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Electron-impact ionization in the magnesium-isoelectronic sequence
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Excitation-autoionization contributions to the electron-impact ionization of the Mg-like ions S4+,

Cl +, and Ar + are calculated in the distorted-wave approximation. The calculations indicate that
the largest contributions are due to the 2p ~3p monopole and 2p ~3d dipole excitations from either
the 2p 3s ground-state configuration or the 2p 3s 3p excited-state configuration. Excellent agree-

ment with the experimental crossed-beam measurements of Howald et al. is obtained when one as-

sumes that a substantial fraction of the ions coming from the electron cyclotron resonance ion

source are in metastable states of the 2p63s 3p excited-state configuration.

Ex erimental checks' on the vast body of theoretical
work concerning electron-impact excitation of atomic
ions are quite limited. Some insight into the validity of
excitation theory can, however, be made by comparison
with the more numerous crossed-beam ionization studies
of features identified as excitation followed by autoioniza-
tion. 3 The present theoretical study focuses on the contri-
butions of excitation-autoionization to the electron-impact
ionization of several multiply charged iona in the
magnesium-isoelectronic sequence. As will be shown later
the largest contributions are due to 2p ~3p monopole and
2p~3d dipole excitations which are of current interest in
short-wavelength laser research. The recent experimental
crossed-beam measurements of Howald et al. for S~+,
Cl +, and Ar + show a clean separation between sizable
excitation-autoionization features and the background
direct-ionization process at incident electron energies
around twice the ionization threshold. The measurements
present a clear challenge to theoretical interpretation and
calculation.

Electron-impact ionization of an atomic ion labeled A

can follow two paths:

e-+A" + a'"+"++e-+e-,
or

cesses are independent and that radiative stabilization of
the autoionization states is negligible for low stages of
ionization along the Mg-isoelectronic sequence. This
latter assumption was tested by explicit calculation of
branching ratios for several of the doubly excited configu-
rations considered in this paper.

The electron-impact direct-ionization cross section for
Ar6+ has been calculated in the average-configuration
distorted-wave approximation. Using the experimental
ionization potentials for the outer shell, we scaled the
Ar6+ results to obtain direct-ionization cross sections for
S + and Cl +.

The electron-impact excitation cross section to autoion-
izing levels may also be calculated in the average-
configuration distorted-wave approximation. The most
general transition between configurations is of the form

(nili) '(n212) 'k;l;~(nili) ' (n2!i) ' kyle, (3)

where n; is the principal quantum number, 1; is the
angular-momentum quantum number, q; is the occupa-
tion number, and k; is the linear-momentum wave num-
ber. The average-configuration excitation cross section (in
atomic units) is given by

(41&+2—q3)
exc= 8~91

e -+A" +~(A "+)'+e -~(A '"+"++e-)+e- . (2)
X g (21;+ 1)(21'+1)M(2f; li), (4)

The first process is direct ionization while the second is
excitation-autoionization. It is assumed that these pro- where
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TABLE I. Average-configuration excitation cross sections from the 2p 3$ ground-state configuration.

Ion

S4+

Cl'+

Configuration
transition

2p 3$ ~2p 3$3p
2p 3$ 3d
2p'3$'4p
2p 3$ 4d

2p 3$ ~2p 3$3p
2p'3$3d
2p s3$24p
2p'3$'4d

2p 3$ ~2p 3$3p
2p 3$3d
2p'3$'4p
2p'3$'4d

Average excitation
energy (eV}

171.3
191.2
207.2
213.2
210.9
234.2
258.2
265.4
254.3
281.0
314.3
322.7

Cross section
(10 ' cm) at

threshold energy

1.43
1.47
0.257
0.417
1.04
1.23
0.190
0.335
0.764
1.01
0.141
0.264

Cross section
(10 ' cm) at
twice threshold

energy

0.683
0.906
0.115
0.248
0.489
0.771
0.084
0.199
0.358
0.639
0.061
0.157
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FIG. 1. Electron-impact ionization of S + near the threshold
for excitation-autoionization. Solid curve, level-to-level excita-
tion cross section plus direct cress section calculated in the
distorted-wave approximation; dashed curve, total cross section
in the average-statistical model; dotted curve, direct cross sec-
tion only.

