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Electron-impact-excitation cross sections for Zn™" are calculated in a multiple-LS-term close-coupling
approximation. Total cross sections for the 4s —4p transition are compared with crossed-beams [Rogers
et al., Phys. Rev. A 25, 681 (1982)] and merged-beams [Smith et al., Phys. Rev. Lett. 67, 30 (1991)] ex-
periments. Taking into account cascade effects, the close-coupling calculations and the crossed-beams
measurements are found to be in reasonable agreement over a wide energy range. When only the
forward-angle part of the cross section is calculated, good agreement with the merged-beams measure-
ments is found near the excitation threshold, but at the higher energies the experimental value is some-

what lower than the theory predicts.

PACS number(s): 34.80.Kw

I. INTRODUCTION

The study of electron-ion collision processes forms the
basis of our understanding of a wide variety of astrophys-
ical and laboratory plasmas. One of the most successful
theoretical methods for calculating excitation cross sec-
tions is to solve a set of close-coupled equations derived
from an eigenfunction expansion of the target-ion wave
function [1-10]. Direct tests of the close-coupled
method’s prediction for excitation cross sections are now
being provided by a growing number of atomic-collision
experiments [11-13].

In this paper we compare close-coupling calculations
for the 4s—>4p excitation cross section of Zn* with both
a recent merged-beams experiment [14] and an earlier
crossed-beams experiment [15]. Since a previous 5-state
close-coupling calculation [16] for Zn* did not cover the
crucial threshold energy region below 15 eV, in which
relatively weak resonance structures appear, we have
made new close-coupling calculations to compare directly
with the two experiments. In the case of the merged-
beams experiment [14], we are forced to examine not only
a 0°—180° total cross section, but also a 0°—90° partial
cross section. Since the two experiments differ by almost

TABLE 1. Energy levels for Zn* (relative to the ground state in eV).

Configuration- Configuration-
interaction interaction CIV3 Experiment
SUPERSTRUCTURE (Msezane and (Moore,
LS term (present work) Henry, Ref. [16]) Ref. [20])

1 3d1%4s 2S¢ 0.00 0.00 0.00

2 3d1%4p 2p° 5.71 6.48 6.08

3 3d%4s?2D¢ 8.23 10.99 7.91

4 3d1%5s 2S¢ 11.07 11.33 10.96

5 3d'%4d *D° 12.12 11.69 12.02

6 3d'%5p 2p° 12.57 12.59

7 3d%4s4p *P° 12.71 12.98

8 3d%s4p ‘F° 12.97 13.27

9 3d%4s4p “D° 13.44 13.88
10 3d%4s4p 2P° 14.19 14.07
11 3d°4s4p 2D° 13.88 14.20
12 3d%4sdp *F° 13.62 14.16
13 3d%s4p *P° 17.01 16.16
14 3d%4s4p *D° 17.24 16.32
15 3d%4sdp *F° 16.82
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TABLE II. 4s —4p oscillator strengths for Zn™.

Oscillator strength

CLOSE-COUPLING CALCULATIONS FOR THE ELECTRON- . ..

Method Length Velocity
Configuration-interaction 0.855 0.802
SUPERSTRUCTURE
(present work)
Configuration-interaction CIv3 0.699 0.699
(Msezane and Henry, Ref. [16])
Multiconfiguration Hartree-Fock 0.732 0.839

(Froese-Fischer, Ref. [21])

a factor of 2 at the higher energies, we also reexamine the
old 5-state results [16] in the light of the new close-
coupling calculations. In Sec. II we discuss in detail our
calculational methods; Sec. III compares theory with ex-
periment where possible; and Sec. IV contains a brief
summary.

