°®
state lies well above the Ft 2522p* D limit. A photoion-
ization calculation by Nicolaides et al. (1981) finds F
252pS at an energy of about 0.5 a.u. above F* 2522p* 1§,
which would be about 17 eV above the 'D limit. Their
computed width of the resonance was 3.1 eV, the bulk of
which comes from interaction with the ed continuum.
We have performed a calculation of the width of 2s2p°®
by a simple Fano-type treatment of a discrete state
(represented by a Hartree-Fock wave function) with a
continuum (represented by a frozen-core Hartree-Fock
continuum wave function); this gives a width of 2.4 eV, in
agreement with the result of Chase and Kelly. It is con-
ceivable that configuration-interaction effects could
reduce the width of this state somewhat, but it is difficult
to see how it could be decreased by an order of magni-
tude. The absence of the 252p® 2§ —0 2s22p* (1S)+es
autodetachment transition is also somewhat puzzling,
since there is no symmetry restriction against it. This de-
cay branch would be expected to be weaker than the ed
branch, but should take place at a rate typical of that of
other sharp features.
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F. The halogens

Resonances have been observed in all of the halogen
atoms lighter than astatine. Because of their large bind-
ing energies and ease of production, the stable negative
halogen ions are often employed in negative-ion—atom
collision experiments, which have provided most of the
information on resonance structure. Some possible evi-
dence for resonances in iodine comes from observations
of photoattachment continuum radiation. The only
theoretical studies of halogen negative-ion resonances
that have been reported to date have utilized bound-state
methods. Significant work has been done on the calcula-
tion of photodetachment of the ground states of halogen
negative ions (Ishihara and Foster, 1974; Rescigno,
Bender, and McKoy, 1978; Radojevic et al., 1987); they
are np® 'S closed-shell systems isoelectronic to the noble
gases, the standard proving ground for theories of atomic
photoabsorption. However, such calculations have not
yet incorporated the excited np*nl target channels that
are required to support doubly excited np*nin'l’
negative-ion resonances, and thus far no photodetach-
ment calculations have given resonance structure.

1. Fluorine

Edwards and Cunningham (1974a) observed ejected
electron spectra in collisions of F~ with He. A dozen
clearly resolved peaks were observed, all but one of
which could be attributed (by means discussed above) to
autoionizing states of F* of the configurations 2p*('D or
1S)ns or nd (Palenius, 1968; Palenius et al., 1978). How-
ever, an ejected electron peak at 14.85+0.04 eV is clearly
associated with an autodetaching state of F~. This
feature was classified as the F~ 2p 4(1D)3s?, based on the
agreement in energy with a calculation of Matese, Roun-
tree, and Henry. The autodetaching transitions are thus
2p*('D)3s*—2p>?P3 , 3 ,€l, and the electron spectrum
shows the doublet structure associated with the ground
term of F (Fig. 45). The observed width of the resonance
is instrumentally limited, and the natural width is thus
less than 50 meV. Grouard et al. (1986) investigated col-
lisions of F~ with all noble gases, measuring both ejected
electron spectra and the yield of neutral F atoms by a
time-of-flight technique. The 14.85-eV autodetaching
feature and autoionizing states of F* were observed in
collisions with He and Ne, but not in collisions with Ar,
Kr, and Xe. Correspondingly, electron spectra associat-
ed with autoionizing or autodetaching states of the target
noble gas were not observed for He or Ne, but the a reso-
nances and some autoionizing states were excited in Ar,
Kr, and Xe. No signal clearly attributable to any other
autodetaching state of F~ was observed.

The F~ 2p*(1D)3s? state is evidently an a resonance,
and the other terms of the F* core may also be expected
to support a resonances, as is the case in the noble gases.
Of these, the F~ 2p*(3P)3s? resonances would not be ex-
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FIG. 45. Spectrum of ejected electrons resulting from collisions
of F~ with helium (from Edwards and Cunningham, 1974a).

pected to be excited in collisions with He or Ne, due to
spin conservation (since the target is not excited). The
reason for the absence of F~ 2p*(1$)3s? is not obvious,
but this state would correlate to a completely different
potential curve of the F~ + noble gas quasimolecule, and
its excitation probability need not be related in any sim-
ple way to that of the 'D state. Three low-energy elec-
tron peaks (E =93, 224, and 256 meV) observed by
Grouard et al. do not appear to correspond to autoioniz-
ing transitions of F*, and it is possible that they derive
from other autodetaching states of F~. For example, a b
resonance of the type 2p* 3s ep could autodetach into the
2p* 3s parent configuration, which would yield electrons
with energies of the order of 100 meV. However, such a
resonance should also produce a higher-energy peak as-
sociated with autodetachment to the F ground state; no
such peak is noted by Grouard et al. On the other hand,
the F~ 2p*'D)3s? state can autodetach into excited
states F*, yielding low-energy electrons. Given the ener-
gy of F~ 2p*(1D)3s? to be 14.85 eV, tabulations of F en-
ergy levels (Moore, 1971) show that the only possible
states are all those of the 2p*CP)3s and 2p*(3P)3p
configurations. Of these, the quartets can be excluded by
spin conservation, and F* 2p*(*P)3p 2S° is forbidden by
angular momentum/parity considerations. Such con-
siderations also require that detachment to F* 2p*(*P)3s
2P proceed by ejection of an ed electron with an energy of
1.8 eV, which should be suppressed by the centrifugal
barrier. This leaves the four states F* 2p*(P)3p

$2.3/2 P33, which are accessible through the
emission of a p electron at energies of 267, 235, 104, and
69 meV, respectively. The first three of these energies ap-
pear to be consistent with those reported by Grouard
et al., within the limits of their resolution. The experi-
mental peak at 93 meV is much smaller than those at 224
and 256 meV, as would be expected in p-wave emission.
The electron detachment continuum rises rapidly at low
energies and could very well mask a weak feature.

The photoattachment continuum at wavelengths
greater than 270 nm was observed by Popp (1974) in a
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low-current arc discharge. No evidence of resonance
structure was found.

The only reported calculations of doubly excited F~—
resonances appear to be the unpublished results of Ma-
tese et al. cited by Edwards and Cunningham (1974a)
and a MCHEF calculation of the 2p*(*P)3s? resonance by
Clark (1986). We have performed similar calculations for
the 'D and 'S counterparts of this resonance in the
present work. The energy of the !D resonance agrees
with the experimental value, and analysis of the wave
functions shows that the outer electron pair is relatively
insensitive to the term of the grandparent positive-ion
core. The !D resonance thus fits into the a category very
well. Exclusion of the autodetachment continuum from
these calculations introduces a false element of stability
into the description, and it is conceivable that the *P and
1S resonances could decay much more rapidly than the
ID. In O and Ne, however, the widths of a resonances
built on different core states are roughly comparable; this
is also the case for the heavier halogen atoms. The
2p*(18)3s? state is actually calculated to lie about 0.27 eV
above the F 2p*(3P,) limit [based on the energy of F
2p*('S)3s given by Palenius, 1968], and could therefore
decay by two-electron autodetachment, though the rate
of this process would presumably be rather low. It thus
seems that further experimental investigation of these
states would be worthwhile, perhaps in the context of
negative-ion—molecule collisions where spin exchange
could occur.

Ormonde (1977) performed a close-coupling calcula-
tion of electron scattering by F and obtained shape reso-
nances in the 2p°ed 'P° and 'D° channels very close to
threshold. These results were disputed by Rescigno,
Bender, and McKoy (1978) and by Robb and Henry
(1977), who performed similar calculations within a
variety of models. It seems probable that Ormonde’s re-
sults are an artifact due to inaccurate solution of the
Schrodinger equation in the asymptotic region. As dis-
cussed in Sec. VI.D, Ne exhibits no d-wave shape reso-
nance, and it is thus unlikely that F would. However, the
heavier halogens probably do support broad d-wave
shape resonances, similar to those encountered in their
noble-gas neighbors.

TABLE XVIII. Recommended energies, widths, and
classifications for negative-ion resonances in fluorine. No
specific measurements of widths have been reported. The ener-
gies are expressed relative to the 2p°2P3,, ground state of F.
Experimental value is from Edwards and Cunningham (1974a).
Figures in parentheses represent the uncertainty in the least
significant digit.

Classification Energy (eV) Width (meV) Comments

2p*(3P)3s? 12.29 Calculated value by
Clark (1986)

2p*(1D)3s? 14.85(4)

2p*(18)3s? 17.69 Calculated value,

present work
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The experimental values of resonance energies are
summarized in Table XVIII.

2. Chlorine

A very rich spectrum of ejected electrons has been pro-
duced in the experiments of Cunningham and Edwards
(1973) on collisions of C1~ with He and H,. The out-
standing characteristic feature of these spectra is the oc-
currence of pairs of peaks separated by an interval of 109
meV, the fine-structure interval of Cl 3p° 2P5 , , ,,, which
establishes them as autodetaching states of Cl1~. Col-
lisions with He and H, show some of the same peaks.
However, autodetaching states of H™ are observed in the
C1™-H, spectrum, some of which are shifted in energy to
overlap Cl~ autodetachment electrons. In addition, a
resonance attributed to C1~ 3p*(*P)4s? is seen in C1™-H,
collisions but not in C1~ -He; this is believed to be due to
the greater probability of excitation of triplet states in H,
than in He, which allows the 3p*(*P)4s? resonance to be
formed by spin exchange. Cunningham and Edwards
also note that in C1™-Ar collisions there is a strong signal
from the autodetaching Ar~ a resonances; this signal
provided the energy calibration for their electron spectra.

Identifications of the states were proposed on the basis
of calculations of Matese et al. (1973). All the a reso-
nances that are to be expected from the alternative terms
of the grandparent core are present, and the fine struc-
ture associated with 3P is also evident, though it could
not be fully resolved (Fig. 46). The agreement of the cal-
culations with the experimental values is remarkably
good in the case of the a resonances observed. The com-
putational approach of Matese et al. was used only to
identify Feshbach resonances and would therefore not
yield b resonances that lie above the appropriate parent
state.

Fayeton et al. (1978) studied Cl™ —rare-gas collisions
by the time-of-flight method, in which neutral Cl atoms
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FIG. 46. Spectrum of ejected electrons resulting from collisions
of C1~ with H, (from Cunningham and Edwards, 1973).

are detected. The recoil effect of ejection of electrons at
arbitrary angles induces a spread in the velocity distribu-
tion of neutral Cl atoms. This spread is sufficiently large
that autodetaching states cannot be easily individuated.
The main results of interest for the purpose of the present
paper are the absence of the C1~ 3p*(*P)4s? resonance in
collisions with Ne and Ar, consistent with spin-
conservation arguments; and the apparent absence of
Cl™ autodetaching features in collisions with Kr and Xe,
but the presence of Kr~ and Xe™ resonances. Fayeton
et al. conclude that in asymmetric collisions only the
heavier partner is excited. These results were subse-
quently corroborated by De Vreugd et al. (1982a, 1982b),
who looked at electron detachment spectra in all halogen
anion-—noble-gas collision systems.

Bydin (1967), who performed the first experiments on
the detachment of negative ions in atomic collisions, saw
no resonance features in C1~ -He collisions.

TABLE XIX. Recommended energies, widths, and classifications for negative-ion resonances in
chlorine. No specific measurements of widths have been reported, but the experimental data suggest
that none are much larger than 200 meV. The energies are expressed relative to the 3p° 2P, ground
state of Cl. All values are from Cunningham and Edwards (1973). Figures in parentheses represent the

uncertainty in the least significant digit.

Classification Energy (eV) Width (meV) Comments
3p*(3Py1,0)4s 8.53(5) a: fine structure apparent, but not
clearly resolved

3p*(*P)4sdp (3P°) 9.15(5) b

3p*('D)4s? 9.97(4) a

3p*CPyp® 10.47(5)

3p*CP)ap™? 10.61(5)

? 11.23(8) Possibly 3p*(°P)3d
parent state

? 11.96(8) Possibly 3p*(*P)3d
parent state

3p*('S)4s? 12.09(6) a

? 12.44(6)

Rev. Mod. Phys., Vol. 66, No. 2, April 1994



614 S. J. Buckman and C. W. Clark:

The experimental values of resonance energies are
summarized in Table XIX. Our assigned classification of
the b resonance differs somewhat from that of Matese
et al. (1973), since we believe that the essential feature of
this state is the triplet external coupling between the 4s
and 4p electrons. Matese et al. found only one term of
this configuration, 3p*(3P)4sd4p (3P°) 'P°, to occur as a
Feshbach resonance. However, the other terms of
3p*(3P)4s4p (3P°) are likely to be low-lying shape reso-
nances, as is the case in the noble gases. Six resonances
observed by Cunningham and Edwards were not assigned
classifications by them; and although Matese et al. find
additional Feshbach resonances in the same region, all
but one are triplet states. All b-type resonances that
could be built upon the !D and 'S states of the CI* core
would also necessarily be triplets. Since triplet excitation
is thought to be highly unlikely in Cl™-He collisions, nei-
ther the computed Feshbach resonances nor the obvious
b features are good candidates for classification. We have
assigned several resonances to the 3p“4p? configuration,
based on their proximity to 3p “4p states of Cl (Radziem-
ski and Kaufman, 1969) and the existence of analogous
3p4p? resonances in Ar. These assignments should be
regarded as tentative.

Chlorine exhibits broad d-wave shape resonances in all
3p°ed channels, similar to the 3p®ed shape resonance in
Ar, when treated in the frozen-core, continuum Hartree-
Fock approximation (see Fig. 62). We known of no ex-
periments on electron scattering by Cl, or on photode-
tachment of C1™ in the appropriate range of wavelengths,
that would exhibit such resonance structure. The large
shift of the 3p%d 'P° resonance away from all other
terms is due to the repulsive 3p-ed dipole exchange in-
teraction in that channel. This resonance is apparent in
calculations of photodetachment of C1~ done in the rela-
tivistic random-phase approximation (Radojevic et al.,
1987). The same mechanism is responsible for the dis-
placed maximum in the 3p photoionization cross section
of Ar (Hansen, 1980). We discuss this correspondence in
Sec. VI.D.

3. Bromine

Edwards and Cunningham (1974) observed three auto-
detaching states of Br™ in collisions of Br~ with He and
Ar. These states are a resonances built on the two lowest
terms of the Br* 4p* ion core. As was the case in Cl~,
the autodetaching transitions to the two states Br 4p°
’P3,5.1,, could be resolved, so that the presence of the
Br' fine-structure interval in the detachment spectrum
enables one to attribute a pair of autodetachment
features to a single state. In particular, one pair of tran-
sitions can be associated with Br~ 4p* (3P,)5s>—Br
4p°2P5 1, e, another to Br~ 4p* ('D,)5s>—Br 4p°
2ps 1,2 Te. A fifth autodetachment feature corresponds
to Br~ 4p* (3P, . 0)5s>—Br 4p°® 2P, +e¢; the expected
accompanying transition to the J =1 final state would lie
within 10 meV of the energy of the P, —2P5 , transi-
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TABLE XX. Recommended energies and classifications for
negative-ion resonances in bromine. No specific measurements
of widths have been reported, but the experimental data suggest
that all widths are less than ~100 meV. The energies are ex-
pressed relative to the 4p°2P3,, ground state of Br. All values
are from Edwards and Cunningham (1974b). Figures in
parentheses represent the uncertainty in the least significant di-

git.

Energy Width

Classification (eV) (eV) Comments

4p*(3P,)5s? 7.39(6) a

4p*(3P, )55 7.84(6) a: fine-
structure of
~90 meV
not resolved
in experi-
ment

4p*('D,)5s* 8.85(6) a

tion, and could not be resolved. The general picture of
the a resonances would lead one to expect resonances as-
sociated with both the J =0 and J =1 states of Brt 4p*
3p. However, the Br™ states are separated by only 87
meV, so that these resonances cannot be resolved in the
experiment. The resonance energies and classifications
are given in Table XX. The binding energies of these res-
onances with respect to their appropriate grandparent
states are the same (4.4 e¢V) to within 0.1 eV. One would
expect there to be an a resonance associated with the 4p*
(!S,) grandparent state; if this were attached to the 4p*
5s (23S ,) parent state by the usual electron affinity of 0.5
eV, it would be found at 10.9 eV above the ground state
of Br (Tech, 1963). No autodetaching transition near this
energy was reported by Edwards and Cunningham.

It is worth noting that both triplet and singlet reso-
nances are produced in Br~ collisions with He. This
contrasts with the results of experiments on lighter nega-
tive ions, in which the spin of the resonance is usually
equal to that of the ground state.

We know of no theoretical calculations of resonances
in Br™, nor of other experimental measurements. Bydin
(1967) specifically remarks upon the absence of resonance
structure in collisions of Br~ with He, Ne, and Ar. It is
likely that 4p>(>P°)ed shape resonances, similar to those
in Cl, would occur in some channels.

4. lodine

The first reported observations of autodetachment res-
onances in negative-ion—atom collisions are apparently
those of Bydin (1967), who measured detachment spectra
of CI7, Br™, and I™ collisions with various noble gases.
He observed a pronounced resonancelike electron de-
tachment feature in the case of I~ only, with ejected-
electron energies in the range 6—7 eV. The energy reso-
lution of his apparatus was not sufficient to distinguish
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any fine structure in this feature. The presence of this
structure in collisions of I~ with He, Ar, and Kr and the
independence of its energy from the collision energy
(above a certain threshold) establish it as an intrinsic I~
resonance. No more specific identification was proposed
by Bydin.

Cunningham and Edwards (1974) conducted experi-
ments on I7-He collisions and observed a number of de-
tachment features that could be associated with four
different autodetaching states. The energies of the auto-
detachment electrons ranged between 5.5 and 8 eV, but
the spectrum was dominated by a transition at 6.41 eV
[assigned to I~ 5p* (3P,)6s2—1"5p° 2P, +e] that was
an order of magnitude stronger than any other transition,
and which presumably corresponds to the feature ob-
served by Bydin. As in their previous work, Cunning-
ham and Edwards were able to identify autodetachment
transitions from a common upper state to the two
different states of the I ground configuration. As in Br,
but in contrast to Cl and F, triplet resonances were excit-
ed in collisions of the halogen anion with He. The ener-
gies and assignments reported by Cunningham and Ed-
wards are listed in Table XXI.

Several groups have reported results of radiation mea-
surements in iodine plasmas that have been interpreted as
showing the existence of I~ resonances at significantly
lower energies. Mandl and Hyman (1973) measured the
photodetachment cross section of I~ in a shock-heated
Csl vapor, over the photon energy range 3-6.5 eV. They
observed a pronounced local maximum in the cross sec-
tion at a wavelength of 225 nm, which they attributed to
an autodetaching resonance of I”. The half-width of this
feature was approximately 0.25 eV. Mandl and Hyman
proposed a tentative classification of this resonance as a
5p* 6s6p state, with a b-type coupling scheme. The elec-
tron affinity of I 5p° 2P3 ), is 3.06 eV (Hotop and Line-
berger, 1985), so absorption of a photon of wavelength
225 nm (5.51 eV) yields a state 2.45 eV above I 5p° 2P ,.
Such a state would be bound with respect to the lowest
excited state of I (5p“6s *P5 ,,) by 4.32 eV. A binding en-
ergy of this magnitude would be inconsistent with all
known data on doubly excited negative-ion resonances,
which are typically bound by less than 0.5 eV to a parent
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FIG. 47. Comparison of experimental results for photoattach-
ment continuum radiation from an iodine plasma (Neiger, 1973,
1975) and the photodetachment cross section of I” (Mandl and
Hyman, 1973).

state; the b resonances are usually within 0.1 eV of the
parent. This is true of the b state identified by Cunning-
ham and Edwards (1974), the energy of which cannot be
distinguished from that of the I 5p*6s *P; , state within
the experimental uncertainties. We therefore consider
the assignment of Mandl and Hyman to be incorrect.

Subsequent observations by Neiger (1973, 1975) of the
photoattachment continuum radiation in iodine plasmas
also showed a broad feature centered at photon energy of
about 5.3 eV. This was interpreted as being the same
feature seen by Mandl and Hyman, though the two ex-
periments yield rather different results in that energy
range (see Fig. 47). A review of this work by Popp (1974)
also presents arguments for the existence of a broad ex-
cited state of I, presumed to be 5p6s 3P1, at an energy
of 2.1 eV above the ground state of 1™

Since it is not easy to attribute the resonance proposed
by Mandl and Hyman and by Neiger to a doubly excited
state, we consider whether it is likely for a single electron
to be attached to the I ground state, e.g., as a shape reso-
nance. Iodine does appear to support shape resonances

TABLE XXI. Recommended energies and classifications for negative-ion resonances in iodine. No
specific measurements of widths have been reported, but the experimental data suggest that all widths
are less than ~200 meV. The energies are expressed relative to the 5p°2P%,, ground state of I. All
values are from Cunningham and Edwards (1974b). Figures in parentheses represent the uncertainty in

the least significant digit.

