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Experimental cross sections for single and double ionization of Ba?" and Ba3" ions are presented
for an electron-impact energy range from threshold up to 1000 eV. By the alternative use of a “hot”
electron-cyclotron-resonance ion source and a ‘“cold” Penning ion source, beams of ions with and
without metastable content could be employed. A fast energy-scanning technique with step widths
of about 40 meV and an energy resolution of 0.4 eV revealed fine details in the cross sections, and in
particular resonant contributions to single and double ionization could be observed. The data are
interpreted on the basis of calculations of energy levels and distorted-wave calculations of direct
ionization from various electron subshells. Influences of giant-resonance phenomena are discussed.

I. INTRODUCTION

Barium and its close neighbors in the Periodic Table of
elements have an electronic structure that provides
unique phenomena in photoabsorption and electron-
impact ionization. In particular, large resonance struc-
tures caused by 4d —€f excitations have attracted great
interest in studies of photoionization of Ba and the
lanthanide elements. The characteristics of these ele-
ments are determined by the role of the 4f subshell. Sub-
sequent to the classical work of Goeppert-Mayer,! who
used Thomas-Fermi potentials to predict the onset of the
rare-earth series, effective central potentials for 4f elec-
trons were calculated by inverting Hartree-Fock calcula-
tions.? These effective potentials have pronounced
double-well structures for the outer d and f electrons.
For neutral atoms with atomic numbers Z <57 the po-
tential barrier separating the two wells keeps the 4f wave
function outside the region occupied by the core elec-
trons. At Z =57 the barrier becomes low enough so that
the 4 f orbital suddenly contracts (wave-function collapse)
and resides in the inner well of the effective potential.’
The question of whether an orbital is collapsed or not
often depends on the particular term in a given
configuration which leads to strong differences in oscilla-
tor strengths of different terms.* Extreme term depen-
dence has been shown in 4d°4f configurations within the
palladium sequence.*

In 1964 Ederer® published his work on the photoion-
ization of Xe, where he found an unexpected photon-
energy dependence in the 4d cross section. A pro-
nounced peak in the cross section at around 100 eVwas
observed. Similar features were also found® in the photo-
ionization of Ba and other atoms and ions. These peak
structures are generally termed ‘‘giant resonances.”
Since the first observations numerous experiments on the
photoionization of Ba and its ions as well as related
theoretical studies have been published. Recent papers
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were presented by Bizau et al.” and Richter et al.® The
field has been previously reviewed in a book edited by
Connerade, Esteva, and Karnatac.’

Over the past few years, the electron-impact ionization
of very heavy ions has been the focus of several crossed
beam measurements. In some of these experiments!®~ !4
large anomalous features at electron energies less than
two times the threshold energy were found for double
ionization of ions with atomic numbers close to Z =56
(Ba). Pindzola et al.'>'® could reproduce such features
along the Xe?" isonuclear sequence by performing
distorted-wave calculations including term-dependent
and correlation effects. Younger!” interpreted a similar
feature in Cs™ as a giant scattering resonance appearing
in the scattered-electron channel. Systematic theoretical
studies of giant resonance phenomena for a variety of
heavy ions in low charge states followed.'® 20 Recently,
Miiller et al.?! presented a comprehensive study of single
and multiple ionization of La?™" ions (g=1,2,3). In that
work giant-resonance phenomena were discussed along
with other aspects of electron-impact ionization of
heavy-metal ions. Experimentally, narrow resonances
were also found clearly indicating the presence of
resonant-excitation double autoionization?? (REDA), i.e.,
dielectronic capture of the projectile electron and subse-
quent sequential emission of two electrons. It was even
possible to identify resonant contributions to net double
ionization,'#?! i.e., resonant-excitation triple autoioniza-
tion (RETA). Previous experimental and theoretical
studies on electron-impact ionization of Ba™ ions can be
found in Refs. 13 and 23-27.

The present investigation continues a series of papers
reporting on detailed studies of electron-impact ioniza-
tion of heavy-metal ions. Some of the present results
were already published in a Letter'* where space was not
sufficient to discuss details of the experiment. We report
here complete cross-section measurements from thresh-
old up to 1000 eV for single and double ionization of
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Ba?™ and Ba’™ ions, as well as additional high-resolution
energy scans. By using different ions sources, beams with
different metastable ion contents could be employed in
the measurements and additional information on the ion-
ization of metastable excited states was obtained.
Distorted-wave calculations for direct single ionization of
different electron subshells in Ba?' and Ba*" were per-
formed with comprehensive calculations of energy levels
of ions along the Ba? * isonuclear sequence.

II. EXPERIMENTAL METHODS

The experimental data were taken by using the Giessen
electron-ion crossed-beam apparatus. The present setup
was recently described in detail.?®

The Ba?' and Ba’" ions were produced by two types
of ion sources, a ‘“‘cold” sputter Penning ion source
(PIG) and a ‘““hot” electron-cyclotron-resonance (ECR)
ion source.’® Here “cold” and “hot” refer qualitatively
to the electron energies in these sources and their capabil-
ity to produce highly excited ionic species. The Penning
source worked with an Ar discharge typically running
with 50 mA at several hundred volts. The anticathode
contained an inlay of metallic barium which was sput-
tered by Ar ions. Ba ions were extracted through a 1.5-
mm channel in the cathode.

The two-stage ECR ion source was operated with a mi-
crowave frequency of 5 GHz. Metallic barium was eva-
porated in a direct-current heated molybdenum crucible.
Through a slit of about 1X 15 mm? Ba atoms effused into
the plasma in the second stage of the ECR ion source.

Both sources were operated with an acceleration volt-
age of 10 kV so that the Ba?" ions acquired 20 keV and
the Ba®" ions 30 keV of energy. After magnetic analysis,
tight collimation to about 0.5 mm diam and transport to
the collision region, several nA of beam current were ob-
tained, which, due to the huge ionization cross sections,
often had to be reduced further to the pA range.

The ion beam was crossed at right angle with an in-
tense electron beam.’! Ionized product ions were
separated from the parent-ion beam by magnetic analysis
and detected with a single-particle counter.’? The
parent-ion beam was collected in a wide Faraday cup in-
side the analyzing-magnet chamber.>?