II. CALCULATIONAL METHODS

Bound-state wave functions, energies, and oscillator
strengths for Zn™ were calculated in LS coupling using a
modified version of the code SUPERSTRUCTURE [17]. The
radial orbitals for Znt were generated by solving for
them in a local model potential, itself generated by
Slater-type-orbitals according to the prescription of Bur-
gess, Mason, and Tully [18]. To fix properly the energy
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FIG. 1. Total and partial cross section for 4s —4p transition.
Solid curve, 0°—180° total cross section in 15-state close-
coupling calculation; dashed curve, 0°—90° partial cross section
in 15-state close-coupling calculation; solid circles, merged-
beams experiment (Ref. [14]).
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positions of resonance structures in the subsequent
scattering calculation, it is important to have reasonable
energy levels for all the low-lying states of the target.
Within the context of a configuration-interaction calcula-
tion for 15 LS terms, the radial orbitals for Zn™ were op-
timized by varying a radial scaling parameter on the
model potential to minimize a weighted sum of eigenener-
gies. Of particular difficulty were the energy positions of
the 3d 1%4p and 3d°%4s? excited states relative to the 3d %4s
ground state. Our energy levels for the low-lying LS
terms in Zn" are given in Table I and compared with
both previous atomic structure calculations [16] using the
code CIV3 [19] and experimental observations [20]. The
energies obtained by the method discussed are an im-
provement over those obtained previously [16]. Another
gauge of the accuracy of the target wave functions is the
evaluation of the 4s —4p oscillator strength. Length and
velocity forms are compared for three different theoreti-
cal calculations in Table II. The most reliable oscillator
strength is probably the length form from the
multiconfiguration Hartree-Fock calculation of Froese-
Fischer [21].

Collision cross sections were calculated in a multiple-
LS-term close-coupling approximation using the latest
version of the code RMATRX [5,22]. In the R-matrix
method [4] the (N +1)-electron wave function is expand-
ed in the inner region in terms of a finite set of bound-
continuum and bound-bound functions, the latter being
included to satisfy the orthogonality conditions imposed
on the former and optionally included to allow for corre-
lation. The continuum function is additionally expanded
in terms of a finite set of basis functions which facilitates
the solution of the resonant-scattering problem at many
energies. The expansion coefficients are determined by
the diagonalization of the (N +1)-electron Hamiltonian
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FIG. 2. Total cross section for 4s—4p transition. Solid
curve, 15-state close-coupling calculation; dashed curve, 15-
state close-coupling calculation with cascade enhancement;
solid circles, merged-beams experiment (Ref. [14]); open circles,
crossed-beams experiment (Ref. [15]).
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TABLE III. 45— 4p excitation cross sections for Zn*.

Cross section (107! cm?)

Method 15 eV 20 eV 40 eV 50 eV
15-state close-coupling 7.41 7.04 5.54 4.96
using SUPERSTRUCTURE
target (present work)
5-state close-coupling 5.57 5.20 4.53 4.10
using CIV3 target
(present work)
S-state close-coupling 4.31 3.98 3.34 3.06

using CIV3 target
(Msezane and Henry,
Ref. 16)

within the inner region and by the imposition of suitable
boundary conditions. The latest version of the code
RMATRX [22] includes routines to solve the asymptotic
coupled equations perturbatively [23] and to “top-up” to-
tal dipole collision strengths from high partial waves
[24,25].

III. COMPARISON OF THEORY
AND EXPERIMENT

We compare a 15-state close-coupling calculation for
the 4s —4p excitation cross section of Zn* with a recent
merged-beams experiment [14] in Fig. 1. This calculation
includes all 15 LS terms listed in Table I with
configuration interaction between all terms of the same
symmetry. The relatively weak resonance structures seen
in the threshold region are typical of strong dipole transi-
tions. Since the experiment only measures the cross sec-
tion at forward-scattering angles, we present the 15-state
results in Fig. 1 as a total cross section from 0°—180° and
as a partial cross section from 0°—90°. Since there is no

convenient algebraic reduction, we obtain the partial
cross section by first calculating [26] the angular
differential cross sections and then numerically integrat-
ing the results from 0°—90°. The three experimental
points at 6.0, 6.5, and 7.9 eV are found to be in good
agreement with the 15-state partial-cross-section results.
As shown in Fig. 1, the total and partial cross sections
merge together between 10 and 12 eV. The merged-
beams measurements at 12.6 eV and above can thus be
regarded as total cross-section data.

Over an extended energy range we compare the 15-
state close-coupling calculation for the 4s —4p cross sec-
tion of Zn* with both the merged-beams experiment [14]
and an earlier crossed-beams experiment [15] in Fig. 2.
Resonance structures in the total cross section are
confined to energies below the 18.0-eV ionization thresh-
old. For incident energies greater than the 3d 1955 excita-
tion threshold at 11 eV, contributions from radiative cas-
cade are present in the crossed-beams measurements.
The dashed line in Fig. 2 shows the 15-state close-
coupling results allowing for the cascade enhancement.
As shown by Burgess and Tully [27], using the Coulomb-

TABLE IV. 45 —4p cascade factors for Zn" at 40-eV incident energy.

Cross sections (107 cm?)