Classification Energy (eV) Width (meV) Comments
5p*(°P,)6s 6.41(6) a
5p*(3P,)6s6p (°P°) 6.75(6) b
5p*(3P, )6s? 7.15(6) a: presumably two fine-
structure states separated by
~80 meV. Not clearly resolved in
the experiment
5p“('D,)6s 8.06(6) a
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FIG. 48. Photodetachment spectrum of I as computed by Ra-
dojevic et al. (1987).

in the d and f waves, quite similar to those known in Xe;
but these would occur at higher energies (10-20 eV; see
Sec. VI.E), and their widths are also too large to explain
the observations. Singly excited resonances of this type
would presumably show up in the relativistic random-
phase-approximation calculations of I~ photodetach-
ment by Radojevic et al. (1987), but these calculations do
not display any structure in this energy range other than
that attributable to thresholds (Fig. 48). The binding en-
ergy required for a singly excited state of I, bound with
respect to core-excited I 5s5pS, is also unrealistically
large. We thus believe that the observed photodetach-
ment features are not caused by excited states of 1.

G. The Alkaline Earths

1. Beryllium

The presence of a long-lived state of Be™ in Penning
ion sources gave rise to conjectures that a true bound
state of the negative ion might exist (Moiseiwitsch, 1965
and Bethge et al., 1966; see also Massey, 1976). Howev-
er, extensive theoretical calculations have indicated that
the electron affinity of Be 152252 is negative (Weiss, 1968;
Bunge et al., 1982), but that several excited states of Be
can support negative-ion states with relatively long life-
times (Nicolaides et al.,, 1981; Bunge et al., 1982;
Aspromallis et al., 1985, 1986). These states, for exam-
ple, Be 15%252p2 *P, can undergo direct autoionization
only via intermediate coupling (in this particular exam-
ple, to 2S and 2D terms, depending upon the value of J).
This effect is sufficiently weak in a light atom such as Be
to give rise to lifetimes of 10~ sec or longer, and in some
cases the lifetimes are determined by radiative processes
(Aspromallis et al., 1985). These metastable states are
beyond the scope of the present article, but for reference
purposes we list some of them in Table XXII. Further
information can be found in Bunge et al. (1982) and
Aspromallis et al. (1985, 1986).

There are no high-resolution experimental data avail-
able on electron-scattering resonances of Be™. Some
low-resolution (AE =~ 1.0 eV) optical excitation functions
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TABLE XXII. Recommended energies, widths, and
classifications for negative-ion resonances in beryllium. The en-
ergies of the metastable states are average-of-configuration
values and are referenced with respect to the energies of the ap-
propriate parent states, respectively, 2s2p *P° and 2p23P. All
values are theoretical.

Energy Width
Classification eV) (meV) Comments
2s%ep 2P° 0.323 296 b: McNutt and
McCurdy (1983)

252p*tP —0.285 Bunge et al. (1982)
Fine structure <0.1 meV
Aspromallis et al. (1985)

2p34s° —0.262 Bunge et al. (1982)

have been measured by Aleksakhin and Zayats (1974),
and in some cases, particularly the 33§ —23P transition
at 332.1 nm, they found strong near-threshold structure
which may have been due in part to resonances.

A low-energy b-type shape resonance has been investi-
gated quite extensively by various theoretical approaches.
This resonance, which takes the configuration Be™
1s%2s%ep 2P°, has been of particular interest in the devel-
opment of complex-coordinate rotation methods. Two
semiempirical methods have been used to compute the
resonance parameters. Hunt and Moiseiwitsch (1970)
performed model potential calculations for a number of
p-wave shape resonances in electron scattering by neutral
atoms. Their model potential is identical to the one used
by Allis and Morse (1931) for the description of elastic
electron scattering:

Vir)=—Z/r +(Z —z)/ry, r<ry,

=—z/r, r>ry, (37)
in atomic units, where Z is the atomic number, z is the
effective asymptotic charge or ionization stage (z =0 for
a neutral target), and r is a parameter that depends qua-
dratically upon Z and which is adjusted to give the best
fit to the ionization limit along an isoelectronic series.
For electron scattering by Be, this fit yielded »,=2.53a.
The model potential [Eq. (37)] has the proper coefficient
of » ! in the limits »—0 and »— o, and the resulting
Schrodinger equation can be solved in closed form in
terms of Whittaker and Bessel functions. Much physics
is left out of this model, most notably the long-range po-
larization potential, and it is not an approach that can be
improved systematically. Nevertheless, its results are
often found to be qualitatively correct. Ground-state
electron affinities computed in this model are usually ac-
curate to within 0.2 eV. It yields a shape resonance in p-
wave scattering by Be, with an energy of 0.60 eV and a
width of 0.22 eV.

A more detailed, and presumably more realistic, model
potential has been utilized by Kurtz and co-workers
(Kurtz and Ohrn, 1979; Kurtz and Jordan, 1981). They
perform two types of calculation: (i) the static-exchange
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(SE) approximation, i.e., solution of the Hartree-Fock
equations for a p electron in the field of a frozen
Hartree-Fock Be 1s%2s? target; (ii) a static-exchange-
with-polarization (SEP) approximation, in which the SE
equations are supplemented by a polarization potential of
the form

Vir)=—(a/2rd)r, r<ry,
=—(a/2)r™ 4 r>rg, (38)

in atomic units, where a is the static electric polarizabili-
ty of the target, and r; is chosen to be the distance at
which the centrifugal and polarization potentials cancel,
ro=[la/l(1+1)]7'2. This potential has the correct
behavior to order » ~* at large 7, but the means by which
it is cut off at small r is arbitrary. As will be discussed
below, the SEP model gives reasonable agreement with
experiment for electron scattering by Mg; and the general
picture of low-energy shape resonances deriving from
the potential barrier structure due to polarization and
centrifugal potentials has been quite successful (Johnston,
1983). The resonance parameters E,I"’ were determined
by Kurtz et al. from the maximum value and width of
the computed cross section and from the maximum value
of d8/dE. These two methods give different results, and
neither need necessarily coincide with values obtained
from the Blatt-Jackson formula. We cite here only the
values from the phase-shift analysis, since the SE results
are closest to those of Rescigno, McCurdy, and Orel
(1978) discussed below, which were obtained by a
mathematically equivalent method. In the SE approxi-
mation, E =0.75 eV, I'=1.64 eV, in the SEP approxima-
tion, E =0.14 eV, I’'=0.13 eV. It is clear that polariza-
bility significantly affects the position and width of this
resonance. The simple barrier-height model of Kurtz
and Jordan (see Sec. IV.C.1) gives an energy of 0.360 eV
for the top of the potential barrier formed by a combina-
tion of centrifugal and polarization effects. Later work
by Yuan and Zhang (1989), using static exchange supple-
mented by a correlation-polarization potential derived
from density-functional theory, obtained similar results.
The first approach to computation of the b resonance
in Be™ by purely ab initio means was a complex-
coordinate rotation calculation by Rescigno, McCurdy,
and Orel (1978). This calculation was also apparently
among the first attempts to apply complex-coordinate
techniques to a system with more than two electrons.
However, since it was limited to a solution of the frozen-
core Hartree-Fock equations of motion for a p wave in
the field of Be 1s5%2s2, it was, in effect, a description of a
resonance in the motion of a single electron in a (nonlo-
cal) potential. In this calculation the 1s and 2s orbitals
were the Hartree-Fock orbitals of Be 152252, as con-
structed from a basis of five Slater-type orbitals (STOs),
and the p wave was represented by a set of 14 STOs that
were evidently chosen by standard criteria, i.e., partial
arithmetical and geometrical progression of the ex-
ponents. No optimization of the orbital basis was report-
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ed, but the results were found to be relatively insensitive
to variations of the exponents. The coordinates of the p
orbital alone were subject to complex rotation. As has
usually been the case in practical calculations, the com-
plex energy of the resonance was found to be dependent
upon the rotation angle, but it “stabilized” within a cer-
tain range of angles. The resulting parameters associated
with the solution in the stable range were E =0.76 eV,
I'=1.11 eV. Rescigno et al. also performed a standard
frozen-core continuum Hartree-Fock calculation of
e +Be scattering and found a phase-shift curve typical of
a low-energy shape resonance. A fit of the computed
phase shift to the Blatt-Jackson effective-range formula
gave values of E and I' that agreed with the rotated-
coordinate calculation, as expected from the mathemati-
cal identity of the two approaches. These calculations
are equivalent to the later SE calculations of Kurtz ez al.

Donnelly and Simons (1980) utilized a variant of the
complex-coordinate technique, in which the electron
propagator is analytically continued into the complex en-
ergy plane, its poles corresponding to resonances. In
their specific approach, the propagator accounts for the
effects of electron-electron interaction to second order of
perturbation theory (zeroth order constituting the
Hartree-Fock approximation). A Gaussian orbital basis
of 5s and 7p functions was used to construct the propaga-
tor. The coordinate transformation used by Donnelly
and Simons took the form r —(ae®)r. Variation of both
a and 6 gives both complex-coordinate rotation and dila-
tion, which effectively provides a uniform scaling of the
exponents of the basis functions. The resonance parame-
ters were found to be E =0.57 eV, I'=0.99 eV. The
lowering of E from the frozen-core Hartree-Fock value of
Rescigno, McCurdy, and Orel (1978) is to be expected
from the inclusion of some effects of electron correlation
and core relaxation. A subsequent Gaussian basis set cal-
culation was undertaken by McCurdy et al. (1980), who
derived complex self-consistent-field equations for all or-
bitals subject to complex-coordinate rotation. This gen-
eralization of the frozen-core approximation takes ac-
count of core relaxation (but not electron correlation)
and yields an energy of 0.70 eV and a width of 0.51 eV.
Subsequent work by the same group (McNutt and
McCurdy, 1983) provides the most comprehensive
structural account of the Be™ shape resonance to date.
This approach generated the complex self-consistent-field
solution of Be™ 1s?2s2ep in terms of STO’s and then al-
lowed it to interact with all configurations that could be
reached by single, double, and triple excitations out of
the valence shell 2s%ep in an orbital space of five addi-
tional s, four p, and four d STOs. A 229-configuration
calculation incorporating all single and double valence
excitations gave E =0.58 eV, I'=0.377 eV; a 745-
configuration calculation including up to triple excita-
tions yielded E =0.323 eV, I'=0.296 eV. We regard
these latter values as the most reliable resonance parame-
ters and use them for the sole resonance entry for Be in
Table XXII. They could presumably be improved by
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refinement of the approximation, e.g., to include polar-
ization of the K shell. This has been done in a modelistic
way by Kim and Greene (1989), whose results are dis-
cussed below. Results of comparable accuracy could
presumably be obtained with a much smaller set of
configurations if the orbitals were generated by a com-
plex multiconfiguration self-consistent-field procedure, as
is routinely done for bound states of atoms and small
molecules. However, such an approach to rotated-
coordinate calculations apparently has not yet been im-
plemented.

Another version of the electron propagator technique,
similar to that of Donnelly and Simons, is described by
Mishra, Goscinski, and Ohrn (1983), who obtain
E =0.62 eV, I'=0.60 eV. Krylstedt et al. (1987, 1988)
have used a rotated-coordinate approach, with either an
Xa approximation for the exchange potential or an exact
treatment of exchange, and with a long-range polariza-
tion potential with an adjustable cutoff parameter rg;
they find a significant dependence of the resonance pa-
rameters upon r, and obtain values that are comparable
to those of Kurtz and Jordan (1981). Krylstedt et al.
(1987) contains a useful table that compares the theoreti-
cal results known at the time. A related review of
complex-coordinate multiconfiguration self-consistent-
field methods with application to some of the alkaline-
earth resonances is given by Elander et al. (1989).

The most recent rotated-coordinate treatments of the
Be™ shape resonance, as of the time of this writing, are
the rotated-coordinate calculations of Frye and
Armstrong (1986) and Bentley (1990). These authors
derive the complex Hartree-Fock equations for the 1s, 2s,
and ep orbitals in a manner equivalent to that of McCur-
dy et al. (1980). However, they solve them by using a
modification of the Hartree-Fock code of Froese Fischer
(1978), in which the orbitals are represented by numerical
functions defined on a radial mesh, rather than by a su-
perposition of STO or Gaussian basis functions. This ap-
proach should eliminate any artifacts due to basis set
dependence that may have been present in previous cal-
culations. In this approach the complex energy of the
resonance is found to be independent (to within 1073
a.u.) of the rotation angle 6, a situation that is unique
among the rotated-coordinate treatments of this case.
Frye and Armstrong conjectured that this independence
of 6 derives from the use of numerical vs expansion
methods for the solution of the Hartree-Fock equations.
This is substantiated by Bentley, who finds a similar 0 in-
dependence for all other systems treated by this method.
Their computed parameters E =0.69 eV, '=0.51 eV are
essentially the same as those of McCurdy et al. (1980),
which is to be expected since the two approximations
differ only in computational implementation.

Kim and Greene (1989) employ an approach in which
correlations of the outer three electrons of the Be™ com-
plex are treated extensively, and the electron-core in-
teraction is represented by a model potential that gives
accurate energy levels of Bet. They use an R-matrix ap-
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proximation in which the three outer electrons are
represented explicitly in a spherical box of radius
ro=18a,; diagonalization of the Hamiltonian within the
box then provides a logarithmic-derivative boundary
condition for the wave function of the continuum elec-
tron at r =r, from which the scattering phase shift can
be inferred. The three-electron wave function inside the
box was represented by a superposition of 242
configurations. The resulting resonance parameters
E =0.254 eV, I'=0.206 eV are comparable to those ob-
tained in the SEP and the multiconfiguration self-
consistent-field approaches. Kim and Greene present an
interesting analysis of the behavior of the b resonance
along the alkaline-earth sequence, which we discuss in
Sec. VI.B.

It is probable that excited states of Be support reso-
nances, and the low-resolution optical excitation func-
tions of Aleksakhin and Zayats (1974), which were men-
tioned above, may be an indicator of such states; but we
are otherwise unaware of any calculations that exhibit
them. The most obvious candidates for investigation are
other terms of the configuration of the metastable states
of Be ™, e.g., 252p? 2P,%S, and 2D, and 2p* ?P° and 2D".

2. Magnesium

Magnesium is the first member of the alkaline-earth
series for which some high-resolution electron-scattering
data are available, although, consistent with the other
members of the group, this is generally limited to the
low-lying resonances and is not particularly extensive.

Similar to beryllium, the electron affinity for the Mg~
ground state is negative. This was first demonstrated ex-
perimentally in electron transmission experiments (Bur-
row and Comer, 1975; Burrow et al., 1976) where mag-
nesium was shown to support a low-energy b-type shape
resonance 3s%ep *P° at E =0.15 eV (Fig. 49). These ex-
periments, which to our knowledge represent the only
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FIG. 49. Transmitted electron spectrum for Mg (from Burrow
et al., 1976).
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direct experimental investigation of resonances in Mg,
also indicated further structure due to short-lived states
of Mg~ near the thresholds of the 3s3p 3P° states at 2.71
eV and the 3s3p !P° state at 4.36 eV. No comment is
given on the possible origins of these structures. They do
comment on a broad, weak feature centered at about 1.2
eV which they postulate is due to a d-wave shape reso-
nance, i.e., 3s%ed 2D. Long-lived excited states of Mg~
have been observed in Penning ion sources (Bethge et al.,
1966); their energies have been calculated by Weiss
(1968). They have the term designation 3s3p? *P and
cannot autodetach in LS coupling. This work has been
summarized by Hotop and Lineberger (1975).

There have been quite a number of calculations on the
Mg~ b resonance, many of which were performed by the
methods applied to Be™ and which are described in the
previous section. The model potential calculation of
Hunt and Moiseiwitsch (1970) gives an energy of 0.37 eV
for this state, while the other empirical technique, hor-
izontal analysis, places this resonance at 0.52 eV
(Zollwegg, 1969). Two early close-coupling calculations
by Van Blerkom (1970) and Fabrikant (1974) yielded
significantly different values for the low-energy elastic-
scattering cross section for Mg. Van Blerkom’s cross sec-
tion indicates a p-wave resonance at about 0.95 eV, while
no low-energy resonance was found by Fabrikant, al-
though he proposes several reasons for the enormous
differences in the two cross sections as E —0. Both cal-
culations indicate further resonance activity at higher en-
ergies. Fabrikant finds a resonance in the d wave at an
energy of about 2.6 eV, van Blerkom resonances in both
the p and d wave around 3.25 eV above the threshold of
the 3 3P states, and s- and d-wave resonances at about 5.8
eV. Hazi (1978) used a projection method to compute
the width of the b resonance, obtaining a value of 200
meV. , .

Kurtz and co-workers (Kurtz and Ohrn, 1979; Kurtz
and Jordan, 1981) have calculated resonance parameters
for magnesium in the SE and SEP approximations. The
3s2gp 2P° resonance parameters in the SEP approxima-
tion are E =0.14 eV, I'=0.24 eV, which are in good
agreement with the experimental values. As in Be, the
inclusion of polarization greatly affects these values; in
the SE approximation, they are E =0.46 eV, '=1.53
eV. Kurtz and Jordan also use their calculated elastic-
scattering cross section for Mg to derive an attenuation
curve which can be compared, quite favorably, with the
experimental result of Burrow et al. They also calculate
the energy of the 3s? ed 2D resonance to be about 2 eV.
In making comparisons between experiment and theory
for the low-energy shape resonances in this and other
atomic systems, Kurtz and Jordan also comment on the
uncertainties that can arise from determining the posi-
tion of a weak resonance when its width is comparable to
its absolute energy. Their barrier-height model predicts
energies of about 0.19 and 1.7 eV for the 2P° and 2D reso-
nances, respectively. Subsequent calculations using a
similar approximation (Yuan and Zhang, 1989) gave very
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similar results.

As for Be, a considerable number of calculations using
variants of the rotated-coordinate method have been ap-
plied to the Mg~ shape resonance. McCurdy et al.
(1981) used the complex self-consistent-field method in a
single-configuration calculation with self-consistent solu-
tion of all orbitals; they obtained E =0.505 eV, I'=0.542
eV. As for Be, the effects of core relaxation can be deter-
mined by comparison between self-consistent-field and
SE results; in this case, E is slightly increased by core re-
laxation, and the width is reduced by a factor of 3.
Mishra, Kurtz, et al. (1983) used the second-order propa-
gator method and obtained results that are roughly con-
sistent with those of the SEP method, but which exhibit
strong basis set dependence. Krylstedt et al. (1987, 1988)
used several SEP-type methods to obtain results compa-
rable to those of Kurtz and Jordan (1981); Krylstedt
et al. (1987) contains a useful table of comparisons with
previous work. Bentley (1990) used a fully numerical
self-consistent-field technique and obtained results very
close to those of McCurdy et al. (1981), as is to be ex-
pected: E =0.5055 eV, '=0.5520 eV. Kim and Greene
(1989) used the R-matrix approach they applied to Be to
get E =0.161 eV, I'=0.16 eV, in good agreement with
the experimental values.

At higher energies, structure that may be due to reso-
nances has been observed in optical excitation functions
for the 3s3p 1p° state (Karstensen and Koster, 1971;
Aleksakhin et al., 1973; Leep and Gallagher, 1976). In
most cases in this work, structure in the excitation func-
tion is attributed to cascade contributions from higher
excited states. It would appear, however, that a sharp,
quite strong feature observed by Leep and Gallagher in
the linear polarization fraction of the 285.2-nm line at
about 5.0 eV may be due to a resonance of unknown sym-
metry. It is well below the next excited state that can
cascade via the 3s3p 1p° the 3s4s 1S state at 5.39 eV and
is presumably too far above the 3s3p !P° to be a shape
resonance associated with that state. One possible
configuration is 3s3p?, although this is highly specula-
tive. No similar structure is observed in the transmission
experiments of Burrow et al. near this energy.

Recommended values for the energies, widths, and
classifications of Mg~ resonances are given in Table
XXIII.

TABLE XXIII. Recommended energies, widths, and
classifications of negative-ion resonances in magnesium. Values
are from the experiments of Burrow et al. (Burrow and Comer,
1975; Burrow et al., 1976).

