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ABSTRACT

Electron correlation plays a major role in all aspects of the pholodclachmcnt of
an electron from a negative ion. Photodetachment measurements arc well suited to
investigate the relatively short range forces associated with correlation due to the
absence of the long range Coulomb interaction. Measurements of electron
affinities, asymmetry parameters and cross sections arc described to illustrate the
influence of correlation on photodctachment.

1. Introduction

Electron correlation effects, which signature breakdowns in the independent
electron model, play important roles in the stabilization of the majority of
negative ions (anions) and in determining the manner in which such ions interact
with radiation via, for example, the bound-free process of photodetachment.
Photodetachment measurements provide a means of investigating the short range
and weak forces associated with electron correlation in the absence of the longer
range and stronger Coulomb forces that dominate, for example, photoionization.
In single photon-single electron detachment, energy and angular momentum are
transferred to an electron bound in a negative ion by the absorption of a photon.
As a result of this interaction, the electron is detached leaving behind a residual
atom which may or may not be in an excited state. Generically, the process can
be written as: hu + X~ - X"*-* X* + e~. Here allowance has been made for
the possible photoexcitation of the negative ion in an intermediate step. A more
detailed discussion follows of the role of correlation in the bound,
quasibound and unbound states that are encountered in the initial, intermediate
and final stages, respectively, of photodetachment.

2. Bound States

The least tightly bound electron in a negative ion is attached to the parent
atom by a relatively weak force that arises primarily from polarization and
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exchange effects - manifestations of electron correlation. Correlation effects
result from non-central interactions between pairs of electrons not accounted for
in the independent electron model. Most definitions of correlation use the
Hartree-Fock approximation as the independent electron model. In this case
some correlation, that due to exchange symmetry, is built into the single
configuration wave functions. Structure calculations based on the Hartree-Fock
model fail in most cases, however, to even predict the existence of negative ions.
Since correlation results in configuration mixing, one method of accounting for it
is to form a superposition uf different configurations to represent the wave
function. Such methods are called multiconfigurational (MCHF) or configuration
interaction (CI) methods.

The binding energy of the least tightly bound electron in a negative ion is
numerically equal to the electron affinity of the parent atom which is defined as
the difference in total energies of the atom and the ion. Over 80% of the
naturally occurring elements form stable atomic negative ions when an extra
electron is attached to the parent atom in its ground state.1 The prototypical
stable atomic negative ion is the H~ ion which is formed in the ( l s 2 )^ state. The
electron affinity of H(12S) is 0.7542 eV. Without correlation, which amounts to
1.1 eV in this case, one would predict this two-electron system to be unstable. In
addition to stable ions, there exist an interesting class of negative ions that are
metastable. They are formed when an electron is attached to the parent atom in
a metastable excited state. The prototypical metastable atomic negative ion is the
three-electron ion He" which is formed in the spin-aligned (ls2s2p)4P state when
an electron is attached to the He atom in the (ls2s)3S state. The electron affinity
of He(23S) has been calculated by Bunge and Bunge2 to be 77.51 ± 0.04 meV. In
this case correlation amounts to 0.20 eV. In the Hartree-Fock approximation one
would not predict the metastable He" ion to be bound.

Group I anions (negative ions of the alkalis) are often considered to be
effective two-electron systems in the frozen-core approximation. In this model,
two highly correlated valence electrons orbit a nucleus screened by two, otherwise
inert, core electrons. Under such restrictions, the alkali anions become tractable
to theory. In these systems most of the correlation is contained in the valence
electrons. In the terminology of configuration interaction (CI) calculations, the
ground states of alkali anions consist of a dominant s2 configuration, predicted by
the independent electron model, and a strong admixture of p configurations.
Electron affinities have been determined using both ab inilio methods that include
correlation and semi-empirical model potential calculations. The electron affinity
of Li(22S), for example, has been calculated by Sims et aj.3 to be 0.607 eV.
Again, in the Hartree-Fock approximation, the Li~ ion fails to be bound. The
difference in correlation energy between Li" and Li is 0.73 eV.