In Eq. (5), R (ij;rt) is the usual Slater radial integral for
the Coulomb interactian between electrons and the contin-
uum normalization is chosen as one times a sine function.
The bound-state energies and atomic orbitals needed to
evaluate Eq. (4) are generated using the radial wave-
function code developed by Cowan. s The continuum radi-
al orbitals, ar distorted waves, are calculated using a local
semiclassical approximation for the exchange interaction.

Average-configuration excitation cross-section results
for S +, Cl +, and Ar + are given in Table I. The aver-
age excitation energies are in gaod agreement with the on-
set of experimental excitation-autoionization features. '
The largest contributions come from the 2p~3p mono-
pole and 2p ~3d dipole excitations.

In order to take into account the energy-level spread
within each configuration, we have adopted a simple pro-
cedure called the average-statistical model (ASM). The
average-configuration collision cross section for either the
direct-ionization or excitation-autoionization process is
statistically partitioned over all levels of the final ionized
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FIG. 2. Electron-impact ionization of S +. Solid curve, total
cross section from the 2p 3$ ground-state configuration in the
average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 5).

or excited configuration. The total cross section is then
summed taking explicit account of the energy position of
~~h level calculated using an atomic-structure program
provided by Cowan. '

In Fig. 1, ASM calculations for S + in the threshold
energy region are compared with a more detailed
intermediate-coupled level-to-level distarted-wave calcula-
tion. The level-to-level calculation has bein described pre-
viously in work on the transition-metal ions. ' As shown
in Fig. 1 the 10 levels of the 2ps3si3p configuration are
spread over 10.3 eV starting at 169.1 eV, while the 12 lev-
els of 2p 3s 3d configuration have a spread af 3.9 eV
starting at 189.8 eV. The maIar discrepancy between the
two calculations is for the 2p 3s~3p 'So level at 179.4 eV
for which the level-to-level method attributes over half
the total configuration cross section, even though its sta-
tistical weight is quite small. On the other hand the total
collision cross sections from each of the two calculations
are in excellent agreement.

In Figs. 2—4, ASM calculations for S +, Cl +, and
Ar + are compared with experimental crossed-beam mea-
surements of Howald et al. aver a wide energy range.
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FIG. 3. Electron-impact ionization of Cl'+. Solid curve, to-
tal cross section from the 2p 3$ ground-state configuration in
the average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 5).

FIG. 4. Electron-impact ionization of Ar6+. Solid curve, to-
tal cross section from the 2p 3$ ground-state configuration in
the average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 5).

Although the overall agreement between theory and ex-
periment for the three atomic iona is quite good, there are
several noteworthy discrepancies. In examining Fig. 2 for
S +, we first note that the experimental direct-ionization
threshold is about 10 eV lower than theory. The theoreti-
cal calculations use the spectroscopic value of 72.68 eV.7

We next note that the experimental excitation-
autoionization features between 170 and 220 eV appear to
be spread over a wider energy interval than predicted by
theory. Finally, the most obvious discrepancy is the
growing divergence between experiment and theory begin-
ning at 240 eV and extending to the highest energies. Al-
though the 2p-shell direct-ionization threshald is calculat-
ed to be at 236.5 eV, the branching ratio for the decay of
the 2p 3s configuration to the 2p configuratian of S +
is almost 1. The same three discrepancies found in S +
are found to a varying degree in Figs. 3 and 4 for C15+
and Ar6+, respectively.

To help resolve the discrepancies the ASM calculations
for the three Mg-like ions were repeated for electron-
impact ionization from the 2p 3s 3p excited-state configu-
ration. Of the 12 states in the 2p 3s 3p configuration, six
are forbidden to decay by J selection rules. The ratio of
extremely metastable excited states (millisecond lifetimes
or longer) in the 2p63s 3p excited-state configuration to all
states of the ground and excited configurations is 0.46.
Thus a substantial fraction of the 2p 3s3p states may live
longer than the ion-beam transit time from source to

scattering chamber in the crossed-beam experiment.
Average-configuration excitation cross section results for
S + are given in Table II. The active orbitals involved in
excitation from the metastable state are the same as for
the ground state. Hence the average excitation energies
and cross sections for S + from the 2p 3s 3p excited-state
configuration are about the same as those found in Table I
for S + from the 2p 3s ground-state configuration. The
same result is true for Cls+ and Ar6+.