Classification Energy (eV) Width (meV) Comments
3s%ep 2P° 0.15 ~160 b
3s2%ed 2D ~1.5 ~1.0

2.5-3.0
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3. Calcium

At least one long-lived state of Ca™ is produced copi-
ously in Penning ion sources (Heinicke and Baumann,
1969), and for many years it was thought to be a metasta-
ble state, such as those of Be~ and Mg, for which au-
toionization is forbidden in LS coupling. The 4s4p? *P
state of Ca™ has indeed been calculated to lie below Ca
4s4p 3P° (Bunge et al., 1982). However, estimates of rel-
ativistic effects by Beck (1987) indicated that the lifetime
of this state should be substantially shorter than that in-
ferred from experiment. We discuss this further in the
final paragraph of this section.

Correspondingly, it was also widely believed that the
45%4p 2P° state of Ca~ would be unbound, i.e., that Ca
would support a p-wave shape resonance at low energy.
Amusia and Cherepkov (1975) calculated phase shifts for
p- and d-wave scattering by Ca in both Hartree-Fock and
random-phase with exchange approximations and found
low-energy shape resonances in both approximations.
The calculations of Kurtz and Jordan (1981) gave shape
resonances in both the static-exchange (SE) and the
static-exchange-plus-polarization (SEP) approximations:
the SE results gave E =0.24 eV, '=0.54 eV, the SEP
approximation yielded E =0.06 eV, I'=0.1 V.
Complex-coordinate self-consistent-field calculations by
McCurdy et al. (1981) gave E =0.225 eV, I'=0.162 €eV;
these calculations represented the Ca~ wave function by
a single Slater determinant and so should give results that
differ from the SE approximation due only to effects of
core relaxation. On the other hand, a more recent calcu-
lation (Yuan and Zhang, 1989), in which the SE potential
was supplemented by a correlation-polarization potential
derived from density-functional theory, found no p-wave
shape resonance. In a transmission experiment by
Johnston and Burrow (1979) no low-energy resonance
was observed. Total-cross-section measurements made
by Romanyuk ez al. (1980) using a trapped-electron
method found the cross section to increase monotonically
as the electron energy went to zero, and did not reveal
any structure at collision energies less than 1 eV (both ex-
periments did find higher-energy resonances, which we
discuss below).

However, recent evidence, both experimental (Pegg
et al., 1987; Garwan et al., 1990; Walter and Peterson,
1991) and theoretical (Froese Fischer et al., 1987, and
references in Walter and Peterson, 1991), indicates that
the 4s24p 2P° ground state of Ca™ is indeed bound, with a
binding energy of less than 0.05 eV. At the time of this
writing, there is a discrepancy between the two experi-
mental values of the binding energy, which have been
determined independently by photoelectron spectroscopy
(Pegg et al., 1987: 4317 meV) and a fit of the threshold
behavior of the photodetachment cross section (Walter
and Peterson, 1991: 18.4+2.5 meV). In the light of this
new information, it is interesting to reexamine older ex-
periments on Ca~ from discharge sources to see whether
previously unidentified features can now be understood.
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Photodetachment of Ca~ from a discharge source was
measured by Heinicke et al. (1974) over the photon ener-
gy range 0.45-3.2 eV. The total photodetachment cross
section was found to decrease monotonically from 0.45
eV to a minimum at 1.2 eV, and then to rise steadily, ex-
hibiting a shoulder at 2.2 eV and, finally, a pronounced
resonance-type structure at 3 eV with a width of ~0.5
eV. In the electron transmission measurements referred
to earlier, Johnston and Burrow did identify two reso-
nance features, a broad structure at an energy of 1.1 eV
and a significantly sharper feature at about 2.8 eV. The
lower-energy resonance was classified as a 4s23d shape
resonance. The calculated barrier height (Kurtz and Jor-
dan, 1981) for such a resonance is 0.725 eV, while the
SEP approximation of the same authors gives an energy
of about 0.8 eV for this state. Based on correspondences
with the behavior exhibited in the group-IIB metals Zn,
Cd, and Hg, the higher-energy resonance has been
classified (Johnston et al., 1989) as the 4s4p? 2D state of
Ca”. They note that the correspondence with the
heavier targets indicates that this state should lie close in
energy to the 4s4p 3P° excited states of calcium at about
1.89 eV. That it lies significantly above this energy is in-
terpreted by Johnston et al. as resulting from significant
configuration interaction with the lower resonance. They
substantiate this view by performing configuration-
interaction calculations for the 4s? 3d and 4s4p? reso-
nances and finding that the actual eigenstates involve
nearly complete mixing of these two configurations.

They further note that since both of these resonances
are accessible from the Ca™ ground state by photon exci-
tation, they may also be present in the photodetachment
cross section. Indeed, they postulate that the structure
observed at around 3 eV by Heinicke et al. may be due to
this resonance.

Walter and Peterson (1991) have very recently carried
out a series of photodetachment measurements on Ca™
that confirm the existence of the bound 2P ground state,
but their measurements indicate an electron affinity of
18+2 meV. These measurements also clearly show a
large shape resonance at around 3 eV, which they
confirm as the 4s4p? 2D resonance observed in the
electron-scattering measurements.

A feature at about 1.7 eV was seen in the total-cross-
section measurements of Romanyuk et al. (1980) and was
attributed by them to the d-wave shape resonance. No
other resonances were found by them in the 0-10-eV en-
ergy range. Kazakov and Khristoforov (1985) measured
differential elastic cross sections and 4s4p 3P° and 4s3d
3D excitation functions at 90°, for electron scattering by
Ca vapor, in the energy range 0—7 eV. They observed a
broad resonance in elastic scattering at around 1.25 eV,
which is attributable to the 2D shape resonance. They
also note a relatively sharp feature at the 4s4p >P° thresh-
old, which is visible both in the elastic cross section and
the 4sd4p 3P° excitation function, and speculate that it
may be due to a resonance. Their data exhibit a broad
feature around 3 eV that might be associated with the
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TABLE XXIV. Recommended energies, widths, and
classifications for negative-ion resonances in calcium. Figures
in parentheses represent the uncertainty in the least significant
digit.

Energy Width
Classification (eV) (meV) Comments
4s5%4p p° —0.0184(25) Stable Walter & Peterson (1991)
45%3d 1.1 Johnston & Burrow
4s4p22D 2.95 Photodetachment:

Walter & Peterson (1991)

4s54p? 2D resonance. They comment upon the existence
of other structure in the cross section near the 4s5s >18
and 4s5p 3p° thresholds, but the data shown in their pa-
per does not lend itself to extensive interpretation.

At higher energies there is once again a series of opti-
cal excitation function measurements for excited states of
calcium following electron impact. Ehlers and Gallagher
(1973) measured the absolute excitation cross section for
the 4p ! P° emission at 422.7 nm with an energy resolution
of about 0.3 eV. The structure that they observed in both
the excitation cross section and the linear polarization
fraction adjacent to the threshold region for higher excit-
ed states was attributed to cascading from some of these
states. The possibility that some of this structure is due
to resonances cannot be discounted.

Garga et al. (1974) measured optical excitation func-
tions for more than 25 excited states of calcium with an
energy resolution of 1.0-1.2 eV. They observed a large
amount of structure and noted the possibility that some
of it may be due to the decay of temporary negative ions.
Given the resolution of these experiments and the lack of
detailed information concerning the observed structures,
it is not wise for us to comment further upon them.

After the discovery of stable Ca ™, a metastable state of
Ca~ was discovered by Hanstorp et al. (1989) and
identified as 4s4p? *P% ,,. Both the lifetime (2904100 us)
and binding energy (56215 meV with respect to 4s4p
3P°) were determined.

Recommended values for the energies, widths, and
classifications of Ca™ resonances are given in Table
XXIV.

4. Strontium

There is little information on the spectrum of the nega-
tive strontium ion. Kaiser et al. (1971) found evidence
for a long-lived state of Sr™ in Penning discharges. This
was, at one time, thought to be a metastable state (Hotop
and Lineberger, 1975) analogous to those known in Be
and Mg, e.g., a 5s5p2 *P state. However, since the life-
times of such metastable states are limited by relativistic
autoionization, which should become more probable with
increasing ‘nuclear charge, the results of Beck (1987) for
Ca would suggest that such a state would be too short-
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lived to be detected by these means. Several theoretical
calculations, reviewed in Sec. VI.B, suggest that Sr~ has
a stable bound state analogous to that of Ca™, i.e., a
5s25p b state. A long-lived state of Sr™ has recently been
observed by Garwan et al. (1990).

Optical excitation functions have been measured with
low-energy resolution by Starodub et al. (1973) and Alek-
sakhin et al. (1974) and with somewhat better resolution
by Chen and Gallagher (1976). The former have mea-
sured excitation functions for a large number of excited
states of strontium, many of which exhibit strong thresh-
old peaks or near-threshold structure which may be due
to resonances. Chen et al. measured the absolute excita-
tion cross section for the 5p !P° state of strontium with
an energy resolution of 0.22 eV. They observed several
features in the excitation function that are attributed to
cascade contributions from higher-lying states. It is pos-
sible that a strong, sharp feature observed in both the to-
tal photon yield and in the derived linear polarization
fraction at an energy of about 4.0 eV is due to resonance
effects near the threshold of the 6s 'S state at 3.793 eV,
but it is not profitable to speculate any further on this.

Romanyuk et al. (1980) measured total cross sections
for electron scattering by Sr in the energy range 0—10 eV.
They saw one feature which they attributed to a reso-
nance, at 1.2 eV. It is likely that Sr supports a d-wave
shape resonance analogous to that of Ca, and this is the
identification made by Romanyuk et al. No other struc-
ture is discernible in their published data.

5. Barium

The situation in barium is very similar to that outlined
above, although there is even less evidence for the pres-
ence of Ba™ resonances than in the case of strontium.
Once again, long-lived negative ions have been observed
by Kaiser et al. (1971) and by Garwan et al. (1990),
which are presumed to account for the b state (see Sec.
VI.B). There is essentially no evidence for structures that
may be interpreted as resonances either in the electron-
impact-induced optical excitation functions of Aleksa-
khin et al. (1973) or in the work of Chen and Gallagher
(1976). Total-cross-section measurements by Romanyuk
et al. (1980) revealed no structures in electron scattering
by Ba in the 0—10-eV energy range, in contrast to similar
experiments on Ca and Sr, where low-energy d-wave
shape resonances were observed. However, it should be
noted that the strength of the Ca and Sr resonances was
quite weak in these experiments, so the absence of any
features in Ba is not conclusive.

H. Group-IlIB elements

The group-1IB elements, Zn, Cd, and Hg, have ground
configurations (n —1)d °ns?, and they exhibit low-energy
b shape resonances similar to those in alkaline earth
(np®ns?) and alkali (np°ns) atoms. Mercury, in particu-
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lar, also displays exceedingly rich resonance structure at
higher energies that has been studied by a wide variety of
electron collision techniques.

1. Zinc

The ground state of the zinc negative ion is formed by
the addition of an electron to the 3d °4s? neutral ground
state. This state (3d'%4s24p 2P°) is not bound and has
been observed in transmission measurements of the total
cross section (Burrow et al., 1976) at an energy of 0.49
eV. To our knowledge this is the only experimental ob-
servation of this resonance. Its position has been calcu-
lated in a semiempirical fashion by Zollweg (1969), using
horizontal analysis techniques, and by Sinfailam (1981),
who used a semirelativistic Dirac-Fock approach to cal-
culate shape resonances in elastic electron scattering in a
number of group-II elements. These calculations find
this state at 0.67 and 0.23 eV, respectively. In the latter
case the resonance position is likely to depend critically
on the polarization potential, and the approximation
used in this case (Pople and Schofield, 1957) may result in
this potential’s being overestimated (Sinfailam, 1981).

The simple barrier-height model (Kurtz and Jordan,
1981—see Sec. IV.C.1) can also be applied to estimate
the energy of this p-wave shape resonance. Using the
tabulated polarizability for zinc of Miller and Bederson
(1977) of 47.78 a.u., we obtain an energy of 0.29 eV for
the barrier height for such a configuration.

At higher energies, there have been only two observa-
tions of structure in electron-scattering cross sections
that are attributed to resonances (Shpenik et al., 1973;
Burrow et al., 1976). Shpenik et al. measured optical ex-
citation functions for six levels of neutral zinc excited by
electron impact. They observed, with an energy resolu-
tion of about 80 meV, 11 structures in these excitation
functions, and, although they believed that one of these
structures may have been due to a cascade contribution
from a higher-lying state, it is most likely that many are
due to resonances. Three of these features also lie above
the 2S,,, ionization limit at 9.391 eV. Burrow et al.,
whose transmission results extend to about 6.5 eV, ob-
serve a strong, broad structure just above the 4s4p *P°
thresholds and a cusp at the 4s4p 'P° threshold, but they
make no comment on the likely classifications of these
states. In addition, they observe, in each of the group-II
metals that they studied, a very weak, broad structure
that lies between the low-energy shape resonance and the
first excited levels of the neutral atom. In zinc this
feature seems to occur between 2 and 3 eV. From a sur-
vey of the levels of isoelectronic atoms, they speculate
that this may be a shape resonance in the d wave (4s24d
’D). The height of the potential barrier associated with
such a d-wave resonance (in the barrier-height model) is
about 2.56 eV).

Apart from their tabulated positions, there is little in-
formation available concerning the resonances observed
by Shpenik et al. One could to some extent be guided by
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TABLE XXV. Recommended energies, widths, and
classifications of negative-ion resonances in Zn. The figures in
parentheses represent the uncertainties in the least significant
digit. Except where indicated otherwise, all energies are from
Shpenik et al. (1973).

Width
(meV)

Energy
Classification (eV)

3d"4s%4p 2p° 0.49
3d'°45%4d *D ~2.5
3d'%4s4p? 4.36
3d'%4s5s? 6.0-6.4
7.18
3d%4s5p? 7.56
7.80
8.22
8.33
8.60
8.80
10.87
11.27
11.80

Comments

Burrow et al. (1976)
Burrow et al. (1976)
Present classification
Present classification

Present classification

isoelectronic sequences and by the extensively studied
levels of Hg™ (see Sec. IV.H.3), although, in the latter
case, there is a large number of resonances observed and
the individual terms are well defined due to the larger
spin-orbit splitting.

Based on the above and on the predictions of the
modified Rydberg formula, we have applied tentative
classifications to some of those resonances below the
%S, ,, ionization potential. The broad feature observed at
4.36 eV in the excitation function for the 4s4p >PS state is
presumably due to one or more terms of the
configuration 3d '%s4p2. Although it is not tabulated by
Shpenik et al., there appears to be a broad, weak struc-
ture at about 6.0-6.4 eV in this same excitation function.
This could be the 3d!%4s5s configuration which the
modified Rydberg formula places at about 6.4 eV, about
0.3 eV below the center of gravity for the 4s5s neutral ex-
cited states. Some of the group of structures between
7.18 and 8.0 eV in the excitation function for the 4s5s 35,
state probably belong to the configuration 3d'%4s5p2.
Such states would have even parity and could decay to
the 5s S, level by emission of an s- or d-wave electron.
There is not enough information to make even specula-
tive classifications for the higher-lying structures.

Our assessments of the energies and widths of the Zn™
resonances together with their proposed classifications,
where appropriate, are shown in Table XXV.

2. Cadmium

The situation in cadmium is very similar to that out-
lined for zinc. Once again there have been very few ex-
perimental or theoretical studies of Cd™, and only the
lowest-lying levels have been classified. The protagonists
in these studies are also those who carried out the investi-
gations in zinc.
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Once again, cadmium also exhibits a low-lying shape
resonance with the configuration 4d '°5s25p 2P°. In their
transmission experiment, Burrow et al. find this state at
0.33 eV, in good agreement with the calculated value of
0.28 eV (Sinfailam—see above) but not with the extrapo-
lated value of 0.78 eV (Zollweg, 1969). The barrier-
height model predicts a value of 0.34 eV for the height of
the p-wave potential barrier. The broad structure that
Burrow et al. associate with a possible d-wave shape res-
onance occurs at about 2 eV in cadmium, which can be
compared to the calculated barrier height of just over 3
ev.

The situation at higher energies in cadmium is essen-
tially identical to that in zinc. Burrow et al. observe a
single broad structure in the vicinity of the 5s5p 3P2’,,l’2
thresholds, just below 4 eV. This structure also dom-
inates the excitation function for the S5p P} state
(Shpenik et al., 1973; Zapesochnyiv et al., 1974), where it
appears at an energy of 4.16 eV. It is most likely due to
one or more resonances with the configuration
4d'%5s5p2. In addition to this feature, Burrow et al. also
detect a cusp at the threshold of the 5p !Pj state at 5.417
eV, similar to the case in zinc. However, unlike the cor-
responding situation in zinc, Shpenik et al. have mea-
sured the excitation function for this state and, while it is
not specified in their list of tabulated resonance values,
there is clear evidence of a sharp structure at the thresh-
old for this state which may, in fact, be a resonance. If
this is so, and we stress that the uncertainty involved in
assessing such spectra is considerable, it is most likely
another member of the 4d °5s5p? configuration.

The next feature tabulated by Shpenik et al. is at an
energy of 6.82 eV. However, once again it appears that
there may be other weak structures present in the excita-
tion function for the 5p !Pj state at energies of about 5.9

TABLE XXVI. Recommended energies, widths, and
classifications of negative-ion resonances in Cd. The figures in
parentheses represent the uncertainties in the least significant
digit. Except where indicated otherwise, all energies are from
Shpenik ez al. (1973).

Energy Width
Classification (eV) (meV) Comments
4d1%5525p 2p° 0.33 Burrow et al. (1976)
4d1°55254 2D ~2.0 Burrow et al. (1976)
4d1%555p? 4.16 Present classification
4d1%555p? 5.42 "
4d 1955652 ~5.9 "
4d1%556p*? 6.82 "
4d'°556p? 7.24 "
4d'%556p? 7.38
7.96
8.19
8.37
9.38
11.83
11.99
12.18
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eV and 6.4 eV. The higher of these is a small discontinui-
ty that is apparently coincident with the opening of the
5s6s 3S; channel. The lower-energy feature is a weak,
broad dip in the excitation cross section that is consistent
with a similar structure observed in zinc and with the
predicted (modified Rydberg formula) position of the
4d '°55652 resonance at 6.1 eV.

The resonances in the region of 7 eV, at 6.82, 7.24, and
7.38 eV, are observed in three of the excitation functions
measured by Shpenik et al., namely, those for the 5p 3P‘;,
5p 'P5, and 6s 3S, states. Their dominant contribution is
undoubtedly to the latter state, which is consistent with a
speculative classification as 4d'°5s6p2.  Such a
configuration is predicted by the modified Rydberg for-
mula to occur at about 7.3 eV and could decay to the 6s
3S, by emission of an s- or d-wave electron, while a p- or
f-wave outgoing electron is required for decay to the 5p
1.3ps states to conserve parity.

Tabulated values of the energies and widths of the Cd ™
resonances together with their proposed classifications,
where appropriate, are shown in Table XXVI.

3. Mercury

A large amount of experimental and theoretical work
has been devoted to the study of the negative-ion reso-
nance spectrum of Hg. In particular, low-energy elec-
tron scattering from mercury provides an ideal situation
for testing theoretical approximations in which the in-
clusion of relativistic effects are crucial. Resonance
structure has been observed in both electron-scattering
and electron swarm experiments at energies ranging from
a few hundred millivolts to the 2D, ,, ionization potential
at 16.7 eV. In addition to the more conventional
differential, total- (o), and momentum-transfer (o ,,)
cross-section measurements, a number of measurements
of the polarization of the radiation emitted by various ex-
cited states have also been made. Theoretical calcula-
tions on this target include fully relativistic solutions of
the Dirac equation, the inclusion of relativistic effects in
various approximate means in the nonrelativistic
Schrodinger equation, and the relativistic R-matrix
method.