The electron gun provides a ribbon-shaped electron
beam that extends 60 mm in the ion-beam direction. The
gun is operated in space-charge limited mode and pro-
vides a current of about 15 mA at 100 eV and 460 mA at
1000 eV. The space-charge potential depression of such
beams is quite substantial. For a 100-eV beam of 15-mA
current a depression of 4 V would be expected between
the edge and the center of the beam. This space-charge
depression, however, is offset by filling the space-charge
well with slow ions from Kr gas fed into the collision
chamber. This gives an electron energy spread of 0.4 eV
or better as evidenced by our experiments.!* Even at
electron currents as high as 300 mA (at 750 eV) the ex-
perimental energy spread was found to be less than 3 eV.
The reproducibility of our energy measurements is within
0.5 eV. Comparisons with Auger-spectroscopy data sug-
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gest that our energy calibration is within deviations of
not more than about 1 eV, even at 750 eV.>*

For the measurement of cross sections we have em-
ployed two modes of data taking.

Mode 1. Absolute ionization cross sections were ob-
tained by employing a technique wherein the electron
gun is moved up and down across the ion beam, while the
count rate of ionized ions, the ion current, the electron
current, and the speed of the movement are recorded
simultaneously in four different multi-channel analyzer
(MCA) spectra with 512 channels each.>> When the two
beams cross each other the observed count rate is in-
creased by the true ionization signal, leading to a peak in
the spectrum. In the extreme positions of the electron
gun the beams do not overlap and hence the observed
count rate gives the experimental background that is due
to stripping collisions in the residual gas and stray elec-
trons or photons. After channel-by-channel division of
the count rate by accumulated ion charge, the area S of
the signal peak in the spectrum is determined and the
cross section is calculated from

SAz
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The constant K contains the conversion factors of beam
currents to proportional frequencies and number of
counts to accumulated ion charge; I, is the electron
current, and € is the detection efficiency of the single-
particle detector for the product ions. Each channel of
the MCA spectra corresponds to a position interval
Az=0.036 mm. The dwell time for the one-half period
of the electron-gun movement per interval Az is about 0.1
s. The factor M is given by

M=2+v2)"?/v,v,q¢* . 2)

Here, v, is the electron velocity, v; is the ion velocity, g is
the target ion charge state, and e is the charge of an elec-
tron. Details of this experimental technique have been
described earlier.®

Mode 2. We have extended our data-taking program
by adding a mode providing for fast energy scans with
the electron gun in a fixed position, i.e., with fixed op-
timum overlap of the electron and ion beams. A digital-
to-analog converter (DAC) was programmed to output a
step function with 256 individual voltages. This step
function was used with variable offset and amplification
to control the energy of the electrons in the interaction
region. Changing the energy and providing the necessary
gate signals from the computer took about 10 ms. As a
compromise between scan speed and efficient data collec-
tion, we chose a dwell time of about 50 ms on each elec-
tron energy. One scan spanned typically over 10 eV and
took 17.5 s. Energy intervals were 0.039 eV. By repeat-
ing scans hundreds or even thousands of times, we aver-
aged out possible fluctuations in the form factor, mea-
surements of beam currents and counting rates, and fluc-
tuations in others sources of data scatter. With the high
cross sections for electron-impact ionization of the heavy
ions studied and the intensity in our electron beam, it was
usually possible to run with several thousand true signal
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counts per second and nearly no background. Hence,
statistical uncertainties on each energy point of less than
0.5% could be obtained within a few hours.

The combination of a high-intensity electron beam and
a fast scanning technique that averages out systematic
fluctuations in cross-section measurements allows us to
sensibly accumulate signal counts and reduce the statisti-
cal uncertainty as well as systematic point-to-point data
scatter. We have accumulated about 10% counts per
channel in another experiment?® and were able to reduce
the point-to-point relative uncertainty to the 0.01% level.
The remarkably low experimental energy spread in our
cross-beam arrangement with a high-intensity electron
gun thus provides an ideal prerequisite to observe fine de-
tails in ionization cross sections and thus to perform a
new spectroscopy of intermediate excited states contrib-
uting to ionization processes involving single or multiple
autoionization.

Though the point-to-point uncertainty in the relative
scan measurements (mode 2) can be extremely low, the
absolute uncertainty is limited by the absolute cross-
section measurements (mode 1). In the scanning mode
we do not have direct information about the form factor
which determines the beam overlap. Also, the back-
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ground is measured in separate runs with no overlap of
the electron and ion beams. Time spans between the
measurement of signal plus background and only back-
ground may be hours, so that an exact background sub-
traction cannot be guaranteed. A false subtraction of
background, however, does not introduce spurious struc-
ture, since the background spectra (versus electron ener-
gy) are completely flat or at most slightly increasing with
the electron current. Resulting uncertainties in the scan
cross sections are substantially eliminated by normalizing
them to the absolute measurements (mode 1). For the
present experiments, normalization means the multiplica-
tion of all scan data by a constant factor to match the
data with the absolute cross-section points. After all of
these procedures, the absolute uncertainties of the scan
data are close to those of the ‘“normal” measurements
(mode 1), i.e., 8—10 %, while statistical uncertainties are
typically lower than 0.5%.

Each absolute cross section taken by employing the
mode-1 technique is typically determined from a single
accumulated measurement. The quadrature sum of non-
statistical uncertainties is 7.8% resulting from uncertain-
ties in the detection efficiency (0.9710.03), the channel
width Az (+1%), the ion and electron currents (5%
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FIG. 1. Energy-level diagrams for Ba?"* ions (g=1,2, ..., 5) relevant to the ionization of Ba ions. The configuration average ener-

gies were obtained by using the code of Grant, McKenzie, and Norrington (Ref. 45).
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each), and the kinematic factor M(£1%). Uncertainties
in the ion and electron velocities are less than 1%. The
total uncertainties are the quadrature sums of statistical
and nonstatistical uncertainties. They amount to typical-
ly 8—10 % in these experiments.