Group Ila anions (negative ions of the alkaline earths) can be formed in spin-
aligned metastable (nsnp )4P states when electrons are attached to the (nsnp)rP
metastable excited states of the parent atoms. This process is analogous to the
formation of He" the ion in the spin-aligned (ls2s2p)4P state. These states have



been studied theoretically, for example, by Bunge and his collaborators4 and
experimentally by Bae and Peterson,5 Kvale et ji]6 and Uanstorp ct jil.7 Alkaline-
earth anions can be treated theoretically as effective three-electron systems in the
frozen core approximation. The lighter alkaline earths (Be.Mg) do not form
stable negative ions but it is now known that the heavier ones (Ca,Sr,Ba) do. The
experimental demonstration of the existence of a stable Ca~ ion, for example, was
made by Pegg et j&l.8 More will be said about this ion in a later section.

3. Quasibound States

A typical stable negative ion has only one bound state. This is a consequence
of the relatively short range of the force binding the extra electron and the
shallow potential well associated with it. Excited states of negative ions, with few
exceptions, lie above the first detachment threshold and are embedded in
continuum associated with lower lying bound states of the parent atom. They are
unstable, being subject to autodetachment and, in a few cases, radiative decay.
The degree of stability of these excited autodetaching states depends on the
strength of the interaction coupling them to the continuum. Short-lived negative
ion states can be excited in an intermediate step of the photodetachment process
if they are optically coupled to the ground state of the ion. The autodetachment
of such states can produce resonant structure in the energy dependence of the
cross section and asymmetry parameter. Major corrections to the independent
electron model are required in the vicinity of these resonances. These
autodetaching states are core-excited or doubly-excited states. Double excitation
by single photon absorption is, of course, not possible within the independent
electron model. The existence and properties of these states depend on the
correlation between the two electrons. For relatively low excitation one can
model the process by considering one electron moving in the field of an excited
atom. For high excitation, where the threshold for double detachment is
approached, it appears it is more appropriate to consider the two correlated
electrons to move in the field of the residual ion. In the double detachment limit,
two highly correlated electrons move slowly in the Coulomb field of the residual
ion. This classical unbound three-body system is considered the prototype
correlation problem. The Wannier law, which describes the threshold behavior of
a three-particle final state, has been tested in single photon-two electron
detachment experiments.

Doubly-excited resonances, of both the Feshbach and shape variety, have been
observed in the photodetachment studies of H" by the University of New Mexico-
Los Alamos National Laboratory group.10 A strong shape resonance, (ls2p2)4P,
has been studied in the photodetachment cross section of He" by Peterson etiil.11

This resonance lies just above the threshold for the opening of the 3Pep channel.
The heavier alkali anions such as Cs~ and Rb~ exhibit Feshbach resonances just
below the P detachment thresholds.12



4. Unbound States

The final state of the photodetachment process is a continuum (unbound)
state consisting of the detached electron moving relative to the residual atom.
The dominant long range interaction in this case results from polarization and
exchange effects which are manifestations of electron correlation. This situation
is fundamentally different from the corresponding case of photoionization where
the long range interaction in the final state is dominated by the Coulomb force
between the outgoing electron and the residual positive ion. The induced
multipole moments resulting from the polarization of the atomic electron charge
cloud act back on the outgoing electron transferring to it additional angular
momentum not considered in the independent electron model. Such changes can
alter the angular distribution of the photoelectrons. The induced polarization, by
coupling final state channels, can also result in anomolous behavior in the cross
section at certain detachment thresholds. Consider, for example, the
photodetachment of an alkali anion such as Li". In this case channel mixing
produces a Wigner cusp in the cross section for the 2Sep channel at the threshold
for the opening of the 2Pes channel.13

In order to calculate photodetachment cross sections one needs to choose
appropriate wave functions to represent the initial (bound) state and the final
(continuum) state. It is necessary to take account of correlation in both the
bound and continuum states. This has been achieved, for example, by Moores
and Norcross13 in their calculations of the cross sections for photodetachment of*
the alkali anions. These investigators used CI wave functions for the bound state
and close-coupled wave functions to represent the final state. Close-coupling
methods had been previously used successfully in studying electron-atom
scattering, a process with the same final state as photodetachment.