Method o(4s—4p) o(4s—5s) o(4s—4d) 7
15-state close-coupling 5.54 0.12 0.43 1.18
using SUPERSTRUCTURE
target (present work)
5-state close-coupling 4.53 0.34 0.76 1.41
using CIV3 target
(present work)
5-state close-coupling 3.34 0.37 0.58 1.46

using CIV3 target
(Msezane and Henry,
Ref. [16])

_ o(4s—4p)+o(4s—5s)+20(4s —4d)
o(4s—4p) ’

F
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FIG. 3. Total cross section for 4s —4p transition. Solid circles, merged-beams experiment (Ref. [14]); open circles, crossed-beams
experiment (Ref. [15]). (a) Solid curve, 6-state close-coupling calculation; (b) solid curve, 15-state close-coupling calculation; (c) solid

curve, 31-state close-coupling calculation.

Bethe approximation in the high-energy limit, the dipole
allowed cross section is directly proportional to its oscil-
lator strength. From Table II we see that the 15-state os-
cillator  strength is about 17%  higher the
multiconfiguration Hartree-Fock result for the length
forms, and thus we would expect a similar overestimate
in both sets of theoretical cross-section results at the
higher energies. Our preliminary conclusion is that if we
lower both theoretical curves by 17%, the resulting
cascade-corrected results are then in very good agree-
ment with the crossed-beams experiment, but the
cascade-free results are still somewhat larger than those
of the merged-beams experiment at the higher energies.
Surprisingly, however, the previous 5-state close-

coupling results of Msezane and Henry [16] are in rough
agreement with the merged-beams experiment for ener-
gies greater than 15 eV, and since their calculations pre-
dicted a cascade enhancement from 70% to 40% they
were also in reasonable agreement with the crossed-
beams experiment. Thus, for example, the 15-state cross
section at 50 eV (5.0X 107 '® cm?) is 61% higher than the
5-state cross section (3.1X10'® cm?), even though from
Table II the 15-state oscillator strength is only 22%
higher than the 5-state oscillator strength for the length
forms. Using the original CIV3 target orbitals [16], we re-
peated the 5-state close-coupling calculations and found
the previous results to be in error. Previously, Msezane
and Henry [16] used a single-configuration description of
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FIG. 4. Differential cross sections for 4s —4p transition. (a) 6.2-eV incident energy: solid curve, 6-state close-coupling calcula-
tion; long-dashed curve, 15-state close-coupling calculation; short-dashed curve, 31-state close-coupling calculation. (b) 20-eV in-
cident energy: solid curve, 6-state close-coupling calculation. (c) 50-eV incident energy: solid curve, 6-state close-coupling calcula-

tion.

the 3d%s and 3d 1955 states, whereas it is necessary from
orthogonality considerations to use a configuration-
interaction description of the 2S states. They had proper-
ly used a configuration-interaction description of the 2D
states. The new 5-state cross section results are com-
pared with the 15-state results and the old 5-state results
at four different energies in Table III. The 15-state cross
section at 50 eV is now only 21% higher than the 5-state
cross section (4.1X 107! cm?) and in excellent agree-
ment with the oscillator strength difference for the length

forms.

In Table IV we compare the 4s —4p cascade factors
for Zn"t calculated using the 15-state, new 5-state, and
old 5-state [16] close-coupling calculations. The non-
dipole-allowed 4s —S5s and 4s —4d excitation cross sec-
tions, which enter the cascade estimate, are strongly re-
duced in magnitude in going from the 5-state to the 15-
state calculations. The differences found in the 5- and
15-state results are due mainly to the different target ion
atomic structures. As mentioned in Sec. II, we believe
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FIG. 5. Differential cross section for 4s—4p transition.

Solid curve, 6-state close-coupling calculation; solid circles,
energy-loss crossed-beams experiment (Ref. [28]).

that the target wave functions associated with the 15-
state calculations are the superior based on better energy
level agreement with experiment. We thus conclude that
our best estimate is a 15-20 % cascade enhancement for
the 4s —4p excitation, as shown by the theory curves in
Fig. 2. The fact that comparison of the cascade-
enhanced crossed-beams experiment and the cascade-free
merged-beams experiment indicates a much larger cas-
cade factor is a puzzle.