III. THEORETICAL METHODS

The total single ionization cross section for an ion
A97 in the initial electronic state i, ignoring interference
effects between the competing processes of direct ioniza-
tion, excitation-autoionization, and resonant-recom-
bination multiple-autoionization processes, may be writ-
ten as

"izt,?;tlrx(i)=§‘72f;"ix(i—>f)Bf' + 3 ol Ni— By
J

+3 o) (i—k)
k

X [B¥+ 3 BH{k—m)BZ ], (3

where j, k, and m denote autoionizing states.
Here aﬁ;";“ll(ia f) is the direct-ionization cross sec-
tion from the initial state i to a particular level f within
the singly ionized configurations. In case f is an autoion-
izing state populated by inner-shell ionizations a branch-
ing ratio B has to be considered which describes the ra-
diative stabilization of f leading to net single ionization
with no further autoionization. The second term con-
tains contributions U;CEC)(l'ﬁ j) for nonresonant excita-

tion, i.e., excitation without change of the ion charge

state, from the initial configuration to a particular au-
toionizing level j within the core-excited configurations.
The quantity B} is the branching ratio for (a single) au-
toionization from level j. The third term involves contri-
butions from resonant excitation (dielectronic capture)
from the initial state to a particular autoionizing level k
within the core-excited configurations of the one less-
charged ion. Such states decay by sequential (single)
Auger (or Coster-Kronig) processes via different inter-
mediate autoionizing states m. In addition, simultane-
ous emission of two electrons from state k has to be con-
sidered by a branch ratio B°.

Equation (3) shows that calculation of the cross sec-
tions o, 4,(/)=0%" (i) requires a substantial amount
of information on atomic structure, the lifetimes and
branching ratios of states, and collision dynamics. Few
attempts have been made so far to assess all aspects of
Eq. (3) for the ionization of heavy ions. The first example
of such a calculation is that by LaGattuta and Hahn’” on
the ionization of Fe!>*. Later, Henry and Msezane’® did
close-coupling calculations for other sodiumlike ions, as-
suming unit branching ratios for autoionization. Calcula-
tions were done**~*? more recently for other species and
FelS* again 4%

To guide the interpretation of the present experimental
results for Ba ions, autoionizing energy-level and a limit-
ed number of direct-ionization calculations were carried
out. Clearly, extensive theoretical work remains in order
to properly interpret the complicated resonance struc-
tures observed.

For the computation of wave function and energy posi- .

TABLE I. Total energies of levels relevant to ionization of Ba ions calculated by using the code of Grant, McKenzie, and Nor-
rington (Ref. 45). For each configuration the number of levels is given with the range of total binding energies as well as the thresh-
old energies for reaching these states from the 5p® ground configuration and the 5p°5d excited configuration.

Charge Number of Energy (E) E—E(5p°% E—E(5p°5d)
state Configuration levels (eV) (eV) (eV)
Ba?* 5p® 1 221083.3 0
BaZ* 5p°s5d 2 221067.1-221058.8 16.2-24.5 0
Ba’t 5paf 2 221061.8-221057.5 21.5-25.8
Ba’*t sp’ 2 221048.4-221046.2 34.9-37.1
Ba?* 5s5p°5d 4 221046.8-221045.3 36.5-38.0
Ba?t 5s5paf 4 221042.4-221041.2 40.9-42.1
Ba’*t 5s5p35d*? 90 221033.2-221019.0 50.1-64.3 25.6-48.1
Ba’* 5p*5d 28 221031.2-221019.8 52.1-63.5 27.6-47.3
Ba’*t 5s5p° 1 22028.7 54.6
Ba’* 555p°5d 23 221013.7-221001.2 69.6.82.1 45.1-65.9
Ba** sp* 5 221002.7-220995.8 80.6-87.5
Ba* 4d°55%5p°®5d? 67 221000.8-220994.9 82.5-88.4 58.0-72.2
Ba™ 4d°5s*5p°4f? 107 220995.0-220973.8 88.3-109.5 63.8-93.3
Ba2*t 4d°5s?5p°4f 20 220992.6-220965.3 90.7-118.0
Ba2*t 4d°5s*5p°5d 18 220990.8-220984.7 92.5-98.6 68.0-82.4
Ba’* 4d°5s%5p® 2 220972.0-220969.4 111.3-113.9
Ba’* 5p3 5 220945.0-220938.2 138.3-145.1
Ba**t 4d°5s*5p°® 12 220924.1-220917.9 159.2-165.4
Ba‘t 4p°4d 1°5525p 654> 45 221000.8-220994.9 182.4-201.1 157.9-184.9
Ba?* 4p34d1°55%5p°4f 12 220891.9-220871.9 191.4-211.4
Ba?* 4p°4d1°5525p55d 12 220890.7-220 874.5 192.6-208.8 168.1-192.6
Bal*t 4p°4d105525p6 2 220 872.0-220856.5 211.3-226.8
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tions the relativistic Dirac-Fock computer code of Grant,
McKenzie, and Norrington** was employed. Direct-
ionization cross sections for the 5p, 5s, and 4d subshells
were computed using a nonrelativistic distorted-wave
code.*® Ground-state correlation was included in some of
the cross-section calculations as noted in the text. No at-
tempts were made to calculate excitation-autoionization
and resonance contributions to net single or double ion-
ization.

Figure 1 presents an energy-level diagram for relevant
configurations of Ba? ™" ions (¢=1,2,...,5). Numerical
values are given in Table 1.

IV. DISCUSSION OF RESULTS

The first few ionization stages of barium are among the
most interesting heavy ions in the Periodic Table. Be-
tween neutral barium and Ba®t major changes occur in
two important dipole-allowed excitation channels,
5p®—5p°kd and 4d'°5s%5p"—4d°5s?5p"kf, where k
represents a bound or continuum state. The potentials
from which these excited orbitals are derived have a
double-well character, with the 1s—5p core orbitals close-
ly overlapping the innermost well. For the neutral and
the first ion, the kd and kf states reside in the outer po-
tential well. They have only a small overlap with the
core orbitals and thus have a very diffuse distribution of
excitation oscillator strength. Between the first and the
third ionization state, however, a major change occurs in
these channels wherein the excited orbitals collapse into
the inner well where the overlap with the core orbitals is
much greater. This collapse of the excited orbitals has a
profound effect on the oscillator-strength distribution.
For low-ionization stages, where the excited orbitals re-
side in the outer well, there is little oscillator strength in
the bound states. Because of the requirement to conserve
the total oscillator strength, a small bound-bound com-
ponent necessitates a large continuum contribution.
After the collapse, however, the situation is reversed, and
the bound states acquire a large fraction of the available
oscillator strength, reducing the contribution from the
continuum. Ba’" is particularly interesting in that it
straddles the collapse of the 4d°kf channel. It has strong
bound-bound and bound-continuum features. Lucatorto
et al.*’ studied the redistribution in 4d oscillator strength
in photoabsorption experiments. Clark*® has described
the effect in terms of term dependence in the Hartree-
Fock Hamiltonian.