5. Measurable Quantities

The rest of this paper will describe experiments, performed by the University
of Tennessee-Oak Ridge National Laboratory group, that illustrate the role of
correlation in photodetachment. Such experiments are able to test different
theoretical approaches to the correlation problem. The experiments employ
photoelectron detachment spectroscopy to measure the kinetic energies and angle-
dependent yields of electrons ejected in the photodetachment process. These
quantities, in turn, can be used to determine electron affinities, asymmetry
parameters and cross sections. Electron affinity measurements test bound-state
wave functions while asymmetry parameter and cross sections measurements can
attest the validity of both bound-state and continuum (unbound) state wave
functions. In addition, the latter quantities are sensitive to the presence of
quasibound excited states of negative ions.



6. Experimental Procedure

The crossed-beam apparatus and the experimental techniques used to
investigate the photodetachment of atomic negative ions have been described in
detail in a recent publication by Pegg.14 A schematic of the apparatus is shown in
Figure 1. A fast moving, tenuous beam of negative ions is prepared by sequential
charge transfer when a beam of positive ions from an accelerator is passed

through an alkali vapor
charge exchange cell. The
negative ion beam is
intersected perpendicularly
by a plane-polarized beam
of photons from a
flashlamp-pumped pulsed
dye laser. Following
photodetachment events,
electrons ejected from the
moving ions in the direction
of their motion, are
collected, energy analyzed
and detected using a
spherical-sector electron
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Fig. 1. Schematic of crosscd-beam apparatus used for
photoclectron detachment spectroscopy

spectrometer placed in the path of the ion beam. The angular distribution of the
detached photoelectrons can be determined by measuring their yield as a function
of the angle between the electric field vector of the plane-polarized laser beam
and the collection direction. This is achieved in the present apparatus by keeping
the collection direction fixed in the forward direction and rotating the laser
polarization vector using a k /2 phase retarder (double Fresnel rhomb). The
output power of pulsed dye laser is carefully chosen to avoid saturation on each of
the photodetachment processes studied. An injection lens is used to focus the
laser beam onto the ion beam in the interaction region. A fraction of the laser
light :s detected with a photodiode and used for normalization purposes.
Similarly the ion beam intensity, as measured in a Faraday cup downstream of the
spectrometer, is monitored for normalization. Sets of apertures are used to
keep the geometrical interaction volume between the laser and ion beams fixed
during the course of the measurements.

A synchronous detection scheme is employed to extract the photoelectron
signal from a rather large electron background associated primarily with
collisional detachment of the ions of the beam. A pai: of gate-and-delay
generators are used to alternately switch on and ~fr two multichannel scalars that
record electrons generated in coincidence with the laser being on and off,
respectively. As a consequence of the fast moving, unidirectional nature of the
ion beam, the kinetic energies, yields and energy and angular distributions of the
detached photoelectrons are modified by kinematics. The combination of fast



beams and forward-directed electron collection used in the present apparatus
permits one to exploit kinematic effects such as shifting and doubling of the peaks
in the photoelectron spectra. In the present experiments the absolute cross
sections are not measured directly. Instead one measures, under identical
geometrical conditions, the ratio of cross sections for photodetaching electrons
from a beam of the ions of interest to that of a beam of reference ions. The ratio
is then normalized using the known photodetachment cross section of the
reference ion. To enhance the precision of the measurements a technique, based
on the kinematic shift of spectral lines, has been developed to eliminate the need
to know the efficiencies for collection and detection of electrons from the ion
beams of the two different species. The energies of the two ion beams are
carefully chosen so that the detached electrons from each beam have the same
energy in the laboratory frame. Under this condition the efficiencies must be the
same for the electrons from each beam and thus cancel in the ratio. In order to
make corrections for the differing ion beam densities and solid angle
transformation factors, one must know the ion beam velocities. These quantities
can be accurately measured by an in-situ analysis of peak separations in the
photoelectron spectra.