To further check our 4s—4p cross-section results we
carried out both a 6-state and a 31-state close-coupling
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FIG. 6. Total cross section for 3d —4s transition. Solid
curve, 15-state close-coupling calculation.
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FIG. 7. Total cross section for 4s—5s transition. Solid
curve, 15-state close-coupling calculation; open circles,
crossed-beams experiment (Ref. [15]).

calculation using radial orbitals from the modified ver-
sion of SUPERSTRUCTURE [17], optimized for a 15-LS-
term configuration-interaction (CI) calculation for Zn™.
The 6-state close-coupling calculation includes all 6 LS
terms of the 3d'%s, 3d'%4p, 3d°4s?, 3d'%5s, 3d%d, and
3d!%5p configurations. The 6-state calculation uses the
same CI basis expansion for the target as the 15-state cal-
culation. The 31-state close-coupling calculation aug-
ments the 15-state one with all 16 LS terms from the
3d'%4f and 3d%4s4d configurations. Since more
configurations are included, the 31-state calculation has a
slightly different CI basis expansion for the target than
the one used for the 6- and 15-state calculations. For
comparison in the threshold energy region, the 6-, 15-,
and 31-state close-coupling calculations are presented in
Fig. 3. The effect of including more states in the expan-
sion appears to have little effect on the nonresonant back-
ground cross section. Given that more resonances are be-
ing added as the expansion increases, the reproducibility
of the relatively weak resonance structures in the 4s —4p
cross section seems to be good. There are certain
anomalies, however, like the large resonance at threshold
in the 15-state calculation which disappears in the 31-
state calculation. We attribute this anomaly to small
changes in both the N-electron target thresholds and the
(N +1)-electron resonance positions which moves the
structure from just above to just below threshold.

Since partial cross sections for the 4s —4p excitation in
Zn"t were needed to analyze the merged beams experi-
ment [14], complete differential cross sections at 6.2-, 20-,
and 50-eV incident energy have been calculated and are
shown in Fig. 4. At 6.2 eV the partial cross section in the
forward direction approximately equals the partial cross
section in the backward direction. There is also surpris-
ingly good agreement between the 6-, 15-, and 31-state
close-coupling calculations at this low energy. At 20 and
50 eV the partial cross section in the forward direction
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dominates and the agreement between the 6-, 15-, and
31-state calculations is so close only one curve is drawn
in the two figures. At 20 and 50 eV the close-coupling re-
sults from partial waves L =0-20 are supplemented by
2-state distorted-wave calculations, using the same 15-
state target expansion, for L =21-80 obtained using the
code DSTWAV [2] developed at University College Lon-
don. The close-coupling, distorted-wave, and atomic
structure codes have all been modified so that either
Condon-Shortley or Fano phase convention can be used
throughout any specific collision cross-section calcula-
tion. We compare the close-coupling—distorted-wave
differential cross sections at 50 eV with an energy-loss
crossed-beams experiment [28] in Fig. 5. The relative
crossed-beams measurements for Zn* are normalized at
6=12° to measurements for Mg", which in turn are
matched at 6=12° to the 5-state close-coupling calcula-
tions [16] for Mg™. With the proper inclusion of the
Coulomb phase factor [29], the slope of the small-angle
differential cross section has now been corrected and as
shown in Fig. 4 is in relative agreement with experiment.

The 15-state close-coupling calculations for the 3d —4s
and 4s — 5s excitation cross sections of Zn™ are shown in
Figs. 6 and 7, where comparison with the crossed-beams
experiment [15] is made for the 4s — 5s transition. As ex-
pected the resonance structures seen in Figs. 6 and 7 are
relatively strong for these non-dipole-allowed transitions.
Due to the finite energy-grid spacing of about 0.04 eV,
caution must be exercised in using the peak heights of
narrow spikes on the figures.

IV. SUMMARY

Excitation cross sections for Zn* calculated in a
multiple-LS-term close-coupling approximation have
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been compared with recent atomic-collision experiments.
The accuracy of the target-state wave functions for Zn™
has been investigated by comparing energy levels with ex-
periment and oscillator strengths with other calculations
and is judged to be approximately 20%. For the 4s —4p
dipole-allowed excitation cross section good agreement
between theory and a crossed-beams experiment is ob-
tained over a wide energy range, once allowance for cal-
culational uncertainties and cascade effects are made.
Good agreement between theory and a merged-beams ex-
periment is obtained in the threshold energy range, once
the angle-dependent nature of the measurements is taken
into account. The discrepancy at the higher energies be-
tween the cascade-free theory and the merged-beams ex-
periment appears to be real and thus is still a puzzle. In
conclusion, the further development of the atomic-
collision experiments, especially in regard to mapping out
resonance structures at high resolution, promises to pro-
vide a strong test of our calculational ability to model ac-
curately atomic structures and collisional dynamics.
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