In addition to the radical redistribution of the 4d exci-
tation oscillator strength, there is also the possibility for
shape resonances in the scattering channels for these
ions. Shape resonances correspond to the temporary lo-
calization of a continuum electron in an inner well of a
multiwell potential.

This localization causes abrupt changes in the cross
sections associated with any processes involving those pa-
tial waves. Hence one can expect a rich variety of cross-
section features in electron-impact single and multiple
ionization of barium ions. Such features can be especially
well studied by the energy-scanning technique (mode 2).
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A. Single ionization of Ba’>" ions

Figure 2 shows a comparison of cross-section data for
single ionization of Ba’?" taken with the two different ion
sources together with theoretical results for ground-state
and metastable parent ions. The PIG data have an onset
that agrees with the theoretical threshold of 34.9 eV for
single ionization of ground-state Ba®" ions (configuration
5525p%). The onset of the ECR cross section occurs at 17
eV which suggests a larger population in the 5525p°5d or
possibly 5s25p %4 f metastable levels.

Figure 3(a) displays the total single ionization cross
section 0,3 for Ba’" ions produced in the ECR ion
source. The electron energy covers a range from about
10 to 1000 eV. There are distinct steps in the cross sec-
tion at around 35 and 80 eV measured using the mode-1
technique. In the limited-energy range from 10 to 200
eV scan measurements applying mode 2 were performed.
The result is displayed in Fig. 3(b) after normalization to
the absolute cross sections from Fig. 3(a). Already on
this scale distinct resonance features in the vicinity of 90
eV become visible. The next blowup [Fig. 3(c)] shows the
scan data in the energy range from 80 to 100 eV. A num-
ber of narrow peaks are found with amplitudes around
3% relative to the total cross section.

One more blowup (using ions from a Penning ion
source) is shown in Fig. 3(d) with an energy range from
89.0 to 90.2 eV. In this range a single peak in the cross
section is found. After a somewhat arbitrary subtraction
of a smooth background, the isolated peak can be
displayed. It can be represented by a Gaussian distribu-
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FIG. 2. Absolute cross sections for single ionization of Ba?*
ions. Open squares represent measurements employing a “cold”
Penning ion source (low content of metastable ions in the parent
beam); the open circles are measurements employing a “hot”
ECR ion source (producing a substantial amount of metastable
ions in the parent beam). The statistical uncertainties are small-
er than the size of the symbols. The solid line is a distorted-
wave calculation for direct ionization of the 5p and Ss subshells
of ions in the 5s25p® ground-state configuration. The chain
curve is a distorted-wave calculation for direct ionization of the
5p and S5s subshells of ions in the 5s25p°5d metastable
configuration.
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tion with 0.39 eV FWHM. This width is an upper limit
to the energy spread in the present experiment.

More details of the cross section o, ; for single ioniza-
tion of Ba?" ions in the energy ranges 30-50 eV and
165-205 eV are displayed in Fig. 4. The results for
ground-state and metastable Ba®>™ parent ions are dis-
cussed separately as follows.

1. Ground-state Ba’" ions, single ionization

The distorted-wave calculation for ionization of the 5p
subshell in the ground-state ion models the very rapid
rise in the single ionization (PIG) cross section, a feature
associated with the double-well nature of the potential for
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the kd states in barium. Excitation-autoionization in-
volving 5s electrons (e.g., 5525p®—5s5p®nl —5s%5p°+e)
can also contribute to the cross section immediately
above the single ionization threshold [see also the data in
Fig. 4(a)]. At about 42 eV there is a knee in the curve
where the slope of the cross section decreases. This is
less pronounced in the experimental data than in the cal-
culation, but could be masked by the onset of 5s subshell
ionization at 54.6 eV. The most significant difference be-
tween the distorted-wave calculations for direct ioniza-
tion and the observed cross section is the broad feature
between 80 and about 120 eV. Energy-scan data (Fig. 5)
taken with the mode-2 technique show this maximum to
be composed of a large number of individual resonances,
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FIG. 3. (a)-(c) Measured electron-impact ionization cross sections for single ionization of Ba?>* ions produced with an ECR ion
source and (d) a Penning ion source, respectively. (b)—(d) Blowups of particular energy regions. The data were taken by employing
the two techniques (modes 1 and 2) described in Sec. II. Horizontal brackets indicate energy intervals for which enlarged plots are
also displayed; the numbers and letters identify the respective figures. Open circles represent the absolute cross-section data taken
with mode-1 technique. The scan data (mode 2) are normalized to these absolute data. They are displayed as vertical bars indicating
the statistical uncertainty. The statistical uncertainties of absolute cross-section measurements are shown where they exceed the size
of the symbols. (c) The data were smoothed by using the running average over five measured points. (d) Obtained by performing a
scan measurement with ions from a Penning ion source and an increased density of points (10 meV spacing). A smooth ‘“back-
ground” curve was subtracted from the measured cross sections in order to better visualize one single peak in the cross section
displayed in (d). (d) The solid curve is a fit of the experimental data with a Gaussian distribution. The FWHM is 0.39 eV.
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with widths of less than 1 eV.

Energy-level calculations demonstrate that many of
these features must be associated with recombination fol-
lowed by double autoionization (REDA). A likely transi-
tions array is 4d 1°5525p%+e —4d°5525p%5d? which con-
tains 67 resonances between 82.5 and 88.4 eV. Reso-
nances involving a 4d-—4f excitation such as
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FIG. 4. Details of the Ba’" single ionization energy scan
displayed in Fig. 3(b) and (a) comparison of data taken with
different ion sources. (a) Below 36.5 eV a contribution is seen
from 5p°5d and 5p°4f metastable states in the parent ECR ion
beam which is very weak in the measurements with ions from
the Penning ion source. Structure in the cross section above
36.5 eV is probably due to resonant and nonresonant excitation
of the 5s subshell in ground-state and metastable Ba’"; arrows
indicating 55 —5d and 5s —4f excitations point to features seen
in the experiment cross sections. (b) The energy range displayed
contains contributions from 4p subshell excitations (of ions from
the ECR ion source only). The threshold for direct (non-
resonant) excitation of a 4p electron in ground-state Ba?" is in-
dicated. The resonances observed below this threshold may
arise both from ground-state and metastable Ba?" parent ions.
The experimental scan data were smoothed using a running
average over five points. A straight line representing the non-
resonant “background” is subtracted. The arrow indicates the
lowest theoretical threshold of 4p excitations from ground-state
Ba’*.