The outer electron configuration of the ground state of
mercury is 5d'%6s? 1S,. The lowest-lying negative-ion
state involves the attachment of an extra electron in the
next available, unfilled 6p orbital: a standard b shape res-
onance. It was first predicted by Rockwood (1973), who
analyzed the electron swarm data of McCutchen (1958)
and derived a o,, which exhibited a broad resonance at
an energy of about 0.65 eV. The first direct experimental
observation of this resonance was made by Burrow and
Michejda (1974; see also Burrow et al., 1976) in high-
resolution electron transmission measurements. They
found that this state, which they classified as 6s%6p
%P3 )5.3,2> occurred at an energy of 0.63+0.03 eV in their
spectrum, which is proportional to a measurement of the
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total cross section. This resonance was observed subse-
quently in several cross sections derived from swarm
measurements (Nakamura and Lucas, 1978a, 1978b; El-
ford, 1980; England and Elford, 1991) and in a total-
cross-section measurement by Jost and Ohnemus (1979).
However, the level of agreement between these experi-
ments is not good. In the case of the o, measurements,
Nakamura and Lucas place the resonance peak at 0.6 eV,
while Elford and England and Elford place it at 0.5 eV
and 0.44 eV, respectively. Of the latter two swarm-based
measurements, the last figure is favored, as it has been
derived from experiments using gas mixtures (Hg with
He), which increases the accuracy of the cross-section
determination at low energies. Jost and Ohnemus place
this resonance at 0.4 eV in their o measurement, con-
siderably lower than the value given by Burrow and
Michedja. This observation prompted Burrow and co-
workers to remeasure this resonance energy, and they
found a value of 0.42+0.03 eV (Johnston and Burrow,
1982), in good agreement with Jost and Ohnemus. This
latter value is the preferred value from Burrow’s
transmission measurements, although the reason for the
difference is apparently not understood (Burrow, 1992).
On the theoretical side, the first calculations on this
state were performed by Walker (1975), who solved the
Dirac equation, including both exchange and polariza-
tion effects but with no coupling to inelastic channels.
He found resonances in both the p,,, and p;,, partial
waves, the former being quite sharp and located at an en-
ergy of 0.20 eV, while the latter was at a higher energy
and considerably broader. The position, and, indeed, ex-
istence, of these resonances was found to be critically
dependent on the approximation used, particularly for
the exchange interaction. Hutt and Bransden (1974; see
also Hutt, 1975) carried out a phase-shift analysis of all
available low-energy scattering data, deriving phase shifts
that were in reasonable agreement with Walker and that
confirmed the earlier suggestion of a broad resonance in
the p wave at about 0.7 eV. Prompted by the o,, mea-
surements of Elford, Walker performed another calcula-
tion (Sinfailam, 1980) in which he used a pseudopolariza-
tion potential with a cutoff chosen to give the best fit to
the experimental cross section. The corresponding o
calculated from this work is not, however, in agreement
with the experiment of Jost and Ohnemus. In a more re-
cent calculation, Sinfailam (1980) found similar behavior
in the low-energy elastic-scattering phase shifts to that
observed by Walker. This calculation involved the use of
a perturbation method applied to the solution of the non-
relativistic Schrodinger equation, with relativistic effects
included in two separate models, one using the Pauli ap-
proximation and the other a second-order Dirac poten-
tial. The o4 and o, calculated from these approxima-
tions give quite different results. For the total cross sec-
tion, the Pauli approach results in a single, broad struc-
ture in reasonable agreement with experiment (Jost and
Ohnemus, 1979), while the Dirac solution gives two reso-
nance structures at about 0.20 and 0.45 eV. For the
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momentum-transfer cross section, similar differences be-
tween the calculations are also noted, and neither gives
good agreement with the cross section of England and
Elford. Wijesundera et al. (1992a), using a relativistic
R-matrix treatment, found resonances in both the odd-
parity j =1 and j =2 channels, at energies of 0.72 and
0.96 eV, respectively. They also performed a
superposition-of-configurations calculation of nominal
6s2%6p states of Hg ™, using spectroscopic orbitals from a
Dirac-Fock—type calculation of excited states of Hg.
The resonance energies that they quote from this calcula-
tion are 0.19 and 0.21 eV, respectively. We are uncertain
how to interpret these latter energies, in that they origi-
nate from a square-integrable representation of a reso-
nance that is unbound with respect to its parent state,
and which therefore presumably depends strongly on the
orbital basis employed.

In a summary of the situation with respect to the posi-
tion and magnitude of this resonance, England and El-
ford note that a recent calculation by Walker, with an ad-
justable polarization potential, gives best agreement with
the total cross section when the range is fixed at 4.2a,
and with the momentum-transfer cross section when the
range is set to 4.8a,. In the latter case the use of the
shorter range results in differences of more than 20% be-
tween the calculated and swarm cross section below 0.5
eV.

The next possible configuration for the addition of an
extra electron to the neutral mercury atom is 5d ' 6s6p2.
These states may a priori be expected to lie in the energy
region near the 5d '%s6p neutral excited states, which ex-
tend from 4.7 to 6.7 eV. Indeed, structure observed in
this region in electron-scattering cross sections was
among the first experimental evidence for the existence of
negative-ion resonances in atomic systems (e.g.,
Jongerius, 1961). Since then, the higher-lying mercury
resonances have been widely studied in a comprehensive
range of experiments including elastic and inelastic elec-
tron scattering with both unpolarized and polarized in-
cident beams, inelastic excitation functions in which de-
cay photons (and their polarizations) and metastable
atoms have been detected, stepwise electron+laser pho-
ton excitation, superelastic-scattering experiments, and
experiments where excitation transfer in gas mixtures is
measured. This diversity of experimental approaches
has, in conjunction with several comprehensive theoreti-
cal calculations, provided a unique level of agreement to
be reached for the position and classification of reso-
nances for such a complicated atomic system.

Most of the earlier work on the higher-lying Hg™ reso-
nances, in particular the transmission experiments of
Kuyatt et al. (1965) and the optical excitation measure-
ments of Smit and Fijnaut (1965) and Zapesochnyi and
Shpenik (1966), have been reviewed and summarized by
Schulz (1973a). In addition to this experimental work,
resonances were also observed in the optical excitation
function measurements of Fedorov and Mezentsev
(1965), in the metastable excitation cross sections of
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Borst (1969), in the superelastic electron-scattering exper-
iments on the 6p 3P5,1 states by Burrow (1967) and Korot-
kov (1970), and in the cross sections derived from excita-
tion experiments on Na-Hg gas mixtures (Bogdanova and
Marusin, 1971).

The first attempt at classification of the observed Hg™
states was made by Fano and Cooper (1965) in an
analysis of the transmission spectra of Kuyatt et al.
They proposed that the lowest-lying states in the vicinity
of the first neutral excited levels had the configuration
5d'%6s6p?, for which there were eight possible levels:
“Piy23s,5/2 "Dip,sss *Piy,3ps and Sy . From a com-
parison with the ordering of the spectrum of the isoelec-
tronic atom TI, they classified the lowest three states ob-
served by Kuyatt et al. as the *P levels. The lowest of
these lies below the threshold of the 6p 3P} state (4.667
eV) and so is only observable in the elastic channel, to
which it can decay, if parity and angular momentum are
conserved, by the emission of an s,,, electron. It has
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FIG. 50. Energy dependence of the differential elastic-
scattering cross section for Hg at various scattering angles
(from Albert et al., 1977).
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been observed in several experiments, in both the total
(Kuyatt et al., 1965; Burrow et al., 1976; Jost and
Ohnemus, 1979) and differential (Diiweke et al., 1973,
1976; Albert et al., 1977; Koch et al., 1984) cross sec-
tions and with the exception of the measurements of
Kuyatt et al. and Duweke et al. (1973), which appear to
have incorrect energy scales, that there is uniform agree-
ment that this resonance lies at 4.55 eV and its angular
behavior in the differential cross section (Fig. 50) sup-
ports the earlier classification of 5d 1°%6s6p? (*P, ,,).

The next observed resonance lies above the threshold
of the 6p 3P} state and has been observed in both elastic
and inelastic electron excitation functions (Kuyatt et al.,
1965; Diiweke et al., 1973, 1976; Shpenik et al., 1975;
Burrow et al., 1976; Albert et al., 1977; Koch et al.,
1984) and metastable atom excitation functions (Koch
et al., 1984; Newman et al., 1985). In particular, the
latter measurement of this and many other higher-lying
resonances with high resolution (AE =20 meV) in the
sensitive metastable atom channel has enabled an accu-
rate determination of the resonance energies to be made.
Newman et al. place this resonance, which appears as a
sharp peak in the 6p®P} excitation function (Fig. 51), at
4.702 eV, in good agreement with other recent measure-
ments. They estimate its width to be about 18 meV.
Based on earlier integral measurements and the energies
of the terms of the 6s6p? configuration in isoelectronic
Biir, Pbii, and T, Heddle (1975) suggested
classifications for several resonance states in Hg, and for
this state, in particular, of 5d '°6s6p? (*P;,,). This was
supported by Albert et al., who calculated the energy
dependence of the elastic differential cross sections in this
energy region and found agreement with their own exper-
imental data at this energy only when a resonance in the
d wave was assumed. An outgoing d;,, wave is con-
sistent with conservation of total angular momentum and
parity for such a configuration decaying into the ground
state.
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For many years there was considerable confusion con-
cerning the existence, energies, and classification of the
remaining members of the Hg™ 6s6p? configuration, in
particular the structures observed in many experiments
between 4.9 and 5.6 eV. The first such feature occurs in
the vicinity of the threshold (4.886 eV) of the 6p *P%
state. That it lies above this threshold is confirmed by its
observation in optical excitation functions (A=253.7 nm)
for this state (Zapesochnyf and Shpenik, 1966; Ottley and
Kleinpoppen, 1975; Shpenik et al., 1975; Diuweke et al.,
1976; Wolcke et al., 1983). These measurements place
this resonance at energies that vary between 4.90 and
4.94 eV. We favor the latter value, which is obtained,
among others, from the experiment of Diiweke et al.
which involved a simultaneous measurement of the elas-
tic differential cross section at a scattering angle of 117°
(where this resonance manifests itself as a symmetric
peak) and of the yield of 253.7 nm photons, with an ener-
gy resolution of about 120 meV. This is supported by the
observation of a weak feature at 4.93 eV in the metasta-
ble excitation function of Newman et al.

Heddle (1975) classified this state as 5d '%6s6p? (*Dj ), ),
but pointed out in a subsequent paper (Heddle, 1978) that
this was inconsistent with the elastic-scattering measure-
ments of Albert et al. These authors found that their
analysis of the experimental differential cross section was
consistent with a resonance in the d wave with total an-
gular momentum J =2. Their classification was also
consistent with the appearance of this resonance in the 6p
3P‘} state but not the 6p 3P{ metastable level, as decay
into the latter can only occur via emission of an f5,,-
wave electron, which would not be favored because of the
strong centrifugal barrier. The weak manifestation of
this state in the 6p>P} excitation function of Newman
et al. is believed to be due to the detection, with very low
efficiency, of 253.7 nm photons in their metastable atom
detector. Heddle (1978) classified this state as 5d 1°6s6p?
(*Ps5).

There is further, rather unique experimental evidence
to support this classification. The experiments of Albert
et al. also involved the determination of the spin polar-
ization of the scattered electrons as a function of energy
in the resonance region. The analysis of these measure-
ments for electron-scattering angles of 50°, 117°, and 135°
(Fig. 50) is consistent with the data only if the total angu-
lar momentum of the resonance state is taken to be 3.
Wolcke et al. (1983) measured the Stokes parameters for
the light emitted in the decay of the 6p P} state following
excitation by polarized electrons. Their theoretical
analysis, which was a generalization of the theory of
Baranger and Gerjuoy (1958) for the effects of near-
threshold resonances on the polarization of emitted radi-
ation, also revealed that the only resonance term compa-
tible with the experimental results was *P; ,,. It has also
been demonstrated (Albert et al.) that the near-threshold
linear polarization measurements of Ottley and Klein-
poppen are consistent with such a resonance
configuration.
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The next strong resonance feature which is believed to
belong to this configuration occurs at an energy of 5.54
eV (Diiweke et al., 1976), just above the threshold for the
6p 3P state at 5.461 eV. It has been observed in a host of
experiments in which a variety of techniques have been
used. In the high-resolution experiment of Newman
et al. it occurs as a broad asymmetric feature, and the
energy assigned in this channel is somewhat higher (5.59
eV) than that derived from the scattered-electron and de-
cay photon experiments where it has a symmetric profile.
The analysis of the elastic differential cross sections of
Albert et al., including the spin polarization of the scat-
tered electrons, suggests that this resonance decays into
the elastic channel by autodetachment of a ds,, electron.
Based on this and other observations, Heddle (1978) has
classified this state as 5d'°%6s6p? (*Ds ,,). This would ap-
pear to be consistent with its observed strong decay into
both the 6p *P; and 6p 3P5 excited states, in contrast with
its weaker presence in the 6p 3P} state (see, for example,
Shpenik et al., 1975; Krause et al., 1977; and Kazakov
et al., 1980). The former can occur by emission of p;
and p,,, electrons, respectively, while the latter requires
an f'5,, wave for conservation of angular momentum and
parity.

The main uncertainty in this energy region for some
time was the existence of the remaining 2D;,, term. A
weak, relatively sharp structure was observed at about
5.2 eV in several of the earlier experiments on the optical

excitation function for the 6p>PS state (Zapesochnyiv and
Shpenik, 1966; Ottley and Kleinpoppen, 1975). In addi-
tion, measurements of superelastic scattering from 6p 3P
(Burrow, 1967) and 6p 3P, (Korotkov, 1970) showed evi-
dence of a weak feature in this energy region. Krause
et al. (1977) measured the separate electron-impact exci-
tation functions for 6p 3P‘[,}2 by observing the forbidden
radiation at 265.56 and 226.98 nm, respectively, which
results from the decay of these states to the 6s2 !S,
ground state. These measurements were carried out with
an energy resolution of about 0.25 eV and clearly showed
a resonancelike maximum in the 6p P} excitation func-
tion at 5.2 eV. On analyzing these results, Heddle (1978)
suggested that this feature was due to the ‘“missing”
configuration 5d '%6s6p (*D3 ;).

Subsequent experiments have only served to confirm
this classification, although it would appear that this res-
onance has a much shorter lifetime than originally be-
lieved. It has been observed in elastic scattering (Kaza-
kov et al., 1980); in metastable atom (6p 3P}) excitation
functions (Koch et al., 1984; Newman et al., 1985),
where it is clearly present as a broad structure; and in an
ingenious experiment by Hanne et al. (1985), who use a
stepwise electron + laser photon technique to measure
the separate 3P3,2 excitation functions near threshold.

These experimental investigations and classifications
have not, of course, continued in isolation from any
theoretical input. Indeed, the extended speculation as to
the nature of the resonances in the energy region below 6
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eV has led to a number of calculations using the relativis-
tic R-matrix method (Scott et al., 1983; Bartschat et al.,
1984; Bartschat and Burke, 1986; Wijesundera et al.,
1992a). The first of these was specifically undertaken in
an attempt to calculate elastic- and inelastic-scattering
cross sections in which relativistic, exchange, and
channel-coupling effects had been taken into account.
The resonances revealed in the total cross sections for
elastic scattering and excitation of the 6p 3P5’1’2 states
were found to be in reasonable accord with experiment
with regard to both position and assignment, although
there were some notable differences. Firstly, they found
the lowest “P, ,, resonance about 0.15 eV higher than ex-
periment, i.e., in the vicinity of the 3P5 threshold; second-
ly, they found that the 2D;,, and 2D resonances were
essentially degenerate at 5.5 eV, from which they con-
cluded that the weak resonance at 5.2 eV was probably
an experimental artifact.

Bartschat and Burke extended these calculations by in-
cluding the mass correction and Darwin terms in the rel-
ativistic Hamiltonian and the 6s%6d and 6p26d
configurations in the total wave function. The additional
terms caused a slight shift in the calculated resonance po-
sitions to lower energies, but had little effect on the split-
tings or the overall structure of the calculated cross sec-
tions. As such, they did not change the situation regard-
ing the bona fides of the ““5.2-eV resonance.” On the oth-
er hand, the inclusion of additional correlation effects
had a significant effect on the resonance energies relative
to the neutral target-state energies, and it changed the
splitting between the various terms. In particular, the
D, s2,5,2 terms were no longer degenerate but appeared
to be split by about 0.4 eV, in much better agreement
with the experimentally determined splitting of 0.35 eV.

The approach of Bartschat and Burke (1986) utilizes a
model potential to describe the interaction of valence and
core electrons and treats relativistic effects on the valence
electrons by perturbation theory: the many-electron
wave function is an approximate solution of a
Schrodinger equation with relativistic correction terms.
Wijesundera et al. (1992a) use a relativistic R-matrix for-
mulation based on the Dirac equation and represent the
core electrons explicitly. They find resonances in all
channels that would be associated with levels of the
6s6p? configuration, and their results are generally in
good agreement with those of Bartschat and Burke.

There have been few observations of the remaining
three terms of the 6s6p? configuration of Hg~. The only
assignments of these resonances have been made by New-
man et al. (1985), who observed several weak structures
between 6.3 and 8.1 eV in their metastable atom excita-
tion function (Fig. 52). On the basis of the relative
widths of these structures, the ordering of the isoelect-
ronic series, and the predictions of the modified Rydberg
formula, they assigned a sharp feature at 6.702 eV
(within 2 meV of the 6p 'Pj threshold) as 5d'%6s6p?
(3S,,,) and two broad bumps at 6.3-6.8 eV and 7.6-8.1
eV as 5d'%s6p? (°P,,, 3 ,,). The only other observation
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FIG. 52. Metastable atom excitation function for Hg in the en-
ergy range 5.4-8.7 eV (from Newman et al., 1985).

of these states, the %S 1/2> is in the metastable excitation
function of Koch et al. The only theoretical evidence for
these states comes from the calculation of Scott et al.
(1983), who found a broad resonance with J =1 at 5.8 eV
and two weak resonances at 6.7 eV with J=1 and 2.
Given the problems outlined above with this calculation
for the lower-energy resonances, these are presumably
the 2P, ,,, %S| », and *P; ,, resonances.

The classification of higher-lying resonances in mercu-
ry has stemmed almost exclusively from the metastable
excitation functions of Newman et al. (1985) and Zubek
and King (1987, 1990). They have observed in excess of
40 resonances in the energy region between 8.0 and 18.0
eV and have offered tentative classifications for all but a
few of them, based mainly on the predictions of the
modified Rydberg formula and the sequence of isoelec-
tronic excited states. Some of these resonances have also

T T T T T T T T N T T T
P e (2S,,)
B ‘. I

~ ‘. -
8

g o

8 :'\"::R .
% :

— :

~ H

= "i\ -1
Q Y

Rl

>_‘ p—
= .
8

(2} )

p= SR .

P
N 1 L 1 L I—
8.8 9.2 9.6 10.0 10.4 10.8
Incident Energy (eV)

FIG. 53. Metastable atom excitation function for Hg in the en-
ergy range 8.8—10.8 eV (from Newman et al., 1985).
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been clearly observed by other groups (e.g., Smit and
Fijnaut, 1965; Shpenik et al., 1975; Jost and Ohnemus,
1979; Koch et al., 1984), but there has been no other
comprehensive effort towards their classification.

It :~ perhaps neither necessary nor appropriate for us

to discuss here each of the resonances and their proposed
classifications in detail. The measured energies and sug-
gested classifications of Newman et al. and Zubek and
King are reproduced in Table XXVII; and we shall re-
strict our discussion to only a few aspects of this work.

TABLE XXVII. Recommended energies, widths, and classifications of resonances in Hg™ above the
first ionization potential. The energies are expressed relative to the 652 'S, ground state of atomic Hg.
Unless otherwise specified, the energies are from Newman et al. (1985) and Zubek and King (1987,
1990). Figures in parentheses represent the uncertainty in the least significant digit.