7. Electron Affinities

Electron affinities can be determined, via the Einstein energy balance
equation, by measuring the kinetic energies of electrons detached from negatives

ions by photons of known energy ie. photoelectron detachment spectroscopy. If
the electron is emitted from a moving ion, as in the present experiments, the
energy of the ions must be accurately known in order to transform the measured
electron energy from the laboratory frame to the ion rest frame. Unfortunately,
the energy of a single peak in a photoelectron spectrum is difficult to measure
accurately due to the presence of unknown, and essentially unmeasurable, energy
offsets associated with, for example, contact and surface potentials. To minimize
this problem, in cases where more than one peak exists, one can measure the
separations of pairs of peaks and make an assumption that the offset is
comparable for each peak and thus cancels in the energy difference. If the
photoelectron spectrum contains at least three peaks of known ion frame
separation, it is possible to determine simultaneously the energies of both the
detached electrons and the ion beam from an analysis of the separations of two
different pairs of peaks. The method has been successfully tested on the
metastable He" ion. The electron affinity of He(23S) was measured to 76.35 ±
1.53 meV. This value is in good agreement with the best theoretical result of
77.51 ± 0.04 meV.2

The method just described was applied by Pegg et .a].8 to the determination of
the electron affinity of Ca(41S). Prior to this experiment it was generally accepted
that the alkaline earth anions were unstable since their formation involved adding
the extra electron to a new subshell, where enhanced screening would prohibit



stabilization. Figure 2 shows ihe photoclectron spectrum obtained by detaching
electrons from a 60-keV beam of Ca" ions. The relative intensities and spacing
of the peaks unambiguously show that this ion is stably bound in the (4s24p)2P
state. The existence of three
peaks in the spectrum permits
one to determine the electron
affinity of Ca by measuring the
separations of two pairs of peaks.
The highest energy peak (~5 eV)
corresponds to the photodetach-
ment process that leaves the Ca
atom in the (4s2)1S ground state.
The two low energy peaks
(~leV) have a common origin in
the process in which the Ca atom
is left in the (4s4p)3P excited
state. Peak doubling, such as this,
is a kinematic effect. If the
velocity of the detached electron
in the ion frame is less than the
ion beam velocity, electrons
ejected in both forward and
backward directions in the ion frame will be collected in the forward direction in
the laboratory frame. The separation, in the laboratory frame, between two such
kinematically-doubled peaks is A EL = 4 JeE^ where e is the energy of electrons
moving with the same velocity as the ions and Ec is the ion-frame energy of the
detached electron. The separation of the second and third peaks, both forward-
directed peaks, is given by AEL = Ec + 2/e [/Ec + Ec - / E J . Here Ec =
EC(3P) and Ec is the excitation energy of the 3P state, a quantity well known from
optical spectroscopy. The two equations for the separations of the two pairs of
peaks contain two unknowns e and Ec. One can therefore eliminate the
dependence on the '^n beam energy completely and solve for EC(3P). The
electron affinity is then Ea = E^ - Ec - EC(3P), where Ej, is the measured photon
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Fig. 2. Spectrum of photodetached electrons from a Ca"
beam. The first two peaks are associated with the
'Sts.d channels and the third peak with the 3Pep
channel.
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energy. The final result of the experiment was Ea(Ca) = 43 ± 7 meV. This
value represents the smallest binding energy measured to date for the ground
state of a stable atomic negative ion. A MCHF calculation by Fischer et .a]15

confirmed that the Ca~ ion is stably bound. In this effective three-electron
calculation extensive correlation had to be built into the wave functions to
stabilize the ion. Previous calculations failed to predict a stable system. Since
these results were published, the Ca" ion has become a testing ground for
different approaches to the correlation problem. These new calculations, using
various computational techniques, all predict the Ca" ion to be stable.16