TINSCHERT, MULLER, HOFMANN, SALZBORN, AND YOUNGER 43

:.'\ —_—
18 Tt 13 r
g E A ” "." 15 g
A AN VT s
{ ! 7 o

= r ECR \/\ i \J/" ] S
vk /'\.\ ! 3 —
= [ | .,,/ A \/ 4 14 5
3} " Al i /\ ] =
a r /!\/ N“' J “\\/\/ b &

r i ! ' 1

3 s A ’ N ] 3
e :M /\4 ' v \‘v/ J13 °©
=] { \J PIG 3 g
L r I ] =
° F ‘ Ba* - Ba® ] >
[H] F ] [
wn 15 + J 12 7]
0 [ ] [}
12} L wn
E I S S s s T I S PR } 2
© 80 85 90 95 100 ©

Electron energy (eV)

FIG. 5. Comparison of energy-scan data for single ionization
of Ba™" ions produced with an electron-cyclotron-resonance ion
source (ECR) and a Penning ion source (PIG). Both data sets
were smoothed by using the running average over five points.
No correction for energy shift by changing contact potentials
was made.

4d'%55%5p%+e —>4d°5s25p°4f? can also contribute.
There are 107 separate resonances in this array in the en-
ergy range 88.3-109.5 eV. The 5d4f combination is also
possible as are more complex configurations
4d°5s%*5pSnin’'l’ which occur at higher energies. The
series limit of these resonances is 111.3 eV, the ionization
threshold for a 4d electron. As Clark and others have
pointed out, the distribution of optical oscillator strength
in Ba’" among the 4d —nf transitions is quite complex,
owing to the double-well potential determining the nf
wave functions and the influence of intermediate cou-
pling.*® Levels within the 4d°nf'P excited terms are
strongly separated by term-dependent electrostatic and
spin-orbit interactions. Rather than a monotonic de-
crease with increasing n, the optical oscillator strength
peaks at n =5. If this trend follows over into recombina-
tion excitation processes, one would expect a similar wide
distribution of the resonances. Note that the intermedi-
ate state associated with recombination excitation
4d°5s25p%nin’l’ can decay via two sequential single au-
toionization processes, ie., 4d°5s*5p°nin'l’
—4d1%555p®nl +e —4d 1°5525p >+ 2e.

Excitation-autoionization processes involving 4d elec-
trons can also occur. The  thresholds for
4d'95525p% > 4d%5525p%4f excitations are in the range
90.7-118.0 €V, the higher energies corresponding to the
diffuse 'P orbital. Similar excitations involving a 5d ex-
cited electron occur in the range 92.5-98.6 eV.
Excitation-autionization features can thus contribute to
the broad feature in the observed cross section only above
90 €V, leaving the span 80-90 eV the sole domain of
resonant-excitation processes. Dielectronic capture reso-
nances involving 4p electrons can result in net single ion-
ization of the target at energies above 180 eV. There is
some indication of such resonances in the ECR data [see
Fig. (4b)].
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2. Metastable Ba*" ions, single ionization

Distorted-wave calculations for direct single ionization
of Ba?" assuming 100% population of 5p°5d metastable
levels are in good agreement with the ECR data up to
about 30 eV. This agreement may be fortuitous, howev-
er, owing to the presence of excitation-autoionization
processes such as 5p°5d —5p*5d?—5p°+e which occur
close to threshold. The thresholds for ionization of a 5p
electron in the 5p°5d metastable configuration are in the
range 27.6-47.3 eV, so that direct ionization of the 5p
subshell will contribute above these energies. From
50-80 eV the observed cross section is somewhat larger
than the theoretical cross section for direct ionization.
This may be due to a combination of the inaccuracy of
the direct-ionization cross-section calculation and the
presence of excitation-autoionization features of the type
5525p35d —555p35d %, which have thresholds in the range
25-47 eV [see Fig. 4(a)]. Mixing of a ground-state popu-
lation in the beam will further increase the 5p contribu-
tion above the 5p°®—>5p> direct-ionization threshold. It is
not possible to determine the metastable content of the
beam by a comparison of theory to experiment owing to
the uncertainty of the theoretical cross sections and the
overlap of the thresholds for various processes.

The structure in the cross section around 80 eV is most
likely due to recombination resonances of a type similar
to those discussed for the Penning source data. Excita-
tion autoionization from the 4d subshell will also contrib-
ute to the cross section. These features are potentially
more complex for an ion in a metastable initial state ow-
ing to the larger number of couplings allowed for the
5p°5d configuration versus a 5p® closed initial
configuration.

As mentioned above, the ECR scan data in the energy
range 170-200 eV are consistent with the presence of
dielectronic capture involving 4p subshell electrons and
subsequent double autoionization [see Fig. (4b)].

It is interesting to note that the resonance features
found in the energy range 80—100 eV with ECR and PIG
Ba’t ions are nearly identical. This is shown in Fig. 5,
where normalized energy scans taken with ions from the
ECR and Penning ion sources are compared.

Since we suspected a near 100% metastable 5p>5d or
5p35f population of the ECR ion beam, a much more
complex spectrum of resonances due to the increased
number of couplings would have been plausible. Ap-
parently, however, the resonances involving 4d — nl exci-
tations are not influenced much by the electron
configuration of the outermost subshells.