Classification Energy (eV) Width (meV) Comments
5d'%6s%6p 2P°) /2.3, 0.4-0.5 Much uncertainty regarding
the position of this state
5d%s6p2*P, 4.55 ~1 Many observations
5d106s6p24P3/2 4.702 18
5d%s6p2*Ps,, 4.94 ~50 Diiweke et al.
5d%s6p*2D; ,, 5.20 ~500 Hanne et al. (1985; see text)
5d%6s6p?2Ds 5.54 ~200 Diiweke et al.
5d%6s6p*2P, 6.3-6.8
5d%6s6p2%S, 6.702 20
5d'%6s75%%S, ; 7.50
5d°6s6p*2P;,, 7.6-8.1
5d96S2(2D3/2 )6p2 8.367
8.508
5d'%6s7p? 8.560
8.650
5d°6sX(*Ds ,,)6p? 8.854
5d96S2(2D5/2 )6p2 9.439
5d96S2(2D5/2 )6p2 9.593
9.988
5d°6s%(*Ds ,, )6p> 10.356
5d°6s2%6p? 10.612
5d°6s%6p? 10.90
5d°6s26p? 11.05
5d°6s%6p? 11.3-11.5
5d°6s%6p* 11.788
5d°6s%6p* 12.095
5d°6s*(®Ds ,,)Tp* 12.852
5d°6sX(*Ds ,,)7p? 12.989
5d°6s%(*Ds ,,)Tp? 13.041
5d°6s%(2Ds ,,)7p* 13.190
5d96s2(2D5/2 )7p2 13.325
5d°6s%(*Ds,)8s8p 13.575
5d°6s*(2Ds,,)8s8p 13.625
13.718
5d°6s%(®Ds ,,)8p? 13.881
5d°6s%(2Ds ,,)8p* 13.944
5d°6s*(*Ds ,,)9s9p 14.034
5d°6s*(*Ds ,,)9s9p 14.135
5d°6s%(*Ds ,,)9p* 14.284
5d°6s%(*Ds /,)10p> 14.450
14.7
5d°6s5%(2D5 ,)7p? 14.869
5d°6sX(*D; ,)7p? 15.014
5d°6s%(*D+ ,,)8s8p 15.444
15.574
15.656
5d°6s*(*D, ,,)8p* 15.80
5d°6sX*D, ,,)9p? 16.155
5d°6s*(*D, ,,)10p> 16.29
16.57
17.16

Rev. Mod. Phys., Vol. 66, No. 2, April 1994



S. J. Buckman and C. W. Clark: Atomic negative-ion resonances 629

Between the threshold for the 5d°6s% (*Ds ,,)6p 3D}
metastable state at 8.79 eV and the %S, ,, ionization po-
tential at 10.438 eV, Newman et al. observe several
strong resonances that dominate the metastable excita-
tion function (Fig. 53). They interpret this strong pres-
ence as suggesting the resonances are decaying principal-
ly via the newly opened metastable channel rather than
via the lower 6p 3PZ‘,’2 states, and that they are thus most
likely to be core-excited states having the dominant
external configuration 5d°6s% niln’l’, with the most ap-
propriate configuration for this energy region being
5d°6s%6p?. In classifying these levels, they use a jj-
coupling scheme, which was successfully applied to the
classification of the isoelectronic atom Tl (Connerade
et al., 1976). In particular, they select five configurations
(from a possible 28) which, on the basis of the nature of
their ion core and the way in which they can be formed
from the ground state of neutral Hg, are likely to be the
most probable sources of resonances in this region. One
of these lies below the threshold for the *D; state, and
the other four are assigned to the four prominent struc-
tures at 8.854, 9.439, 9.593, and 10.356 eV. These states
are summarized in Table XXVII.

There is some controversy concerning the classification
of resonance structure observed in the metastable atom
excitation functions above the S, ,, ionization potential.
Newman et al. postulated the existence of a further
metastable level of Hg at an energy of about 10.54 eV.
This was further investigated by Zubek and King, who
used an energy-selective metastable atom detector to
separate contributions from various metastable levels of
Hg. They supported this observation and the
classification of this state as 5d°6s* (2D ,)6p, ,, (J =2),
based on the theoretical calculations of Martin et al.
(1972) and on the fact that it is the lowest energy state
based on the 2D, ,2 ion core, and part of its metastability
may arise from the need for the ion core to change dur-
ing decay. Based on experimental parameters, they esti-
mate a lower limit for its lifetime to be 200 us. Cowan
et al. (1988) have questioned the classification (but not
the existence) of such a state in this region. While that in
itself is of little consequence to this review, it may bear
upon some of the classifications made by Zubek and King
(1987) of resonances that lie above this state and appear
to decay strongly into it. They tentatively assign five res-
onance structures between 10.5 and 12.2 eV to various
terms of the configuration 5d°6s? (*D, ,,)6p? based, to a
certain extent, on the notion that a favored resonance de-
cay path is one that preserves the nature of the ion core.
Based on ab initio calculations of the lifetime of this state
against both radiative decay and autoionization, Cowan
et al. argue that it cannot be the proposed metastable
state. They propose an alternative configuration, 5d°
6s%(*Ds ,,)6p; /, (J =3), which, if correct, may have obvi-
ous ramifications on the proposed angular momenta of
the resonance states by Zubek and King, although the
external electron configurations are most likely correct.

This and other uncertainties in the spectrum of both
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Hg and its negative ion have been investigated further by
Zubek and King (1990) in a comprehensive series of
high-resolution electron-scattering measurements. They

“have carried out near-threshold studies of several high-

lying excited states of Hg by detecting both scattered
electrons and selected metastable atoms. The presence of
several structures which had previously been classified by
Newman et al. as 5d°6s%6p?, at energies of 8.854 and
9.953 eV, in the excitation functions for the 5d°6s26p
state at a scattering angle of 90°, contrary to the expecta-
tions of the decay of these states by emission of a p- or f-
wave electron, led them to speculate that these reso-
nances may have some 6d character. However, the
strong resonance observed in metastable atom spectra at
10.356 eV, also classified by Newman et al. as 6s26p 2 is
not present in the 90° electron-scattering spectra, thus
supporting the earlier classification. They also observed
a slightly different energy position and width for the reso-
nance observed at 8.854 eV by Newman et al., indicating
that there may, in fact, be two sharp structures in this re-
gion.

In addition to these resonance studies, Zubek and King
(1990) have also further investigated the high-lying meta-
stable state they proposed in their earlier work. Their
new experiments support the classification of Cowan
et al. for this state.

An enormous amount of resonance structure is ob-
served in the spectrum of Newman et al. above 12.5 eV,
and these authors have made a valiant effort to classify
these states. However, the situation is extremely compli-
cated as this is also the autoionization region above the
%S\ ,3» *Ds,,, and 2D;,, ionization potentials at 10.437,
14.84, and 16.705 eV, respectively. Nonetheless, they
have used the MRF, information on isoelectronic se-
quences, and the known ion core splittings to aid in
presenting tentative assignments for most of the observed
features.

Our assessments of the energies and widths of the Hg™
resonances together with their proposed classifications,
where appropriate, are shown in Table XXVII.

. Miscellaneous

There are several elements for which observations of
resonances are quite limited, yet of sufficient interest to
be noted.

1. Carbon

C™ is one of the few negative ions to possess a bound
excited state. The ground state of C~ is 2p>*S°, which is
bound with respect to the 2p23P ground state of C by
1.27 eV; the C~ 2p32D° term is also bound by 35 meV
(Hotop and Lineberger, 1975). The third term of the 2p°3
configuration, 2P°, is not bound, but it is expected to
occur as a resonance. Its energy may be estimated in
several ways. First of all, in the simplest single-
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configuration approximation, the ratio of term intervals
is given by (Slater, 1960)

[2p3 2P0_2p3 ZDo]/[2p3 2Do_2p34So]
=(6/25)F*(2p,2p)/(9/25)F*(2p,2p)
=2/3.

This would put the 2p32P° state at 0.79 eV above the
2p?23P ground state of C. The accuracy of this estimate is
somewhat limited. In the case of the isoelectronic
ground configuration of neutral nitrogen, the observed
ratio of term intervals is 0.500 (Moore, 1975), vs the pre-
dicted 2/3. If the value 0.5 is thus adopted for this ratio,
the 2P° resonance would occur at 0.62 eV above the
ground state of C. These energies are in reasonable
agreement with the results of accurate calculations (see
below), which suggests that the 2p> states of C~ are
reasonably well described by a single configuration.

Alternatively, the 2P° state might be viewed as a 2p22p
resonance, in which a 2p electron is attached to a specific
parent term of the C 2p? configuration. This type of
description is certainly appropriate to a variety of low-
energy shape resonances, such as the b and c states dis-
cussed elsewhere in this paper. The C~ 2D°-“S° interval
is comparable in energy to the C D —3P term separation
of 1.26 eV (Moore, 1970). Thus the binding energy of C™
48° to its unique parent state C 3P is comparable to the
binding energy of C~ 2D° to the C !D parent state. Sup-
posing that all terms of the ground configuration of C
have approximately the same electron affinity of 1.27 eV,
an assumption that is reasonable for the above-mentioned
shape resonances, then the C~ 2P° resonance (built upon
the C 'S parent term ) is placed at 1.41 eV above the C 3P
ground state. This is much higher than reliable calculat-
ed values, which suggests that the 2p*® description is
indeed more appropriate.

At the present time there appear to be no experimental
data on the C~ 2P° resonance. We are unaware of any
electron-scattering experiments on atomic C; autodetach-
ment spectra from C™ -He collisions (Lee and Edwards,
1975) do not extend to sufficiently low electron energies,
and analysis of measurements of vuv radiation from CO,
plasmas (D’yachkov et al., 1978) has not included the
photoattachment continuum that would be associated
with this resonance. Ab initio calculations have been per-
formed in several approximations. The close-coupling
method (Henry et al., 1969; Thomas et al., 1974), includ-
ing only the states of the ground configuration of C,
yields resonances in both 2D° and 2P° channels. The 2D°
resonance becomes bound when interaction with other
target configurations is included, as in the later matrix
variational or Bethe-Goldstone (BG) calculations of Tho-
mas and Nesbet (1975b; see also Nesbet, 1977) and in the
polarized pseudostate (PS) approximation of Le Dour-
neuf (1976, 1978; Le Dourneuf, Vo Ky Lan, and Burke,
1977). The 2P° resonance is manifested as a rapid in-
crease in the p-wave phase shift SP which, as for many
low-energy resonances, does not develop fully through =
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radians. Thus the cited “energy” of the resonance refers
to the energy E (above C *P) at which the total cross sec-
tion attains its maximum, and the width T is determined
by the maximum value of d8, /dE. The energy E =0.57
eV given by the PS method is presumably more reliable
than the value of 0.46 eV obtained in the BG approach,
since the PS approximation gives excellent agreement
with the experimental values of electron affinities of 2p”
states of C, N, and O. The width of the resonance is
computed to be 0.233 eV.

A resonance in the *P channel is found to occur at
about 6 eV in both BG and PS calculations and is attri-
buted to the 2s2p*“*P state of C~. This resonance lies
about 1.2 eV above the 252p3 3S° state of C and can auto-
detach to either the °S° state or the *P ground state. The
PS calculations have been performed at higher energies
and have found resonances associated with the other
terms of the 2s2p* configuration: 2D at 9.5 eV, 2S at 11.6
eV, and 2P at 12.7 eV. The only autodetaching line ob-
served in the C™ -He collision spectra (Lee and Edwards,
1975) is at 7.44+0.07 eV, which does not match any en-
ergy expected from these resonances to within 0.5 eV.
The identification of this line is discussed below.
D’yachkov et al. (1978) have observed an emission line at
235 nm (with a width of 4 nm) in a stabilized arc run in
argon mixed with CO,. They propose that this line could
be due to a 2s2p*—25%2p? radiative transition in C~,
with an oscillator strength f in the range 0.7<f <2.
The magnitude of this oscillator strength would seem to
preclude any intercombination transition between these
configurations. For this line to be associated with the
4p_4S° transition, the *P state would have to be located
at 4 eV above the ground state of C, which is 2 eV below
the calculated position. A common error of this magni-
tude in the two independent calculations seems unlikely.
Transitions originating from the higher resonances of the
2s2p* configuration at the calculated energies are also
too energetic to correspond to this emission line. Thus
the identification proposed by D’yachkov et al. is not
consistent with the results of electron-scattering calcula-
tions.

Recent calculations by Johnson et al. (1987) have used
the target orbitals of Le Dourneuf and Vo Ky Lan
(1977a) in a relativistic R-matrix treatment of low-energy
e +C collisions. Particular attention was paid to the
cross sections for transitions between fine-structure levels
of the ground state, which is of interest in some astro-
physical applications. These fine-structure levels are ex-
plicitly represented in the calculation by the method of
Scott and Taylor (1982). The 25%2p32P° and 2s2p* *P
resonances are found at energies of 0.57 and 6.1 eV, re-
spectively. All expected fine-structure levels of the reso-
nances are reported. The resonance energies are indepen-
dent of J to the accuracy reported; however, the widths
exhibit variation as large as 20% in the *P term. The re-
sults of this computation emphasize again the difficulty
of obtaining accurate energies for 2p? states: the binding
energies computed for the bound 2p3 4S° and 2D° states
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of C™ are too large by 0.29 and 0.08 eV, respectively.

No e ™ +C scattering calculations have been reported
that include target states of the type 2s”2pnl with n = 3.
Bound-state calculations have been performed for reso-
nances associated with 2p3s, 2p3p, and 2p4s
configurations by Matese (1974) and Clark (1986). The
calculations of Matese utilized six nl/ orbitals
(3s,4s,5s,3p,4p,3d) that were optimized with respect to
the energies of the C 2pnl parent states, and expanded the
resonance wave function in states of the form 2pnin’l’. A
Feshbach resonance was recorded if the computed C~
energy was less than the calculated energy of an ap-
propriate parent state. Four such resonances were found.
The calculation of Clark treated only the lowest of these;
it employed the MCHF procedure including 3s, 4s, 3p,
and 3d orbitals that were optimized self-consistently with
respect to the resonance energy. The resonances are list-
ed below in terms of the dominant configuration in the
expansion, the appropriate parent state, and the corre-
sponding electron affinity (E.A.) of the parent state:

Parent E.A. E

Resonance state (eV) eV) Reference

2p3s22P°  2p3s3P° 0.416 7.07 Matese (1974)
0.432 7.05  Clark (1986)

2p3s3p*D  2p3s3P° 0.023 7.45 Matese (1974)

2p3p2*D°  2p3p3D 0.045 8.59 Matese (1974)
2p4s??2P°  2p4s3P°  0.201 9.48 Matese (1974)

The 2p3s? resonance is a classical a feature, ‘as shown
in Clark (1986). No experimental observation of this
state is known. Selection rules in LS coupling would
prevent it from autodetaching to the ground state of C.
Lee and Edwards (1975) observed a single autodetaching
feature in C7(*S°)-He collisions at an energy of
7.441£0.07 eV. Spin conservation indicates that the reso-
nance should be a quartet state. They identified the reso-
nance with the *D state calculated by Matese, based on
the agreement of experimental and computed energies.
However, it should be noted that the magnitude of the
computed electron affinity is probably smaller than the
uncertainty in the calculation, which derives from

neglect of core relaxation and polarization effects, and in-
complete treatment of correlation among the outer two
electrons. Note that the attachment energy of the 2p3s?
2p° state calculated by Clark is larger than that of Matese
by 0.016 eV, and it reflects a more comprehensive ac-
count of the outer pair correlations. Thus, at the level of
approximation used by Matese, one cannot be certain
whether the 2p3s3p *D state is actually bound with
respect to 2p3s 3P°, or whether it is the only state of the
2p3s3p configuration that is bound. We believe that the
calculations of Matese indicate that the 2p3s
configuration of C is able to support b shape resonances
of the type encountered in the noble gases and alkalis,
i.e., states described by 2p(3sep 3P°). As in neon, the
differences in the energies of states associated with alter-
native couplings of the outer 3P° electron pair to the 2P°
core are probably of the same order as the widths of the
resonances. Thus it is conceivable that the feature ob-
served by Lee and Edwards is a blend of the three quartet
states associated with the b resonance configuration
2p (3sep 3P°).

The energies and widths of the C™ resonances, togeth-
er with their proposed classifications, where appropriate,

are shown in Table XX VIII.

2. Nitrogen

Hund’s rules predict the lowest state of N~ to be 2p*
3P. There exist a number of older estimates of the elec-
tron affinity of N 2p® 4S°, based on semiempirical
methods, which give values ranging between —0.56 and
+0.54 eV (Glockler, 1934; Bates and Moiseiwitsch, 1955;
Kaufman, 1963; Clementi and McClean, 1964; Crossley,
1964). Isoelectronic extrapolations of binding energies by
Edlén (1960), which gave good estimates of the affinities
of C, O, and F, predict an electron affinity of N 2p3 4S° of
0.05 eV. Such a small value is at the margins of
accuracy of such extrapolations. Fairly extensive
configuration-interaction calculations by Schaefer et al.
(Schaefer and Harris, 1968; Schaefer et al., 1969) predict-
ed N~ 2p* 3P to lie 0.213 eV above N 2p> *S°. As will be

TABLE XXVIII. Recommended energies, widths, and classifications for negative-ion resonances in
carbon. Energies are expressed relative to the 2p2 3P, state of C. The sole experimental value (b) is
from Lee and Edwards (1975). Figures in parentheses represent the uncertainty in the least significant

digit.
Classification Energy (eV) Width (meV) Comments
Calculated values:
2522p32p° 0.57 440 Johnson et al. (1987)
0.46 233 Thomas and Nesbet (1975b);
see also Le Dourneuf (1976)
252p*4p 6.1 390 (*P,,,) Johnson et al. (1987)
310 (*P5,,)
370 (*Ps,,)
2p (*P°)3s3p (°P°) 7.44(7) b: Quartet states,

possibly unresolved L
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discussed below, subsequent scattering calculations give
results in roughly the same range. There is greater agree-
ment among various theoretical estimates of the energies
of the N~ 2p* !D, 'S terms. These are usually estimated
to be bound, respectively, to the 2D° and 2P° states of N
by at least 0.5 eV (Hotop and Lineberger, 1975). If this
be so, these terms will be metastable against autodetach-
ment: the 2p> “S° el continuum can have only quintet or
triplet spin, so in LS coupling neither the 'D nor the S
state can autodetach in the N 2p® *S° channel; and 2p?
2D° el cannot couple to a state of overall S symmetry.

No stable negative ion of nitrogen has been observed,
although metastable states have been detected in mass
spectrometry of electron-impact dissociation of N,
(Hiraoka et al., 1977) and in dissociative collisions of N,
NO, and NO™~ with Ar (Heber et al., 1988). These meta-
stable states have not been spectroscopically identified
and are generally assumed to be the N~ 2p* 'D and 'S
states; their lifetimes are in excess of 1 usec. Analysis of
continuum radiation from nitrogen plasmas (D’yachkov
et al., 1973, 1978) does not seem to give specific informa-
tion on states of N™. Numerous scattering calculations
have suggested that the 2p* 3P state is, in fact, a low-
energy resonance (Burke et al., 1974; Berrington, Burke,
and Robb, 1975; Le Dourneuf, Vo Ky Lan, and Burke,
1977; Nesbet, 1977; Le Dourneuf, 1978) at an energy be-
tween 0 and 0.2 eV above N “S°. Some preliminary e +N
scattering measurements, which apparently have not
been published in detail, showed an increase in the cross
section at low energies that might be due to a resonance
(Miller et al., 1970). However, the most striking evi-
dence for the P resonance comes from electron-energy-
loss spectroscopy of N, and NO (Mazeau et al., 1978;
Spence and Burrow, 1979; Allan, 1989). The experiment
of Mazeau et al. utilized an electron-impact spectrome-
ter with an electrostatic energy analyzer to measure the
angular differential cross section for electron-energy-loss
spectroscopy with fixed final-state electron energy E o A
broad peak was observed (Fig. 54) near the dissociation
energy of N,, which is attributed to the process

e +N,('=)—N; (?II, ) —>N(*S*)+N~(*P)
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FIG. 54. Electron-energy-loss spectrum for N, (from Mazeau
et al., 1978).

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

Atomic negative-ion resonances

followed by
“(3P)—>N(*S°)+e .

It is important to note that this mechanism, in which
the N~ resonance decays by autodetachment after the
dissociation of the molecule, should give an electron-
energy spectrum that is independent of the initial elec-
tron energy E; (except for a factor determining the
overall yield). This is consistent with the experimental
observations. A low-energy continuum was also ob-
served in electron scattering by NO near the dissociation
limit, though it is more complicated due to the presence
of inelastic molecular excitations. Spence and Burrow
(1979) used the trapped-electron method (see Sec. III) to
measure the total cross section for electron-energy-loss
spectroscopy with fixed E; in e +N, collisions. They
found a similar low-energy continuum peak. Both
groups determined the energy of the resonance from the
variation of the signal as a function of E,. Mazeau et al.
give a value of E(N~ 3P)—E(N %$°)=70+20 meV.
Spence and Burrow, whose apparatus had a somewhat
lower energy resolution, cite an energy between 0.065
and 0.090 eV, in agreement with that of Mazeau et al.
The width of the resonance was determined by Mazeau
et al. to be 1615 meV by assuming a Gaussian response
function for their electron-energy analyzer (with a width
of 20 meV as determined from a sharp excitation func-
tion) and a Lorentzian distribution of autodetaching elec-
trons. These results have been confirmed by measure-
ments with somewhat higher resolution by Allan (1989).