8. Asymmetry Parameters

The angular distribution of detached photoeiectrons is completely
characterized by the asymmetry parameter,/?, a quantity which measures the
deviation of the emission pattern from isotropy (0 = 0). Positive (negative)
valves of /3 correspond to preferential electron emission parallel (perpendicular)
to the direction of the electric field vector of the plane-polarized radiation. The
asymmetry parameter is restricted to the range, -1 < p < 2. For plane-polarized
radiation in the electric-dipole approximation, the photoelectron angular
distribution for the single photon-single electron detachment process takes the
form, f(e) = 1 + (3 P2(cos 9). Here it is assumed that the ion is randomly
polarized prior to photoabsorption. The angle e represents the angle between the
polarization vector of the radiation and the direction of emission of the
photoeiectrons. A recent study by Thompson et JLI.,17 of the spectral dependence
of the angular distribution of photoeiectrons detached in the process: hu + He"
(ls2s2p4P)-» He(ls2p3P) + e~(ep) is used to illustrate how the presence of an
excited negative ion state may perturb the value of (3. In the independent
electron model, the outgoing electron in this process should be a p wave and be
represented by /3 = 2 for all photon energies. The experiment studied p over the
range of photon energies from ~ 1.8 - 2.4 eV. At the highest photon energy used
in the experiment, there exists agreement with the independent electron model i.e.

0 = 2. As the photon energy is
reduced toward threshold, however,"
the value of p is seen to decrease
quite sharply. Correlation of some
type apparently causes p to deviate
from the value predicted by the
independent electron model. One
possible explanation is that the
angular distribution of this channel is
being influenced by the (ls2p2)4P
state that manifests itself as a
shape resonance lying -11 meV
above the 23P threshold. In this
case, the pbotodetachment process
would proceed via an intermediate
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Fig. 3. Spectral dependence of the asymmetry
parameter for the Pep channel in the photo-
detachment of the mclastable He" ion.
Solid lines are from a MCHF calculation
(Ref. 20) and circles are experimental
data (Rcf. 17). step: hu + He" (ls2s2p4P)-

He" ( ls2p 2 4 P)- He(ls2p3P) +
e~(ep). This resonance has been studied experimentally by Peterson et j j . 1 1 and
theoretically by Hazi and Reed18 and Watanabe.19 A recent MCHF calculation
by Saha and Compton^ seems to support the conclusions of Thompson et al i.e.
that the strong shape resonance may have an influence on the photoelectron
angular distribution even though the peak lies some one hundred resonance
haifwidths below the range of measurements. A comparison of the experimental
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and theoretical results is shown in Figure 3.

9. Cross Sections

Calculations of photodetachment cross sections depend critically on the bound
and continuum wave functions used to represent the initial and final states. To
illustrate the role played by correlation, comparisons of experimental and
theoretical cross sections are made for single photon-single electron detachment
of He" and Li" ions. The partial cross sections for leaving the He atom in the
23S and 23P states have been measured over the spectral range 1.8 - 2.1 eV by
Pegg et .aj.21 The results are in good agreement with the MCHF calculations of
Saha.22 The total cross section, the sum of the
partial cross sections, has been calculated by Hazi
and Reed18 and Saha and Compton,20 Again,
there is good agreement between experiment and
theory. Measurements of the cross sections for
photodetaching an electron from the Li" ion are
currently in progress.23 In this experiment, the
ratio of cross sections for photodetaching the Li"
ion and the U~ reference ion is measured. In
order to eliminate the dependence of this ratio on
the unknown efficiencies for the collection and
detection of electrons detached from each beam,
the ion beam energies are chosen to kinematically
shift the different electron peaks to the same
energy in the laboratory frames. The energy-
aligned spectra are shown in Figure 4. The cross
section ratio is corrected for the differences in
ion beam densities and solid-angle transformation
factors for the Li" and D" beams. These
quantities depend on the ion beam velocities
which can be accurately measured from a
comparison of the photoelectron spectra of Li"
and D~ with that of He" taken at the same ion
beam energy. At a wavelength of 662.7 nm,
for example, the measured ratio is
ff(U")/a(D") = 1.98 ± 0.15. A scale for this
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Fig. 4. Spectra of photodetached
electrons from Li" (top) and D"
(bottom) beams. The ion beam
energies were chosen to
kincmatically shift the peaks to
the same energy in the laboratory
frame.

measurement is established by the use of a theoretical value for CT(ET). The
value, arbitrarily chosen, is that of Stewart24 which has an estimated accuracy of
-3%. The normalized ratio yields a cross section of a(Li~) = 73.5 ± 6.0 Mb.
The result is in good agreement with the theoretical predictions of Moores and
Norcross13 and the recenZ work of Moccia and Spizzo.25
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