B. Double ionization of Ba?* ions

A set of data similar to those discussed above has been
taken for double ionization of Ba?" ions. Absolute cross
sections o, 4 for Ba’" ions from the ECR and the Pen-
ning ion sources are displayed in Fig. 6 together with
distorted-wave calculations. Again the PIG data are
below the ECR data. No significant difference in the
double ionization onset is seen although the single ioniza-
tion data suggested a near 100% metastable population in
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FIG. 6. Absolute cross sections for double ionization of Ba**
ions. Open squares represent measurements employing a “cold”
Penning ion source (low content of metastable ions in the parent
beam); the open circles are measurements employing a ‘“hot”
ECR ion source (metastable ions in the parent beam). The sta-
tistical uncertainties are smaller than the size of the symbols.
The theoretical curves represent distorted-wave calculations for
direct ionization of the 4d subshell of ions in the S5s25p®
ground-state configuration (solid line), in the 5525p°5d metasta-
ble configuration (chain curve), and in the 5525p°4f metastable
configuration (dashed line).

the ECR ion beam. For double ionization of 5p°5d and
5p34f metastable Ba?*, one would expect an onset in the
energy range 55—-66 eV. The experiment shows that only
above the threshold for ionization of two 5p electrons is
there an appreciable cross section. This suggests an in-
terpretation of double ionization involving a strong corre-
lation between equivalent target electrons. Excitations
such as 4d 1°5525p%—4d°5s25p°®nl can contribute to dou-
ble ionization above 91 eV through auto-double-
ionization of the excited state. A single autoionization
leads to a bound state and hence to single ionization of
the target. The observed stepwise increase of the cross
section above 90 eV [see Fig. 8(a)] is consistent with the
presence of excitation followed by auto-double-
ionization.

Ionization of a 4d electron will lead to effective double
ionization of Ba?' by autoionization of the residual ion:
4d1°5525p%+e —4d°55%5p°+2e —>4d %5s5p°+3e.  The
theoretical threshold for 4d direct ionization is 111 eV.
The first maximum in the cross section, occurring at
about 130 eV corresponds to the expected location of a
shape resonance in the 4d direct-ionization cross section.
This resonance is present in distorted-wave calculations
of the 5p>4f configuration. A weaker effect was calculat-
ed for the ground configuration. It was noted in the cal-
culations, however, that the cross section was very sensi-
tive to the details of the potentials used to compute the
partial waves. This is because the kf channels in Ba?"
are on the verge of collapse from the diffuse outer poten-
tial well to the compact inner well which closely overlies
the 4d subshell. Thus the actual shape resonance may be
more pronounced than our calculations indicate.

The broad feature between 170 and 220 eV may be
associated with several different kinds of resonant fea-
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FIG. 7. Energy-scan cross sections for double ionization of
Ba’" ions produced by an ECR ion source. The scan data were
normalized to the absolute measurements represented by open
circles. The horizontal brackets indicate energy intervals for
which enlarged plots are displayed in Fig. 8.

T
g 20 ¢ 7 3
S b
TO E: 4d ionization:;
= 15 ¢ / E
it Bat - Bat
a £ ~ 3
g0t J E
2 f , ]
I F ' E
w5 f / 3
0 E E
n - 3
8 - ,/ - n!¢ excitations 3
F | ]
(S} ng 3
[ L vy bt e Ly =
80 85 90 95 100 105 110 115
Electron energy (eV)
26 ?‘(rm)....nrm.....,,...,..................‘.,rm..m..m‘..m..u,..wr._i
" [ Ba* - Ba* ]
© L ]
& L ]
o [ f
Z 25 ¢ g 1
- £ | -] ]
N [ 3 ]
S [ w z ? b
r 8 ]
I & 3 :
o 24 [ 3 K ]
(5} r 1 g ]
7} [ 3 2 ]
0 [ & ]
7] [ | I— - ]
E L resonant 4p excitation ]
(&) r 4
23 e T

120 140 160 180 200 220 240 260
Electron energy (eV)

FIG. 8. Energy-scan cross sections for double ionization of
Ba’* ions produced by an ECR ion source (details from Fig. 7).
Energies for 4d- and 4p-vacancy production are indicated. (a)
Energy range 80-115 eV; (b) energy range 120-270 eV
(smoothed over five original data points).
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tures. Between 180-200 eV one expects a series of re-
combination  resonances (e.g., 4p®4d'%5s%5p°+e
—4p>4d'%5525p5542) involving 4p excitations followed
by two sequential autoionizations, one of which involves
a double-electron emission. Excitation of a 4p electron
followed by two sequential single autoionziation events is
possible above 191 eV. The ECR data displayed in Figs.
7 and 8(b) show clear evidence of such resonances be-
tween 170 and 200 eV. (The lower thresholds of the ob-
served resonances are consistent with a metastable con-
tent in the ECR beam.) Direct ionization of the 4p sub-
shell will most likely result in triple ionization of a
ground-state ion, since the 4p hole will be filled by an
Auger transition from the 4d subshell, which will leave
an autoionizing 4d hole configuration. The broad feature
above 200 eV may be the normal maximum of the 4d sub-
shell ionization cross section.

The contributions of many resonant processes along
with direct double ionization results in poor agreement
between the computed cross section for direct ionization
of the 4d subshell and the observations.