The experimental values of the energy and width of the
N~ (°P) resonance agree quite well with the values E =62
meV, I'=13 meV calculated by Burke et al. (1974).
These calculations, similar to those for carbon as de-
scribed above, applied the R-matrix technique to systems
including up to six target states. The most extensive of
these calculations included all terms of the 1s22s5%2p?
ground configuration (with a limited treatment of
configuration interaction); of the 1s22s2p* *P and 2P
pseudostates constructed to give a good value of the stat-
ic polarizability of the ground state; and of the 1s22p°
state. However, it is not clear that this calculation is ful-
ly converged with respect to the target representation. A
subsequent similar calculation by Berrington, Burke, and
Robb (1975) included eight target states in a single-
configuration representation (the six noted above plus
two additional 2s2p* states) and found the N~ 3P state to
lie 0.07 eV below N “4S°. However, the representation of
the N~ state in terms of coupled-channel wave functions
accounts for electron correlation that is not present in
the single-configuration description of the N target
states. Configuration interaction could easily lower the
energy of N *S° by 0.07 eV, thus making N~ 3P unbound.
An extensive study of e + N scattering at various levels of
approximation is reported in the thesis of Le Dourneuf
(1976; see also Le Dourneuf and Vo Ky Lan, 1977b and
Le Dourneuf, 1978). Although the better calculations re-
ported there always find the N~ 3P state to lie within 0.1
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eV of N *S°, they are not conclusive as regards the rela-
tive position of the two states. It thus appears that com-
putations give results for the resonance parameters that
are consistent with the experimental values, but that they
have not converged to the point where detailed compar-
ison of theory and experiment is meaningful.

We are not aware of calculations that have treated the
effects of fine structure in the N~ 3P state. These may
need to be considered in evaluating the experimental
data. A simple calculation (present work) of the fine
structure of N~ 2p* 3P, using the standard £ parameter
as computed from Hartree-Fock orbitals, gives relative
energies of 0, 9.4, and 14 meV for the J=2, 1, and 0
states, respectively. It is difficult to estimate the error in
this approach, but it agrees to within 1 meV with the ex-
perimental values for isoelectronic O 2p* 3P. The total-
energy spread of fine-structure components is thus likely
to be comparable to the measured width of the reso-
nance, which leaves open the possibility that the true
width is somewhat smaller than the apparent one.

Calculations of resonances associated with the N™
2s2p° configuration have been reported by Berrington,
Burke, and Robb (1975) and Le Dourneuf (1976). In
both cases the N~ 2s2p> 3P° state is found to lie very
close to N 2s2p4 4p (which is a bound state of N), and
N~ 252p° 'P° occurs near N 2s52p* 2D (an autoionizing
state). Neither of these calculations includes target states
of the type 2s22p2nl with n>2. Two of these states
(25s22p23s 2*P) lie below N 2s52p* *P, and an infinite num-
ber lie below N 252p* 2D. It is not known how their in-
clusion would affect the results. These channels may be
only weakly coupled to those in which the resonances are
found, since the autodetaching transition 2s2p*
—252p?nlel’ involves three electrons. We give in Table
XXIX the values of the resonance parameters given by
the most extensive calculations reported by Le Dourneuf.
Berrington et al. do not state numerical values, but their
figures show the resonances to be located at the same en-
ergy (within their width) as their respective parent states.
Both groups also report a very broad resonance (I'~6
eV) associated with the N~ 1s22p 1S state, at an energy
of about 30 eV.

The only report of an N~ resonance associated with a
2p*nl parent state appears to be a MCHF calculation of
N~ 2p2(3P)3s? (Clark, 1986). This is found to be an a

TABLE XXIX. Recommended energies, widths, and
classifications for negative-ion resonances in nitrogen. Energies
are expressed relative to the 2p3*S° state of N. Figures in
parentheses represent the uncertainty in the least significant di-
git.

Energy  Width
Classification (eV) (meV) Comments
2p*3P) 0.070(20) 16(5) Mazeau et al. (1978),
" 0.065-0.090 Spence and Burrow (1979).

Fine structure estimated
at ~10 meV
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resonance similar to others that occur in the sequence
2p73s2. We have undertaken similar calculations in the
present work for the two other a resonances expected to
be associated with the D and 'S terms of the N7
grandparent core. As in all MCHEF calculations, continu-
um channels are excluded, with unknown consequences.
However, similar calculations for oxygen (noted above)
give reasonable agreement with the available experimen-
tal data.

Apart from the above-mentioned work of Miller et al.
(1970), the only e + N scattering experiment reported ap-
pears to be that of Neynaber et al. (1963). This experi-
ment showed no resonance features in the total cross sec-
tion for incident energies between 2 and 10 eV, but it
probably did not have the sensitivity to detect resonances
with widths of less than ~0.3 eV. The N~ system there-
fore remains relatively unexplored by experiment. The
energies and widths of the N~ resonances, together with
their proposed classifications, where appropriate, are
shown in Table XXIX.

3. Lead

Atomic Pb has the ground configuration 5d %6s26p?,
and so Pb™ may exhibit valence resonances similar to
those of C™ and Hg ™. The ground state of Pb™ is known
to be 6p> *S° (Feigerle et al., 1981), which.is bound by
365 meV with respect to Pb 6p2 3P,. It was thought at
one time that the 6p° D3, state of Pb™ might also be
bound (see discussion by Hotop and Lineberger, 1985),
but the experiment of Feigerle et al. appears to rule this
out. One may therefore expect resonances associated
with the two higher terms of the ground configuration.

Bartschat (1985) has performed a calculation of e +Pb
scattering using the R-matrix method with the inclusion
of spin-orbit interaction. The calculation includes the
five states of the Pb ground configuration, represented by
single-configuration wave functions in intermediate cou-
pling. Apparent resonance structures are found in the
energy variation of the eigenphase sums for all channels
that would be associated with the several terms of the
Pb~ 6p3 configuration: one such structure for J =1/2,
odd parity (>P°); three for J =3/2, odd (*S°, 2D°, and
2p°); and one for J=5/2, odd (2D°). However, the
lowest of these, the *S° resonance, occurs at about 0.7 eV
above Pb 6p2 3P, whereas experiment places it 0.365 eV
below. An error of this magnitude could be due to
neglect of 6s6p° target states: for example, in the calcu-
lation of C~ 2p3 4S°, Le Dourneuf and Vo Ky Lan
(1977a) found that the binding energy increased by 0.8 eV
when the analogous 2s2p> states were included. If these
states are absent from the representation of the target
wave function, the scattering electron will not experience
the proper long-range polarization potential. As in the
case of C™, it might be that the intervals between the
several Pb™ 6p3 resonances are, nevertheless, given fairly
accurately by a calculation of this type. If this is so, the
2D° resonances would be expected at about 0.26 eV above
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Pb 6p23P,. The 2P° features are exceedingly weak in this
calculation, giving mere inflections of the eigenphase
sums rather than sharp increases (note also that accord-
ing to the usual convention, the eigenphase sum for
J=1/2, odd parity should tend to zero at low energy,
rather than the value 7 indicated by Bartschat).

Wijesundera et al. (1992b) have performed relativistic
R-matrix calculations, based on the Dirac equation, for
e +Pb scattering. They find resonances associated with
all levels of the 6p3 configuration, including a *S$, reso-
nance at 0.22 eV above the ground state.

Electron-scattering experiments have yielded only lim-
ited information on resonances of Pb~. Aleksakhin
et al. (1979) have measured electron-impact excitation
functions for optical emission from states of the 6p6d,
6p7s, and 6p7d configurations. The energy spread of the
electron beam in this experiment was relatively large, ~ 1
eV, and the excitation functions were not corrected for
cascade contributions. Resonance features at approxi-
mately 8 eV collision energy are evident in several emis-
sion lines originating from the 6p6d and 6p7s
configurations. It is possible that these derive from b-
type shape resonances built on those parent
configurations, e.g., 6p7sep, although the energy of the
resonance with respect to the parent state would be a bit
high (~2 eV). Another resonance is seen in several emis-
sion lines at around 10 eV. No classification of these
features has been proposed by Aleksakhin et al. A study
of spin-polarization effects in elastic electron scattering
by Hg, Tl, Pb, and Bi atoms (the sequence Z =80-83)
has been reported recently by Kaussen et al. (1987). Al-
though the focus of this work was not on resonance spec-
troscopy, known resonance features of Hg were used to
calibrate the collision energy, and a search was made for
resonances in the other atoms in order to investigate
specifically their effects on electron-spin polarization.
This was done by detecting electrons scattered elastically
through 100°. Kaussen et al. state that no resonance
features were found in atoms other than Hg in the energy
range 6—12 eV.

4. Thallium

The ground state of the negative thallium ion (6p2 P)
is believed to be bound with an electron affinity of
0.31+0.2 eV, as measured in laser photodetachment ex-
periments (Feldman et al., 1973; Hotop and Lineberger,
1975). There is little experimental evidence for higher-
lying, unbound states of this ion, although several low-
resolution electron-scattering experiments indicate struc-
ture that may be indicative of one or more temporary
negative-ion resonances.

These experiments have consisted of the measurement
of absolute optical excitation functions for the 7s %S,
and 6d 2D, s2,5,2 levels of thallium following electron im-
pact (Shimon et al., 1972; Zapesochnyi et al., 1973;
Chen and Gallagher, 1977). While the energy resolution
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TABLE XXX. Recommended energies, widths, and
classifications for negative-ion resonances in thallium. Energies
are expressed relative to the 6p 2P3 /, ground state and are from
the calculations of Bartschat and Scott (1984).

Energy Width
Classification (eV) (meV) Comments
6pTp P 0-0.3 eV Relativistic calculation
6p6d 03-1.3
6p?'S ~1.1
6pTp 'S 1.5
7218 2.861 =5
Tp23P 4.07
7p 6d 42-4.6
Tptls 4.3
6d?3P 5.0

in these experiments was typically no better than 0.3 eV,
there are definite indications of structure in the excitation
functions, particularly near the peak in the cross section
for the 6d 2D, state (Chen and Gallagher) and in the np
2P series (n =8-13, Shimon et al.). Chen and Gallagher
discuss the possibility that some of the structures they
observed may be due to resonances, but do not attempt
any classification.

Prompted by the spin-polarization measurements of
the Munster group for heavy metal targets. Bartschat
and Scott (1984) have calculated low-energy (0-5 eV)
cross sections for electron scattering by Tl in both the
relativistic and nonrelativistic R-matrix formalism.
These calculations reveal a wealth of resonance structure,
usually closely associated in energy with excited states of
neutral thallium. The energies of these structures and
their proposed classifications are summarized in Table
XXX. We note that a number of these features exist near
the threshold of the 7s %S ,, state (3.283 eV) and may be
responsible for the experimentally observed, steep, near-
threshold rise of this cross section (Chen and Gallagher).
It is also interesting to note that, although the structure
exhibited in the theoretical excitation cross section for
the 7s 2S,,, state is more pronounced than the experi-
mental result, the absolute magnitudes of the two cross
sections are similar, and some of the shape differences
may be explained by the experimental energy resolution.

In a recent experiment, Kaussen et al. (1987) measured
the spin polarization of electrons elastically scattered
from thallium in the energy region from 6 to 12 eV with
a particular emphasis on the influence of resonances.
They found no effects that they could attribute to reso-
nances, although the energy resolution in these experi-
ments was only about 0.5 eV.

The energies and widths of the T1™ resonances, togeth-
er with their proposed classifications, where appropriate,
are shown in Table XXX.

5. Copper

The ground 3d '%4s2 'S state of Cu™ is bound with an
electron affinity of 1.226 eV (Hotop et al., 1973; Hotop
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and Lineberger, 1975). To our knowledge, at the time of
writing, there have been no experiments, either photode-
tachment or electron scattering, aimed at revealing struc-
ture due to resonances in Cu~. The only information on
such states comes from a number of calculations
(Scheibner et al., 1987; Scheibner and Hazi, 1988) using
the nonrelativistic R-matrix technique.

Scheibner et al. calculated low-energy (0-8 eV)
electron-scattering cross sections of relevance to the
kinetics of the copper-vapor laser discharge. Specifically,
they calculated total elastic-scattering cross sections and
total excitation cross sections for the 3d °4p and 3d°4s?
excited states of copper, which are the upper and lower
lasing levels, respectively. They used the wave functions
of Msezane and Henry (1986), which include coupling be-
tween the ground 2S state and the 3d'%4p, 3d°4s?, and
3d1%4d excited states, as their target wave function and
treated the scattering process in the R-matrix approach.
They found a wealth of resonance structure in each of the
elastic and excitation cross sections. The dominant
structure in the elastic channel is a low-energy shape res-
onance at about 0.3 eV, which they classified as 3d %4s4p
3p° and which appears to be a typical b resonance. The
barrier-height model of Kurtz and Jordan predicts a
value of 0.33 eV for this state. Other resonances are
found at 0.5 eV (3d %4s4p 'P°), =2.0 eV (3d'%s4d 'D),
2.3 eV (3d%4s%4p 3P°), 3.5 eV (3d'%4p? 'D), and 4.2 eV
(3d'%4p4ad 3F°).

These resonances, particularly the 3d °4s4p, 3d°4s%4p
L3pe and 3d'°4p? 'D +3d'%p4d 3F°, significantly
enhance the cross sections for low-energy elastic scatter-
ing and excitation of the 3d°4s? and 3d'%4p states, re-
spectively. Indeed, the 3P° resonances increase the
value of the calculated near-threshold cross section for
the 3d%4s? state by an order of magnitude over previous
estimates, a result that may have implications for the
modeling of copper-vapor lasers.

Scheibner and Hazi (1988, 1989) have also calculated
cross sections for photodetachment of Cu™ between 1.0
and 5.5 eV and find evidence for resonances of !P charac-
ter which can be excited from the Cu™ 'S ground state by
photoabsorption. In particular the total photodetach-
ment cross section shows a strong resonance at about 1.9
eV due to the 3d!%s4p 'P° shape resonance and a weak
structure at about 4.25 eV due to the 3d°4s%4p 'P° shape
resonance. They note that the more dominant of these
two structures, that at 1.9 eV, should be easily accessible
in a laser photodetachment experiment at around 660
nm. Whilst the lack of experimental effort in copper,
both for electron scattering and laser photodetachment,
is perhaps understandable given the experimental
difficulties involved in producing controlled copper va-
pour beams, it is clear that further experiments in both
areas would be desirable.

6. Aluminum, gallium, and indium

Once again there has been very little experimental
work with these group-IIB atoms and, to our knowledge,
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no theoretical calculations. Shimon and co-workers have
measured optical excitation functions for several 4s and
3d levels of aluminum (Shimon, Nepiipov, and
Zapesochny‘i', 1975), for a large number of ns, np, and nd
excited states of gallium (Shimon, Nepiipov, Golodovsky,
and Golovchak, 1975), and for 17 ns, np, and nd
(n=5,6,7) spectral lines in indium (Shimon and
Nepiipov, 1974): The excitation functions for many of
these levels show structures that are probably due to
negative-ion resonances, although no discussion is given.
It is not possible to give accurate energies for any of
these possible negative-ion states.

V. RESONANCE STATES OF DOUBLY CHARGED
NEGATIVE IONS

There has long been an interest in the existence, or
otherwise, of short-lived excited states of multiply
charged negative ions. The initial impetus for this in-
terest came from the experimental studies of Walton
et al. (1971) on electron detachment of the negative hy-
drogen ion. They measured the absolute electron-impact
detachment cross section of H™ from threshold (0.75 V)
to 30 eV and found a large structure in the detachment
cross section at about 14.2 eV. They offered no firm ex-
planation for this structure, which had a typical reso-
nance profile and which represented a variation in the
cross section of more than 30%. They did speculate that
it might be a H?™ resonance or a feature associated with
the opening of the double detachment threshold at 14.35
ev.

Following these experiments, Taylor and Thomas
(1972), using the stabilization method, found evidence for
a resonance with a dominant configuration 2s2 2p at an
energy of 14.8 eV, and indications of a further stabiliza-
tion point at higher energies.

In a subsequent series of experiments in the same ap-
paratus, but under experimental conditions specifically
designed to improve the signal to background and test
for experimental artifacts, Peart and Dolder (1973)
confirmed the earlier observation of the structure at 14.2
eV and found evidence for an additional resonance at
even higher energies, 17.2 eV above the H™ ground state.
Both experiments were conducted using a merged
electron-H™ ion-beam apparatus, although for the
second the intersection angle of the two beams was re-
duced from 20° to 10° in order to increase the interaction
path length and provide kinematically more favorable
operating conditions for the electron source.

This observation prompted a closer investigation by
Thomas (1974) of the earlier stabilization calculation. He
found that the wave function for the higher-energy struc-
ture was predominantly (60%) (2p)* and that stabiliza-
tion occurred at 17.26 eV, in good agreement with the ex-
periment.

The experimental observations of these structures are
indeed very persuasive, a consequence both of their size
with respect to the background detachment cross section
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and of the independence of their occurrence on the ener-
gies of the incident merged beams. The large, lower-
energy structure could be associated with the breakup
threshold at 14.35 eV. There is particular interest in the
higher feature, as its occurrence would apparently violate
a theorem due to Simon (1973), which indicates that reso-
nances cannot exist at energies greater than the threshold
for total breakup of the system. Some mechanisms that
might reconcile the experimental data with Simon’s
theorem have been put forward by Nuttall (1979). How-
ever, to the extent that a stabilization calculation is to be
viewed as an approximation to the resonance wave func-
tion, the results of Taylor and Thomas do appear to
violate the theorem, and they may thus have to be
discounted. To our knowledge, there have been no other
theoretical calculations that have revealed these features,
nor has any subsequent experiment been reported.

The possibility of doubly charged negative-ion reso-
nances has also been raised in the case of oxygen by the
experiments of Peart et al. (1979a, 1979b). Electron-
impact detachment cross sections of C~ and O~ were
measured in a crossed-beam apparatus for incident elec-
tron energies between ~5 and 40 eV. Two structures
were observed in the detachment cross section of O™, at
electron energies of 19.5 and 26.5 eV: they appear as
dips of about 10% of the total cross section (which is
~6X107'% cm?), with widths of the order of 2 eV. The
size of the features is greater than, but comparable to, the
statistical fluctuations in the experimental data. We are
not aware of theoretical investigations of these struc-
tures, nor of subsequent experimental work. Hofmann
et al. (1989) made some rough estimates of the energy of
a hypothetical O?>~ 2522p° resonance that could be re-
sponsible for electron-stimulated desorption of O from
metal surfaces; they gave a somewhat lower energy of
~10 eV. A Hartree-Fock calculation of the energy of
02~ by Clementi and McLean (1964) gave an energy of
8.3 eV above O™, which correlation effects were estimat-
ed to reduce to about 6 eV. Subsequent Hartree-Fock
calculations by Prat (1972), Huzinaga and Hart-Davis
(1973), and Delgado-Barrio and Prat (1975) reduced these
energies by 1 eV or so. Although this approximation is
unrealistic in forcing all 2p electrons to occupy the same
orbital, and probably has a larger error than when ap-
plied to singly charged negative ions, the results suggest
that the O?~ 2522p® resonance would not lie near the
features observed by Peart et al.

VL. SYSTEMATIC VARIATION OF RESONANCE
PROPERTIES AMONG THE ELEMENTS

At present, only hydrogen and the noble gases exhibit
series of resonances that are sufficiently long to admit
classification in terms of channel quantum numbers
analogous to those that describe Rydberg series of neu-
tral atoms and positive ions. Moreover, it is not particu-
larly useful to view a negative-ion resonance of a given
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spectroscopic configuration as the first member of an
isoelectronic sequence (e.g., Ne™ 2p°3s?, Na** 2p33s2,
Mg™* 2p33s%,...), since the properties of subsequent
members are largely governed by the long-range
Coulomb potential. Thus, in trying to place the proper-
ties of negative-ion resonances in some broader context,
we are more or less restricted to take a view along isoion-
ic sequences (e.g., Na~ 2p%3s?, Ne~ 2p33s?, F~
2p*3s2,...). Such sequences typically involve significant
variation of the grandparent and parent configurations.
Although this makes it difficult to make unique associa-
tions of resonances in different elements, it is nevertheless
possible to draw some qualitative conclusions regarding
systematic behavior.

We shall discuss the analysis of a, b, and ¢ features
along these lines; it will be seen that these features
display a remarkable degree of commonality between ele-
ments, which can be interpreted in terms of a two-
electron complex weakly bound to a positive-ion core.
The resonance level structures in these cases closely track
those of their parent or grandparent states.