C. Comparisons of features in 0, ;and 0, 4

The energy-scan measurements displayed in Fig. 8(a)
reveal a wealth of structure in the double ionization cross
section just above threshold. Many of the features look
like excitation (multiple) -autoionization events. Our in-
terpretation, however, is that we see resonance peaks sit-
ting on the steep slope of a rapidly rising cross section for
direct double ionization. This hypothesis is supported by
the following considerations. The narrow peaks found in
single ionization of Ba’' between 80 and 100 eV (Fig. 5)
leave no doubt that we see resonant excitation with sub-
sequent emission of two electrons. These resonances are
associated with multiply excited states in Ba' with a 4d
vacancy. There are a number of possibilities for their de-
cay via photoemission and/or electron ejection. Ap-
parently, there is a substantial probability for the emis-
sion of two electrons as evidenced by the peaks in o, ;.
For a sufficiently high degree of excitation of the inter-
mediate compound state of the electron and the parent
ion, one can also expect a certain probability for the
emission of more than two electrons which would result
in resonance features in multiple ionization cross sec-
tions. These resonances occur at the same energies as in
single ionization since they are related to the same inter-
mediate resonant states in the compound Ba™ ion.
Hence, if the structures found in the cross section o, 4 for
double ionization of Ba?" are due to dielectronic (reso-
nant) capture and subsequent emission of three electrons,
then these resonances have to line up in energy with the
peaks observed in 0, ;. By comparing energy positions of
features in Figs. 3(c) and 8(a) one finds this condition
fulfilled (see Fig. 9). A different way of displaying the
data makes the relation between features in 0, 5 and 0, 4
obvious. By subtracting smooth ““background” curves (as
indicated in Fig. 9) from the measured cross sections one
can emphasize the observed structures. Background in
this context includes direct-ionization processes with no
sharp features in the cross section. Results of such sub-
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tractions are displayed in Fig. 10 for 0, ; and o, 4. The
original cross sections were measured with ions from the
ECR ion source. The resonance features in 0, ; and 0, 4
line up perfectly thus lending convincing support to the
hypothesis discussed above. Multiply excited states in an
intermediate Ba* compound ion decay in these examples
via emission of two and three electrons. The probability
for the emission of three electrons appears to be roughly
a factor of 5 smaller than that for two-electron emission.
Of course, there is some arbitrariness in the subtraction
of a smooth curve so that peak heights appear different
when different ‘“backgrounds” are subtracted. Towards
the lower energies the resonances in o, , appear to die
out. In particular the peak in o, , related to the dom-
inant resonance in 0, ; at 89.6 eV is hardly visible. This
behavior becomes plausible when one considers the
threshold for double ionization of Ba’™. States in the
5s25p* configuration are 80.6-87.5 eV above the 5s25p°
ground-state configuration. In the vicinity of the thresh-
old region the available phase space for the emission of
three electrons from the intermediate resonant states in
Ba™ certainly becomes more and more limited and hence
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FIG. 9. Comparison of cross sections for (a) single and (b)
double ionization of Ba’* ions (produced in an ECR ion
source). Both data sets were smoothed over five original data
points. Due to the gross energy dependence of the cross sec-
tions, it is difficult to see corresponding fine details in the scan
data. Therefore, smooth curves representing nonresonant back-
ground are subtracted (see Fig. 10). The solid lines in this figure
are used for the subtraction.
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the related decay probabilities decrease. As a result the
peak heights in the double ionization cross section go
down when the threshold is approached.

D. Single ionization of Ba*" ions

The cross sections discussed so far were for Xe-like
Ba?* ions. Comparable measurements and calculations
were carried out also for I-like Ba®t ions. We show in
Fig. 11 absolute cross-section measurements for single
ionization of Ba3" together with distorted-wave calcula-
tions for direct single ionization of the 5p and 5s sub-
shells. Again there are two sets of data obtained with
ions from the ECR and Penning ion sources, i.e., with
beams containing different fractions of metastable ions.

1. Ba’" ground-state ions, single ionization

The solid squares in Fig. 11 are the data obtained with
the Penning ion source, which is assumed to deliver
mainly ground-state Ba®*' ions. This assumption is
justified by the onset of the cross section near 45 eV,
which is close to the predicted threshold for ionization of
a 5p electron of a ground-state Ba>™ ion.

Excitation-autoionization resonances involving 5s elec-
trons occur just above the 5p* threshold and hence can
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FIG. 10. Subtracted cross sections (a) 0, 5 for single and (b)
03,4 for double ionization of Ba’". From the measured scan
data the smooth curve displayed in Fig. 9 were subtracted in or-
der to visualize the cross-section features. Strucutres and peaks
in 0, 3 and 0, 4 line up in energy.
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contribute to single ionization. Some of the lowest such
configurations, like 5s5p°5d, are split across the ioniza-
tion threshold, so that only some of the levels will con-
tribute to ionization. A significant difference in the ion-
ization of Ba®>t and Ba3" is the availability of a vacancy
in the 5p subshell of the latter ion which can accept exci-
tations from the 4d subshell. This provides additional
paths for excitation plus autoionization and also for reso-
nant excitation (involving dielectronic capture) followed
by a double auotionization process. The thresholds
for 4d—5p resonant excitations 4d!95s25p°+e
—>4d°55%5p®5d are in the range 55.4—-63.7 eV, compared
to the approximately 80 eV required to promote a 4d
electron to a 5d state. If these resonances contribute to
single ionization, they must do so by a two-electron au-
toionization, since a single-electron emission leads to a
bound state with no net ionization of the target. Excita-
tion of a 4d electron to the 5p hole 4d!'°5s25p3
—>4d°55%5p® occurs above the threshold range 74.2—79.0
eV, and thus leads to net ionization via a single autoioni-
zation.

The shape of the Ba®* —Ba* cross section is generally
similar to that of Ba?t —Ba3", with clear indications of
sharp resonances at approximately 80 eV (see Fig. 12),
and a pronounced peak centered around 100 eV. With
the exception of the 4d —5p excitations (resonant, i.e.,
via dielectronic capture, and nonresonant, i.e., via direct
excitation) which may contribute in the range above 55
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FIG. 11. Absolute cross sections for single ionization of Ba**
ions. Data were taken with ions produced in an ECR ion source
(open circles) and in a Penning ion source (solid squares). Sta-
tistical uncertainties are indicated where they exceed the size of
the symbols. The theoretical curves represent distorted-wave
calculations for direct ionization of the 5p and 5s subshells of
parent ions in the 5s25p° ground-state configuration (solid line)
and of the 5d, 5p, and 5s subshells of parent ions in the 5525p*5d
metastable configuration. The chain curve is for an assumed ra-
tio of 40%/60% of metastable and ground-state ion content in
the parent beam. This ratio was chosen to give optimum agree-
ment with the experiment data below the 5p ionization thresh-
old. The horizontal bracket indicates the energy range of the
scan measurement displayed in Fig. 12.
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FIG. 12. Energy-scan cross sections for single ionization of
Ba’" ions produced by an ECR ion source (details from Fig.
11). The scan data are normalized to absolute measurements
(solid circles). Excitations of the 4d subshell are possible at en-
ergies up to 125 eV, the ionization threshold for 4d electrons.
The arrow indicating 4d — 5p excitations points to the experi-
mental change in slope at 74 eV.

eV, the mechanisms for ionization of Ba®*™ are expected
to be analogs of those already discussed for Ba®>". Thus
below 55 eV direct ionization and S5s excitation-
autoionization contribute to the cross section. Above 55
eV resonant-excitation double autoionization involving
4d — 5p excitations occurs. Excitation autoionization in-
volving 4d —5p transitions takes place above 74 eV.
Around 80 eV 4d —(5d,4f) resonant excitations can lead
to the same type of sharp resonances as those found in
Ba?". In contrast to Ba’t, however, the lowest dielect-
ronic capture resonances in Ba®t must decay via a two-
electron emission, since a single autoionization event will
result in a bound state with no net ionization of the target
ion. For example, the dielectronic capture 4d °5s25p>+e
—4d°55%5p35d? is followed by an autoionization to
4d105s5p >5d +e, most of the levels of which are below
the threshold for further autoionization. Higher Ryd-
berg levels excited by dielectronic capture can contribute
to the single ionization cross section via two sequential
autoionizations. It is interesting that the sharp reso-
nances observed in Ba®" (see Fig. 12) occur at lower in-
cident electron energies than in Ba?™ [see e.g., Fig. 3(b)].
This is consistent with excitations to nf levels which are
undergoing rapid radial contraction with increasing ion-
ization of the target. In Ba™ the 4f orbital associated
with the 4d °4f P excitation resides in the outer well of a
double-well potential. In Ba?™ the orbital is partially
contracted and in Ba®*' has collapsed to smaller radii
comparable to the mean radius of the 4d subshell.

Agreement between experiment and distorted-wave
theory for the direct ionization is poor, owing to the pres-
ence of Ss excitation autoionization just above threshold
and the strong 4d excitations about 74 eV.

The larger feature in the Ba’™ —Ba*t cross section
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peaking at 100 eV is most likely due to excitations from
the 4d subshell followed by autoionization.

2. Ba®*t metastable ions, single ionization

The experimental data obtained with the ECR source
(open circles in Fig. 11) are very similar to those from the
Penning source (solid squares in Fig. 11). The principal
difference is the presence of metastable component in the
beam as evidenced by the ECR cross section rising at ap-
proximately 20 eV, well below the threshold for ground-
state ionization. The most probable metastable
configurations are 5p*5d and 5p*4f. The excited electron
in the metastable configuration will also permit
excitation-autoionization resonances of the type
5525p*5d —5s5p*5d? to contribute to the cross section.
The chain curve in Fig. 11 is a distorted-wave calculation
for direct ionization of the 5p and 5s subshells of Ba**
ions in a beam containing 60% ground-state ions
(4d'°5s25p5) and 40% metastable ions (4d!°5525p*5d).
The metastable content was adjusted to fit the experimen-
tal data below the ground-state ionization threshold near
45 eV. There is no other justification for assuming that
mixture ratio.

E. Double ionization of Ba** ions

The intensity of the Ba®>" ion beam from the Penning
ion source was not sufficient for an accurate double ion-
ization cross-section measurement. Hence, only data ob-
tained with the ECR ion source are available. These are
shown in Fig. 13.

The threshold for direct double ionization of the 5p°
ground-state is 101 eV. That the observed cross section
begins to rise at 90 eV is consistent with the interpreta-
tion of a small 5p* (5d,4f) metastable component to the
beam. This is interesting since for Ba?’" —Ba**t, where
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FIG. 13. Absolute cross sections for double ionization of
Ba’" ions. The data were taken with ions produced in an ECR
ion source. Statistical uncertainties are smaller than the size of
the symbols. The theoretical curves are distorted-wave calcula-
tions for direct ionization of the 4d subshell of ions in the
5s25p> ground-state configuration (solid line) and the 5s25p*5d
metastable configuration (chain curve).
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the ECR beam apparently contained a much larger meta-
stable fraction, the cross section did not rise until after
the threshold for ionization of two equivalent 5p elec-
trons. Excitation of a Ss electron, which could be fol-
lowed by an auto-double-ionization cannot be the ex-
planation, since it occurs at too low an energy. Converse-
ly, ionization of a 4d electron occurs at too high an ener-
gy. Excitation of a 4d electron to an autoionizing
configuration could occur in this energy range, particu-
larly to the 5p hole, but the resulting excitation would
have to decay via auto-double-ionization to result in net
double ionization of the target. Thus the most probable
explanation of the low-energy rise in the cross section is
the direct double ionization of a 5p +(5d,4f) electron
pair, the thresholds for which are in the range 74-90 eV.
An explanation for the participation of the excited orbital
in direct double ionization may be the greater degree of
collapse of the kd and kf channels in Ba’" compared to
Ba’™, leading to stronger correlations between the excit-
ed and core orbitals.

The rapid rise in the cross section near 110 eV corre-
sponds to the threshold for ionization of a (5p,5p) elec-
tron pair. The thresholds for ionization processes
5p°+e—5p3+3e and 5p*5d +e—5p>+3e are almost
identical. Ionization of a 4d electron, followed by single
autoionization of the residual ion, occurs above 122 eV.

The pronounced bump in the cross section centered at
200 eV is probably due to 4p excitations. It is well above
the 4d ionization limit and hence cannot be associated
with any excitation from that subshell. Ionization of the
4p subshell does not occur until about 220 eV and leads
to net triple ionization via two sequential autoionizations
of the 4p hole. It is unlikely that it is associated with any
deeper subshells, which have characteristically higher en-
ergies.

As in the case of double ionization in Ba?", distorted-
wave calculations for 4d ionization poorly represent the
observed cross section, indicating that direct double ion-
ization (at lower energies) and processes involving reso-
nant and nonresonant excitations (with and without
dielectric capture) are important components.

V. CONCLUSION

Cross sections for electron-impact single and double
jonization of Ba?" and Ba’" ions have been measured.
By using two different ion sources, parent-ion beams with
and without metastable contents could be employed.
“Without” in this context means that no ionization signal
could be detected below the threshold for ionization of
ground-state ions. The data thus collected yield informa-
tion on the influence of metastable states on the ioniza-
tion cross sections.

The use of a very sensitive energy-scanning technique
made it possible for us to detect fine details in the ioniza-
tion cross sections. In particular, large contributions in-
volving dielectronic capture and subsequent emission of
two or more electrons could be detected. Narrow peaks
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with widths as low as 0.39 eV were observed.

Most of the cross-section features can be qualitatively
understood on the basis of relativistic Dirac-Fock
energy-level calculations. Comparison of the measured
cross sections with distorted-wave calculations of direct
ionization contributions show the relative importance of
excitation-autoionization and resonant contributions,
particularly in the higher stages of ionization.
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