A more detailed isoionic correspondence can be made
between the 1s nin'l’ resonances of He™ and the nin'l’
resonances of H™, in terms of the (KT)4 coupling
scheme. A detailed elucidation of this correspondence
has been made by Watanabe and Le Dourneuf (1990). It
is successful because of the compact nature of the 1s or-
bital of He™, which provides highly effective screening of
one unit of nuclear charge, and otherwise interacts with
outer electrons (to lowest order) via a spherically sym-
metric exchange interaction which is fairly weak due to
the small overlap of the excited electrons with the core.
Helium resonances are distinct in this regard from those
of the heavier noble gases below the ionization limit. In
the heavier noble gases, the grandparent ion states are
separated by energies that are comparable to the charac-
teristic binding energies of resonances. In addition, the
np5 2P‘§ ,» grandparent core state possesses a permanent
electric quadrupole moment, whose associated long-
range interaction can mix the orbital angular momentum
of the outer electrons. It may be noted that, except for S
states, the spectrum of singly excited He is very similar
to that of H, if viewed from the ionization limit: the larg-
est quantum defect of 1s nl states with /0 is ~0.07,
and the largest term splitting is ~0.25 eV. Thus, to the
extent that the spectrum of excited He looks like a “repli-
cated” hydrogen spectrum, it is reasonable to suppose
that the doubly excited spectra of the negative ions will
be similar. It is conceivable that the spectrum of Li~
would also fit this general pattern, and a qualitative simi-
larity between adiabatic potential curves for H™ and Li~
has been noted by Lin (1983c). It seems likely that the
(KT)4 scheme will be less applicable to the categoriza-
tion of the resonances of heavier atoms, for which the
structure of parent and grandparent states plays a dom-
inant role.

The last part of this section describes briefly some re-
gularities in broad shape resonances observed in the total
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cross sections for electron scattering by the noble gases.
The main scientific value of this discussion is the associa-
tion of these resonances with the phenomenon of “shell
collapse” in neutral atoms and positive ions, in which the
d and f orbitals undergo a transition from Rydberg to
valence character.

A. The a resonances

The a features occur prominently in systems with
tightly bound, open-shell residual ion cores, such as the
halogens and the noble gases. The most striking charac-
teristic of these states is the degree to which their ener-
gies reflect the structure of the core: in Ne™ and Ar~,
for example, the splitting of the a pair is identical, to
within experimental uncertainty, to the fine-structure
splitting of the np> 2P° core; for Kr the two intervals
differ by about 20%. These results were of great histori-
cal importance in motivating the “grandparent model”
description and for validating the spectroscopic
identification of these resonances as an ns? 'S electron
pair bound to the core: the fine structure of such a reso-
nance should simply reflect that of the residual core. It
turns out that the properties of the a resonances depend
only weakly on the residual core, so that it is appropriate
to view them as members of a family which contains the
ground states of the alkali negative ions.

The spectroscopic designation ns? 'S evokes a picture
of two equivalent electrons outside a positively charged
core, but this is a simplistic description. We recall that
the simplest negative-ion state, the ground state of H™, is
called 1s? for convenience; but it takes only 0.75 eV to re-
move the first electron from H™, and 13.6 ¢V to remove
the second. This great disparity in binding energies is
reflected in the charge distribution that can be deter-
mined by accurate calculations; the ground state is seen
to be more accurately characterized by 1s'1s’’, where 1s’
is similar to the 1s orbital of H, and 1s’’ is very diffuse.
A similar picture applies to the alkali negative ions. Fig-
ure 55(a) shows the valence probability distribution of the
valence electron of Na 3s, as computed in the HF ap-
proximation, and the two electrons of Na~ “3s5%”, as
computed in a four-state MCHF approximation that is
discussed below; Fig. 55(b) shows the difference of these
distributions. The additional electron in Na™ is distri-
buted about the periphery of the ground state of Na and
does not appreciably affect the probability distribution
near the 2p° core.

Another manifestation of this phenomenon is seen in
Figs. 56(a)-56(d), which show a sequence of MCHF re-
sults for the nominally isoelectronic ground states of
Na™ and Mg. These calculations use wave-function ex-
pansions of the form

VU=152s2p% a, 42 (39)
k

with the orbitals ¢, introduced in the order indicated on
the figure. Thus the two-state calculation involves self-
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consistent determination of the amplitudes and orbitals
associated with 3s? and 3p? configurations that share a
common Ne-like core; the three-state, the same for 3s2,
3p2, 3d?; and so on up to the 12 configurations indicated.
The electron affinity (resp., ionization potential) is deter-
mined from the difference between the total energy of the
state and the Hartree-Fock energy of Na (resp., Mg™)
1s225%2p©3s. The interaction of the valence electrons
with the core is treated at the mean-field level in both the
3s and 3s? states, and, as can be seen from the results,
correlation between the two valence electrons is pretty
much accounted for; thus the principal error in the bind-
ing energies should derive from correlation between the
core and valence electrons. As indicated in the figures,
this residual error is of the order of a few meV for Na™—,
and 100 meV for Mg. This is consistent with the view of
the second valence electron in Na~ being very diffuse
and thus having a much weaker interaction with the core
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FIG. 55. Comparison of calculated charge densities for Na and
Na™: (a) Charge densities as computed in the Hartree-Fock and
MCHF approximations (present work); contributions from the
Ne-like core, which are nearly identical in both cases, are
neglected. (b) The difference p(Na™)—p(Na) of the two curves
in (a).
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than its counterpart in Mg. Calculations by this method
of the electron affinities of the other alkalis give similar
results; i.e., they are much more accurate than would be
estimated from the errors in the ionization potentials of
their isoelectronic counterparts. A similar observation
presumably applies to calculations of the bound b states
of the alkaline earths, discussed in Sec. VI.B; these have
yielded electron affinities of 40 meV or less, a value which
would lie within the range of error for calculations of a
neutral species, but which may very well be more accu-
rate because of the diffuse nature of the orbitals involved.

We shall now show that it is natural to view the a reso-
nances, which are encountered in the noble gases, halo-
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FIG. 56. Comparison of calculations for Na and Mg: (a) Elec-
tron affinity of the ground state of Na vs number of states in the
MCHF expansion. (b) Amplitudes of the (nl)* configurations in
the 12-state MCHF calculation of the ground state of Na~, on
logarithmic scales. Relative sign of the amplitude is indicated
by shading. (c) Ionization potential of the ground state of Mg,
as in (a). (d) Expansion of the ground state of Mg, as in (b).
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gens, and other miscellaneous systems, as members of a
family that is exemplified by the ground state of the
nearest alkali negative ion. Figure 57 shows the ampli-
tudes of the principal configurations that result from
MCHEF calculations, analogous to those described in the
preceding paragraph, for resonances in C~ through Na™
with the nominal classification 1s522522p%3s2. The com-
puted binding energies of these resonances (with respect
to the appropriate 2p93s parent state) are in reasonable
accord with known experimental data, as is discussed in
the separate element-specific sections of this paper. The
associated charge distributions are found to be similar to
those depicted in Fig. 55, except that there is a regular
contraction of the outer orbitals with increasing atomic
number.

It is thus evident that, at this level of description, the a
resonances of this isoionic sequence have essentially the
same configurational composition as that of the ground
state of Na~. As they are found to be relatively insensi-
tive to the nature of the residual ion core, which varies
significantly within this sequence, it is appropriate to
visualize them as a characteristic two-electron complex
bound by the Coulomb field of the core. On the surface,
this is a confirmation of the grandparent description of
these resonances. Note, however, that in light of Fig. 55,
these states can also be plausibly described in terms of an
excess electron loosely attached to a parent state of the
neutral atom. Thus a suitable coupling scheme for these
resonances is expressed by the grandparent model, but
their dynamics reflect some influence of the parent state.
This will be seen to be the case for the b resonances as
well.

The basic composition of the a resonances also does
not vary greatly along the noble-gas column of the
periodic table. Table XXXI shows the makeup of the a

FIG. 57. Amplitudes of leading configurations in MCHF calcu-
lations for the a resonances of C~ through Ne ™, and the ground
state of Na~, with the dominant -configuration being
1522522p93s?. Only the ground term of the 2p? grandparent
configuration is included in each case; however, similar results
are obtained for all terms of this configuration.
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TABLE XXXI. Amplitudes of configurations obtained in non-
relativistic MCHF calculations of a resonances of Kr~ and

Xe~. n =principal quantum number of p-shell vacancy;
n,=n+gq.

State Kr™ (n=4) Xe™ (n=35)
npon,s? 0.924 0.913
np°n p?('S) 0.347 0.362
npn,s? —0.106 —0.097
np>nd (*P°)n,s 0.086 0.128
np°nd (1P°)n,s 0.008 0.007
np3n snys (S) 0.062 0.063
np°np*°P) —0.015 —0.018
np>n p*('D) 0.049 0.068
np°nd*('S) —0.019 —0.020
np3nd*(*P) —0.001 —0.0003
np>nd*('D) —0.002 —0.004

resonances of Kr~ and Xe™, as computed at the same
level of approximation as those described above. The en-
ergy (eV) of a; above the ground state in each case is

Kr™ Xe™
Experimental 9.472 7.878
Calculated 9.484 7.900

Some systematic variations do appear in this description,
such as the increased importance of the p°sd
configuration for the heavier atoms.

In Table XXXII we show the binding energies of ex-
perimentally known a states of the alkalis, noble gases,
and halogens, as referred to the appropriate parent state
of highest multiplicity (the %P3 ,» and 1p grandparent
core states for the heavy noble gases and halogens, re-
spectively, are exhibited because these are the only two
that are known unambiguously for all elements of the
family; however, similar results are obtained for other
grandparent states where they are known). Although the

TABLE XXXII. Binding energies (in meV) of a states of al-
kalis, noble gases, and halogens, expressed relative to the ap-
propriate parent states of highest multiplicity (from experimen-
tal values cited in the tables of Sec. IV and Moore, 1971).

H™ 1s%!§

0.7542

Li™ 1s22s2'S He™ 1s2s%(1S) H™ 2s%!S
0.618 0.651 0.643

Na™ 2p®3s?!S Ne™ 2p°(°P3,,)3s%('S) F~ 2p*('D)3s*('S)
0.548 0.527 0.516

K™ 3p%s2'S  Ar™ 3p3(%P5,,)4s%('S) Cl1™ 3p*('D)4s('S)
0.501 0.478 0.459

Rb™ 4p%5s2!S  Kr~ 4p°(®P3,,)55%'S) Br~ 4p*('D)5s%('S)
0.486 0.470 0.560

Cs™ 5p%s?!S  Xe™ 5p3(2P5,,)6s%('S) I~ 5p*('D)6s('S)
0.472 0.455 0.440
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ground state of H™ is somewhat different from the other
a states, particularly with respect to having a lower de-
gree of angular correlation, we have included it for pur-
poses of general reference. The 2s? states of H™ and
He ™ are usually classified in terms of the (K, T)“ scheme
or its equivalents (Watanabe, 1982; Lin, 1986), but we be-
lieve they fit the general pattern for a resonances as well.

Effects of configuration interaction with the continu-
um, which have been neglected so far in this discussion,
exhibit no real regularity among diverse elements, as they
are highly sensitive to the positions of thresholds and the
number of open channels. For example, the experimen-
tally determined widths of the lowest a resonance in the
heavy noble gases (a,, associated with the 2P3 , state of
the core) vary by an order of magnitude between Ne™
and Xe™, but always lie below the first excitation thresh-
old of the neutral atom and are thus fairly narrow
(I' <10 meV). The a, resonance, in contrast, lies below
the first threshold in Ne™ and Ar~, but crosses over it in
Kr™, where it exhibits a significant branching ratio for
decay into excited states of Kr. In Xe™, a, apparently
interacts so strongly with the Xe* 5p3(*P3,,)6s[2,1]
channels that it is difficult to discern clearly in most ex-
periments. Of the halogens, only Cl™ is known to have
all the a resonances that would be associated with alter-
native states of the grandparent core, though this may be
due to the limited volume of experimental information
rather than to any fundamental reason. Evidence for a
states outside the alkalis, noble gases, and halogens is
sporadic.

B. The b resonances

The b resonances are prominent features in electron
scattering by the noble gases, lying just above the lowest
(a) resonances. Read et al. (1976) gave them the spectro-
scopic classification np3[(n +1)s (n +1)p 3P°], based on
the fact that the np>(n +1)s? states were accounted for
by the a resonances, and that *P° external coupling
should give a lower energy than 'P°. This assignment is
consistent with results of calculations for electron
scattering by Ne (Noro et al., 1979; Clark and Taylor,
1982) and by Ar (Ojha et al., 1982); we are not aware of
calculations for Kr or Xe. These resonances appear par-
ticularly strongly in various excitation spectra of the
np3(n +1)s configuration (e.g., metastable atom yield, ul-
traviolet photon yield, and differential electron excitation
functions). This shows that they have a significant
branching ratio for autodetachment into states of this
configuration, and so they might be regarded as shape
resonances built upon such states. This view was taken
by Clark and Buckman (1987), who demonstrated a
strong correspondence between the b resonance in Ne™
and the low-energy p-wave shape resonances in Na~ and
Mg~ . We believe that a number of resonances in other
elements fit this general pattern and have accordingly
designated them b states. Similar to the case of the a res-
onances, it seems that most states of neutral atoms with
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one or two electrons in a valence s orbital (i.e., effective
quantum number n*~2) are able to support p-wave
shape resonances. The existence of such a resonance de-
pends upon the coupling between the s and p electrons,
but this existence apparently is not sensitive to the nature
of the residual ion core. However, the actual resonance
energy does not depend upon the residual core, and, in
fact, in heavier atoms, it appears that some of the b reso-
nances actually become bound with respect to their
parent states.

We review briefly the arguments of Clark and Buck-
man (1987) regarding the correspondence between the b
resonances of Ne~ and Na~. As discussed in Sec.
IV.C.1, the existence of a shape resonance in the 3sep *P°
channel of Na™ is well established. Phase shifts for both
3P° (crosses) and !P° (squares) 3sep channels of Na™, as
computed by Sinfailam and Nesbet (1973), are depicted in
Fig. 58; the 3P° phase shift exhibits the characteristic
behavior of a near-threshold resonance. We now think of
electron scattering by Ne* 2p>3s as being analogous to
electron scattering by Na 2p®3s. The thin lines in this
figure depict the three eigenphases for electron scattering
by Ne in overall 2S symmetry at collision energies below
the 2p>3p thresholds [the three open channels are 2p %es,
2p%3s (3P°)e'p, 2p>3s (1P°)e”’p]. One of these eigenphases
exhibits a resonance near the Ne 2p°3s(3P°) threshold
and tracks the Na™ 3P° phase shift fairly closely; another
follows the Na~ !'P° phase shift; the third belongs to a
predominantly 2p%s channel that has no counterpart in

Energy above 3s center of gravity (eV)

5 (radians)

-
[ | [
3P0 |P° as 1s
3 'p *p

2p53s Ne 2p5 3p

FIG. 58. Calculated eigenphases for electron scattering by Ne,
Na, and Mg, as a function of collision energy with respect to the
center of gravity of the 3s configuration (i.e., the ground states
of Na and Mg, and the 2p°>3s excited configuration of Ne). Thin
lines are from Clark and Taylor (1981): eigenphases for e + Ne,
1S symmetry, open channels being 2p°es, 2p>3s(*P°)e’p, and
2p°3s('P°)e""p. Crosses and points are from Sinfailam and Nes-
bet (1973): e +Na, respectively, *P° and 'P° symmetry, open
channels being 2p®3sep *P° and 2p®3sep 'P°. Bold line is from
Kurtz and Jordan (1981): e +Mg, 2P° symmetry, open channel
being 2p®3s2ep. The energies of states in the 3p configurations
are indicated for each atom; for Ne and Na, as calculated in the
LS-coupling approximation; and for Mg, experimental value.
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the Na~ system. We thus see that the two scattering
eigenchannels for Ne™ that are associated with the 2p °3s
target states are characterized by essentially the same dy-
namics as *P° and 'P°, eigenchannels of Na™, and they
should thus be labeled 2p>(3sep >1P°) 2S. This coupling
scheme was inferred directly by Clark and Taylor (1982)
from an analysis of the eigenvectors of the scattering ma-
trix. The b resonance of Ne™ apparently has the same
origin as the low-energy resonance of Na™, which is
universally regarded as a straightforward shape reso-
nance in the 3P° channel. This interpretation is
strengthened by viewing the p-wave phase shifts for elec-
tron scattering by Mg, which appear as a thick line on
Fig. 58. This resonance involves three electrons in the
valence shall (i.e., 3s 2.sp), rather than two as for Ne™ and
Na™, yet it has a similar character. The correspondence
between the 3sep >P° state of Na~ and the 3s%ep 2P° state
of Mg~ can perhaps be understood at the Hartree-Fock
level, in that the 3s-ep exchange potential has the same
(attractive) coefficient for these two terms, whereas 3sep
1P° coupling is characterized by a repulsive exchange in-
teraction (Clark and Buckman, 1987). As we have dis-
cussed in Secs. IV.C and 1V.G, the energies of the Na™
and Mg~ b resonances are comparable to the height of
the barrier structure created by the repulsive centrifugal
potential and the attractive potential due to polarization
of the target atom by the incident electron. Since the Ne
2p°3s states have polarizabilities comparable to that of
Na 2p°3s, the same argument applies. The absence of a
resonance in the 'P° channel, which would have long-
range interactions identical to those in the 3p° channel,
presumably is due to the repulsive exchange interaction
at short range, which does not support a standing wave
inside the barrier. A recent paper by Bentley (1991)
presents an alternative view, in which the exchange in-
teraction effectively extends beyond the distance of the
barrier, due to the diffuse nature of the 3s orbital.

These results indicate that the grandparent model does
indeed give the appropriate coupling scheme for the ex-
cited two-electron complex and that the dynamics of this
complex, if viewed from the appropriate perspective, are
not highly sensitive to the nature of the residual ion core.
This is similar to our findings for the a resonances dis-
cussed in the previous section. However, as is also the
case for the a resonances, the actual mechanism for reso-
nance formation appears to be associated with a parent
state: in particular, the polarization potential of the
2p93s target. Indeed, the appearance of the b resonance
in elastic electron scattering by the Ne* 2p°3s 3P° meta-
stable state, as computed by the multichannel approach
just described (Taylor et al., 1985), is quite similar to that
of the older single-channel calculations of Robinson
(1969), which are based upon a simple one-electron po-
tential. We thus feel that it is proper to characterize the
b features as shape resonances with an sp *P° external
coupling scheme. Krause and Berry (1986) show condi-
tional probability distributions derived from two-electron
wave functions for the b resonances of all alkalis, as com-
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puted by diagonalization in a finite basis; these exhibit a
great deal of similarity.

The invocation of an external coupling scheme pro-
vides a description that clashes with the usual distinction
made between shape and Feshbach resonances, since the
thresholds of excited states are defined within the parent
(i.e., target) coupling scheme. In the case of Ne™, the b
resonance lies above all the Ne* 2p>3s *P° states and has
a significant branching ratio for autodetaching to them,
so it could be regarded unambiguously as a shape reso-
nance associated with those states. On the other hand, it
is bound with respect to Ne* 2p°3s !P° and might also
therefore be described as a Feshbach resonance associat-
ed with this state (an analogous statement is true for all
the heavier noble gases). Indeed, as indicated in the cap-
tion to Fig. 59, the transformation between external and
target coupling schemes gives

Vv
2p3(3sep P°)= —2~3—2p53s ('P°)ep + —;—Zp S3s(P°)ep

— (40)
-V
2p3(3sep P°)= —212p 53s(3P°)ep + —é—Zp 3s(1P)ep
so that in the target coupling scheme the b resonance ap-
pears to be associated primarily with the 2p°3s(lP°)
channel, and a Feshbach identification would
superficially appear to be appropriate. This ambiguity

60 | ¢
_ 40 |
(7]
(7]
(7]
&b
b, 20 |
= 2]
- 0
w -
<
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Energy above 2p°3s 'P° threshold (eV)

FIG. 59. Euler angles describing the transformation between
target channels and eigenchannels for electron scattering by Ne
in overall %S symmetry, in the vicinity of the b resonance (Clark
and Taylor, 1982). The three open target channels at these en-
ergies are 2p°3s (*P°)e'p, 2p°3s ('P°)e’'p, and 2pSes. These are to
be visualized as the x, y, and z axes of a Cartesian reference
frame; the three Euler rotations take this frame to the corre-
sponding x", y”, z'’ frame of eigenchannels, the eigenphases of
which are shown in Fig. 2. The x" axis represents the eigen-
channel of the b resonance; the y”' axis, the eigenchannel which
opens at the 2p°3s('P°) threshold; and the z' axis, the eigen-
channel with a nearly constant phase shift. The sequence of
Euler rotations is ¢ about the z axis (x,y —x’,y’), 6 about the y’
axis, and 1 about the z’ axis. The key feature of this figure is
that ¢ ~60° is the angle for recoupling the two excited-state
channels to form 2p°(3sep 3P°) and 2p°(3sep 'P°).

Rev. Mod. Phys., Vol. 66, No. 2, April 1994

appears to underlie the discussion during the early 1980s
(Bhatia and Temkin, 1981; Chung, 1981; Junker, 1982a;
Komninos et al., 1983) of the shape vs Feshbach nature
of the 1s2s2p 2P° resonance of He™ . For example,
Junker (1982a) performed a single-channel calculation
of p-wave scattering by He 1s2s 3§ and found no
shape resonance, whereas a two-channel calculation
[1s2s (18)2p +1s2%ep] gave a resonance below the He 1s52s
1S threshold. However, the transformation between tar-
get and external coupling schemes in this case happens to
be identical to that given above (Komninos et al., 1983),
so that Junker’s single-channel calculation was done in
predominantly 1s2sep('P°) external coupling, which
should not give rise to a low-energy shape resonance. It
should be noted that Robinson’s (1969) early single-
channel calculation of electron scattering by He 1s2s
gave a p-wave shape resonance; in this work no specific
angular momentum coupling scheme was used, the
electron-atom  interaction being represented by
(effectively) the average-of-configuration approximation
(plus a polarization potential), which would be closer to
3P° than to 'P° external coupling. We thus feel that the
original interpretation of the 2P° feature as a shape reso-
nance (Oberoi and Nesbet, 1973; Fon et al., 1978) is
essentially correct, if it be understood within the context
of the external coupling scheme. We believe that the 2P°
state of He™ fits the general pattern of the b resonances
of the noble gases, alkalis, and alkaline earths and that, in
particular, it should be similar to the b state of Li~,
which has yet to be observed.

The external coupling scheme for the b resonances im-
plies the existence of multiplet structure in negative ions
with open-shell grandparent cores, due to coupling of the
triplet pair to the core. Such multiplets are clearly seen
in the excitation spectra of Ar, Kr, and Xe, but as of yet
no details of their quantum numbers are known.

The mechanism that gives rise to b shape resonances
could as well produce stable bound states if the potential
were sufficiently attractive inside the barrier. This ap-
pears to be the case for Ca™, as discussed in Sec. IV.G.
The discovery that the b resonance in Ca™ is, in fact, a
stable bound state has given rise to speculation that the
heavier alkaline earths Sr~, Ba~, and Ra~ will have
stable bound states as well. Calculations indicating that
these ions do have bound ns?np states have been per-
formed in several independent approximations. Vosko
et al. (1989), using a density-functional formalism, find
bound states of all these ions. Froese Fischer (1989) finds
stable states of Sr~ and Ba™ in a nonrelativistic MCHF
calculation with some relativistic energy corrections; she
did not investigate Ra~. Kim and Greene (1989) use a
three-electron R-matrix method with electron-core in-
teractions represented by a model potential and find
stable states in all ions. Johnson et al. (1989) apply
many-body perturbation theory and find stable states of
Ca™, Sr, and Ba~. Gribakin et al. (1990) achieve simi-
lar results using a Dyson equation. Cowan and Wilson
(1991) use a relativistic Hartree-Fock equation supple-



642 S. J. Buckman and C. W. Clark: Atomic negative-ion resonances

mented by a correlation potential derived from density-
functional theory and get bound states of all ions. Fuen-
tealba et al. (1990), on the other hand, report
configuration-interaction calculation in which a pseudo-
potential is employed to approximate the effects of core-
valence correlation; they believe that their approach
strongly suggests that Sr~ and Ba™ are bound, but the
approach is inconclusive regarding Ca ™, since the es-
timated uncertainties in the computed binding energy are
comparable to its magnitude. Rotated-coordinate
Hartree-Fock calculations by Bentley (1990) yield
positive-energy b resonances of Ca™, Sr~, and Ba™.
Garwan et al. (1990) have detected long-lived states of all
of these ions in accelerator mass spectrometry. At
present we know of no experimental determination of the
electron affinities of Sr and Ba.

The electron affinity of the alkaline earths is found to
increase with increasing atomic number in all these ap-
proximations (with the exception of Ra), including that
of Bentley, which gives negative electron affinities in all
cases. It should be noted that the theoretical affinities are
all relatively small, less than 200 meV, and are compara-
ble in size to the errors that occur in the most accurate
calculations that can be performed for heavy atoms at
the present time. The reliability of these calculations is
thus open to question. However, we note that ab initio
calculations of the binding energies of negative ions have
been found to be substantially more accurate than calcu-
lations at the same level of approximation for the binding
energies of isoelectronic states of neutral atoms, as shown
for the a resonances in the previous section. This
presumably derives from the fact that in these cases the
additional electron occupies a diffuse orbital attached to
the neutral atom, so that the effects of virtual core excita-
tion are reduced in comparison to those in the neutral.
This circumstance, and the consensus of independent cal-
culations, lend credibility to the belief that the heavy al-
kaline earths form stable negative ions. Although this is-
sue has not been settled decisively by experiment, it is
difficult to think of other states (e.g., metastables) that
could account for the long-lived Sr~ and Ba™~ ions ob-
served in accelerator mass spectrometry (Kilius et al.,
1989; Garwan et al., 1990).

Several qualitative pictures have been proposed to ex-
plain why the b resonance becomes bound in the heavier
alkaline earths. These consist primarily of descriptions
of the effective potential for a p electron, which becomes
more attractive as the atomic number increases. This has
been demonstrated in the context of the Hartree-Fock
approximation (Froese Fischer, 1989), as well as for the
effective long-range potential that consists of the centri-
fugal and polarization terms (Kim and Greene, 1989) as
in Eq. 34. Kim and Greene, in particular, suggest that
the electron affinity is correlated with the polarizability
of the neutral atom, with greater polarizability being as-
sociated with stronger binding. This picture is intuitively
appealing, and it is true that both the electron affinity
and the polarizability increase from Ca to Ba. However,
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the electron affinity also increases in the Hartree-Fock
approximation (Bentley, 1990), which accounts only for
the mean atomic field. It is instructive to make a quanti-
tative comparison of the results of a fully correlated ap-
proach, such as that of Kim and Greene, with those of
the Hartree-Fock method.

Figure 60 depicts the difference of electron affinities of
the alkaline earths, as computed by Kim and Greene and
by Bentley, and shows their polarizabilities on a different
scale. It is apparent that for Ca, Sr, and Ba the correla-
tion energy, as represented by this difference, is relatively
constant, whereas the polarizability changes by 60%.
Thus, although the Hartree-Fock method gives values of
the electron affinity that are wrong, their error is sensibly
constant for the heavier alkalis; i.e., it is much smaller
than the change in the electron affinities. Therefore we
believe that the increase in binding energy of the b state
along this sequence reflects the greater attractiveness of
the short-range electron-core interaction, rather than the
effect of increasing polarizability.

In light of the correspondence between the b reso-
nances of the alkalis and the alkaline earths described
above, it is possible that the heavier alkalis (K, Rb, and
Cs) would also have bound b states. We are unaware of
any direct experimental evidence for such states, such as
might derive from photodetachment measurements.
Electron transmission experiments are not conclusive,
but they suggest the presence of resonances in K~ and
Rb™. All calculations of which we are aware of the K™
and Rb™ b states give shape resonances. For Cs™, on the
other hand, there are disparate experimental and theoret-
ical results, but the most recent calculations (Froese
Fischer and Chen, 1989; Greene, 1990) indicate that the
b state is bound, although by an energy that is compara-
ble to an optimistic estimate of the uncertainties in the
calculations. We note that the dipole polarizabilities of
the heavier alkalis are at least 50% larger than those of
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FIG. 60. Differences in eV between the electron affinities of the
alkaline earths as computed by Kim and Greene (1989) and by
Bentley (1990), shown as open squares. The affinities of Kim
and Greene are always larger. Polarizabilities in a.u. of the al-
kaline earths are shown as solid squares. From Miller and
Bederson (1977).
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their neighboring alkaline earths. Thus the lack of bind-
ing in K~ and Rb™ vs Ca™ and Sr~ indicates that the
long-range electron-atom interaction does not play a crit-
ical role in stabilizing the b resonance; apparently, the in-
crease in the short-range attraction in the alkaline earths
vs the alkalis is responsible for binding. Such an increase
obviously takes place in the simple self-consistent-field
model described above, since the increase in nuclear
charge between the alkali and the alkaline earth is only
partially screened by the additional valence electron.

The group-IIB elements Zn, Cd, and Hg all exhibit b-
type resonances, as discussed in Sec. IV.H. There is no
indication, from either experiment or theory, that the b
state should become bound in any of these elements, in
contrast to the case of group IIA.

One interesting feature of the bound b states in heavy
atoms is that their fine-structure splitting can become
comparable to their binding energies. As noted in Sec.
IV.C.5, Greene (1990) finds all levels of Cs~ 6s6p *P° to
be bound, but the highest-lying (J =2) is only bound by
10 meV; Thumm and Norcross (1991), who find these
states all to be unbound, also obtain fine-structure inter-
vals that are comparable to the resonance energies. A
calculation by Vosko et al. (1991) for Yb™, on the other
hand, gives a bound state for the J =1/2 level of the b
state 41 *6s26p, but finds the J =3 /2 level to be unbound
by about 10 meV. Litherland et al. (1991) have observed
a long-lived state of Yb™, but their technique does not
provide a spectroscopic identification of this state. Dzu-
ba et al. (1991) calculate Ra 7s27p %P3, to be bound by
150 meV, but find the %P3 , state to be unbound by about
18 meV. It is thus possible that both bound and resonant
b states will be found in heavy atoms. As noted by Dzu-
ba et al. (1991), this could provide a mechanism for
efficient spin polarization of low-energy electrons.

C. The cresonances

Unlike the a and b resonances, which have an unambi-
guous presence in a variety of negative ions, the ¢
features have a well-defined character, in our view, only
in the noble gases. The c states have traditionally been
viewed as the other LS term of the configuration that de-
scribes the b resonance as an nsnp 'P° electron pair. This
identification derives from the grandparent model, and it
has been supported in the case of Ne™ by the eigenchan-
nel analysis of Clark and Taylor (1982). Given the analo-
gy with Na™ described in the previous section, there are,
indeed, strong reasons to believe that the external cou-
pling scheme provides an appropriate description of the
eigenchannels for electron scattering by Ne at total col-
lision energies near the lowest excited states. Neverthe-
less, the structure apparent in Fig. 58 in the externally
coupled !P° channel near the 3p thresholds does not ex-
hibit the usual behavior of a resonance, in which the
phase increases by 7. This may be due to its proximity to
the thresholds, at which new channels open. A similar
observation applies to Na and K, in which a rapid in-
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crease in the phase shift in the !P° channel begins just
below the first excitation threshold of the neutral atom
(Sinfailam and Nesbet, 1973). In Cu, on the other hand,
Scheibner et al. (1987) report a fully developed 3d 4s4p
1p° resonance well below the 3d'%4p threshold. From
these calculations it is not clear that the feature labeled ¢
in Fig. 33 should be called a resonance. The metastable
excitation cross sections obtained in these calculations
are in reasonably good agreement with experiment (Tay-
lor et al., 1985).

In electron scattering by Ar, on the other hand, Ojha
et al. (1982) find a broad (I'~1 eV) resonance in the *F°
channel at about 1 eV above the 3p°4s threshold, which
they identify as the c feature. Such a resonance can only
be associated with a !D or 3D external coupling scheme.
Ojha et al. attribute it to a combination of 3p>4s3d (1D)
and 3p34p%('D) resonances, the presence of two reso-
nances being inferred from a kink in the 2F° eigenphase
sum (though the eigenphase sum increases only by ).
No such resonance behavior is seen in the 2P° channel,
which would also be expected to contain resonances with
D external coupling. The agreement of the calculated
metastable excitation cross section with that observed by
Brunt er al. (1977c) is reasonably good, though the
strength of the b feature relative to ¢ may be slightly
high.

Clark and Taylor make no mention of a resonance in
the 2P° or 2F° channels in Ne in this energy region, so
that it is either not present or too broad to be dis-
tinguished clearly. We note that a resonance of this type
ought to be present in the d-wave partial cross section for
elastic scattering by the metastable state. Earlier calcula-
tions by Robinson (1969) of elastic electron scattering by
metastable rare gases, using a modified Hartree-Fock-
Slater potential plus a polarization potential, exhibit d-
wave resonances for Ar, Kr, and Xe at energies between
1 and 3 eV; Ne does not support a d-wave resonance in
this approximation. The cross sections for elastic and in-
elastic scattering by Ne 2p>3s 3P° and 'P° computed by
Taylor et al. (1985) show no d-wave resonance. The ab-
sence of such a resonance in Ne is consistent with results
for the total scattering cross section of the ground state
which we discuss in Sec. VI.D.

In view of these results, we believe that the ¢ features
in the heavier noble gases may warrant different
classifications from those originally proposed by Brunt
et al.: they may be better described by nsed 'D or 3D
external coupling schemes. Measurements of the
differential angular cross sections for electron scattering
from the metastable states could help clarify this matter.

D. Higher-energy shape resonances in the
heavier noble gases

The total cross sections for electron scattering by the
heavier noble gases exhibit resonance structures in the vi-
cinity of 10-20 eV, the systematic behavior of which can
be related to the order of filling of electron shells in the



644 S. J. Buckman and C. W. Clark: Atomic negative-ion resonances

periodic table. Figure 61 shows the cross sections for
electron scattering by Ne, Ar, Kr, and Xe at energies be-
tween 1 and 300 eV. The Ne curve is featureless on this
scale, whereas Ar and Kr display peaks at 10-15 eV, and
Xe shows two discernible structures.

The structure in the Ar cross section is due to the d-
wave shape resonance that has been discussed in Sec.
II.B.1. This resonance may be viewed as a manifestation
of a double-well structure in an effective electron-atom
potential, as described by Rau and Fano (1968). Let the
interaction between electron and atom be approximated
by a local potential U(r)=—Z g(r)/r, where Z 4(r) can
be regarded as the charge of the nucleus, Z, screened by
the net electronic charge within a sphere of radius r
about the nucleus (effects of exchange and correlation do
not affect this picture in a qualitative way). It is clear
that Z 4(r)—>Z as r—O0, and (for a neutral atom)
Z (r)—0 as r— o0; in the transition between these two
limits, we expect rapid changes in Z 4(7) as r traverses
the regions in which electron shells are localized. The
net potential acting upon the electron in this picture is
Veg(r)=—2Z.(r)/r +1(1+1)/2r% For a neutral atom,
Z 4(r)=0 for r>35a,; so, as a d electron moves from
large r in towards the atom, it encounters the rising cen-
trifugal potential barrier. As it enters the atom, it be-
comes subject to the attractive potential —Z 4(r)/7,
which shows sudden decreases as subsequent electron
shells are penetrated; as r—O0 the centrifugal potential
becomes dominant. If Z is sufficiently large, the centrifu-
gal repulsion can be overcome in the interior of the atom,
and V g(r) will exhibit an inner well behind the centrifu-
gal barrier. The depth of this well increases with Z and
eventually becomes sufficient to support a state that is lo-
calized in the inner region. For the d wave, this occurs
around Z =21 (scandium), at the beginning of the
transition-metal sequence; for the f wave, it happens

50 T T T T T R E— '
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FIG. 61. Total cross section for electron scattering from Ne,
Ar, Kr, and Xe between 1 and 300 eV. Experimental data are
from Dababneh et al. (1980), Nickel et al. (1985), and Buckman
and Lohmann (1987).
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near Z =57 (lanthanum), heralding the onset of the
lanthanide elements. For values of Z that are just short
of the critical value, the inner potential well is not quite
deep enough to hold a bound state. We therefore expect
shape resonances to occur in the appropriate partial wave
for elements with Z somewhat smaller than the critical
value.

A similar phenomenon occurs when the inner well be-
comes sufficiently deep to hold a second (or third, etc.) lo-
calized state, such as the 4d, 5d, 6d, or 5f states. Thus
Kr exhibits a d-wave shape resonance similar to that of
Ar. Note that the peak value of the cross sections for Kr
and Ar is similar to what one would expect from the uni-
tarity limit for elastic scattering in a d-wave resonance:

a=%(21+1)=1.8><10_15 cm?

for E=1 Rydberg, [=2. (41)

Xe exhibits two features: a d-wave resonance around 7
eV and an f-wave resonance around 20 eV. The f-wave
resonance is associated with the impending collapse of
the 4f orbital. It occurs in a straightforward single-
configuration description: A continuum Hartree-Fock
calculation (present work), for example, gives a resonance
energy of 27 eV and a width of 14 eV; a rotated-
coordinate calculation (Bentley, 1989), which incorpo-
rates effects of core relaxation, yields E =22.3 eV,
I'=9.6 eV. The unitarity limit for the maximum cross
section for a pure f-wave resonance with these parame-
ters is also of the order of 2X 107" cm? Radon would
presumably also exhibit a double-resonance structure
similar to that of Xe, associated with the localization of
the 6d and 5f orbitals.

The energies and widths of these resonances are con-
sistent with results of the independent-electron model ap-
plied to a plausible atomic potential, so it is reasonable to
view them as garden-variety shape resonances. Note,
however, that they straddle the ionization limits of the
target atoms and so are capable, in principle, of interact-
ing with multiply excited negative-ion resonances. This
aspect does not appear to have been investigated exten-
sively to date.

It is likely that similar shape resonances will be found
in the heavier halogens. For example, simple continuum
Hartree-Fock calculations (present work) give resonances
in all LS terms of C1~ 3p°ed (Fig. 62). Except for the 'P°
term, their energies and widths are comparable to those
of the d-wave resonance in Ar. The exceptional behavior
of the !P° term derives from a strongly repulsive p-d di-
pole exchange interaction, which has been discussed ex-
tensively in the context of photoabsorption (Hansen,
1980). We know of no experimental data on shape reso-
nances in the halogens.

We now discuss the nature of the c¢ features in the no-
ble gases in light of the preceding remarks. Supposing
the d-wave resonance in electron scattering by Ar 3p® to
be attributable to a double-well structure in an effective
one-electron potential, we consider the implications for
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FIG. 62. Phase shifts for d-wave scattering by Cl, 3p>, as com-
puted in the continuum Hartree-Fock approximation (present
work), labeled by an LS term. The 'D° and >D° phase shifts are
identical in this approximation.

d-wave scattering by Ar 3p°4s, viewed in the most ele-
mentary way. The promotion of a 3p electron to a 4s or-
bital results in reduced screening of the nuclear charge
and also dramatically increases the polarizability of the
target (making it comparable to Ar 3p®s). Both effects
will increase the attraction of the atomic potential. Thus
the existence of a d-wave shape resonance in scattering
by Ar 3p® almost certainly leads to a d-wave resonance in
scattering by Ar 3p°4s, though at lower incident electron
energies. This is consistent with the results of Robinson
(1969). Thus the information depicted in Fig. 61 tends to
substantiate the view that the ¢ features in Kr, Ar, and
Xe derive from a different mechanism than that applica-
ble to Ne. Their similarity in the metastable excitation
spectra may simply be due to the fact that they are all
low-energy shape resonances built upon an excited state
of the target.

The photoabsorption spectra of the noble gases exhibit
broad features that are attributable to shape resonances
in the d and f waves, and analogous features are ob-
served in the neighboring alkalis and alkaline earths
(Connerade et al., 1987). Thus we may expect to find
counterparts of the noble-gas d- and f-wave shape reso-
nances in electron scattering by the alkalis and alkaline
earths. If atomic polarizabilities are neglected, the
effective potentials for these systems are similar to those
of their neighboring noble gases, and shape resonances
ought to occur with the same pattern, i.e., none for Li,
Be, Na, and Mg; d wave for K, Ca, Rb, and Sr; and d and
f wave for Cs and Ba. However, these systems are much
more polarizable than the noble gases, and they also pos-
sess numerous low-lying excited states that may compli-
cate this simple picture. The calculations of Kurtz and
Jordan (1981) show that the addition of a polarization
potential does induce a d-wave resonance in Mg, though
not in Be; in Ca, a d-wave resonance is apparent even in
the static-exchange approximation, and the inclusion of
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polarizability dramatically reduces its energy and width.
Results for the alkalis are complicated by effects of chan-
nel interaction: the d-wave phase shifts begin to exhibit
resonance behavior near the 2P° thresholds (Sinfailam
and Nesbet, 1973). Calculations by Burke and Mitchell
(1973) and Scott et al. (1984a, 1984b) yield a low-energy
3F° shape resonance in Cs™, which appears to involve a
significant admixture of 6s€f and 6p 5d configurations.
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