In Figs. 5—7, ASM calculations for S4+, Cls+, and
Are+ for ionization from the 2p 3s 3p excited-state con-
figuration are compared with the experimental measure-
ments. In examining Fig. 5 for S +, experiment and
theory are in good agreement at the direct-ionization
threshold since the 2p 3s 3p excited-state configuration is
on the average 10.8 eV above the 2p 3s ground-state
configuration. We note that the 2p 3s3p configuration
has four levels spread aver 7.3 eV. The 2ps3s3p and
Zp 3s3p3d autoionizing configurations have 172 levels
compared to the 22 levels found previously for the
2p 3s 3p and 2p 3s 3d configurations. Hence the
theoretical curve between 170 and 220 eV appears to have
been smoothed out, in better agreement with experiment.

Theory and experiment for S + are in better agreement
at high energies as shown by Fig. 5, since the contribu-
tions of the direct ionization out of the 2p subshell begin-
ning at 238.3 eV are now included. In pure LS coupling,
the states of the 2p 3s3p configuration"' from the S,

TABLE II. Average-configuration excitation cross sections from the 2p 3$3p excited-state configuration.

Ion
Configuration

transition

2p 3$3p~2p 3$3p
2p 3$3p 3d
2p 3$3p4p
2p'3$3p4d

Average excitation
energy (eV)

173.0
191.5
207.9
213.9

Cross section
(10 ' cm) at

threshold energy

1.17
1.48
0.253
0.414

Cross section
(10 ~ cm) at
twice threshold

energy

0.559
0.916
0.113
0.246
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FIG. 5. Electron-impact ionization of S +. Solid curve, total
cross section from the 2p~3s3p excited-state configuration in
the average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 5).

FIG. 7. Electron-impact ionization of Ar6+. Solid curve, to-
tal cross section from the 2p63s 3p excited-state configuration in
the average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 5).

P, and D terms of the 2p 3s( P) parent can neither
make a dipole-allowed radiative transition nor autoionize;
furthermore, the states from the P terms of the 2p 3s('P)
and 2p 3s( P) parents cannot autoionize. Thus one might
expect the states from the P terms to radiate to 2ps3p iP
and the states from the quartet terms to live longer than
the ion-beam transit time from the scattering chamber to
the detector in the crossed-beam experiment. s From this
perspective only the states from the iS and 2D terms of
the 2p'3s('P) and 2p'3s('P) parents would autoionize to
Ss+ during the experiment. Since the quartet terms and
the P terms constitute —', of the states of the 2p'3s3p con-
figuration, one can estimate that there is a —, probability
that ionization out of the 2p subshell will contribute to
the single-ionization cross section.

When a detailed intermediate-coupling calculation is
performed on the 2p 3s 3p configuration of S +, one finds
that the spin-orbit interaction causes significant mixing
between the I.S terms, and with the exception of states
from 2p 3s( P)3p Dq~2, all states should either autoion-
ize or radiate much faster than the ion-beam transit time.
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The average branching ratio for autoionization is about —,.
However, its value is quite sensitive to the exact amount
of mixing and therefore somewhat uncertain. In light of
these uncertainties we estimate the contribution of the 2p
subshell to the single ionization cross section by using —,

of the Lotz formula. 'i
The overall agreement between experiment and theory

similarly improves for C15+ and Ar + as shown by Figs. 6
and 7. Part of the remaining high-energy discrepancy
found in Fig. 7 for Ar + can be attributed to the obvious
underestimation of the direct process by the average-
configuration distorted-wave approximation.

In conclusion, the results of an ASM calculation for the
electron-impact ionization of S +, Cl'+, and Ar + are in
quite good agreement with experimental crossed-beam
measurements when one recognizes that the ion beatn con-
tains significant amounts of metastable states from the
2ps3s3p excited configuration. From the apparent agree-
ment, one may conclude that the theoretical prediction of
the overall strength of the 2p ~3p monopole and 2p~3d
dipole excitations is quantitatively correct. An experi-
mental check of the detailed level distribution of the col-
lision cross section as found in Fig. I, which may change
when configuration-interaction and close-coupling effects
are included, is not possible without a precise determina-
tion of the metastable fraction in the ion bairn. However,
it appears that with new generation devices such as the
electron cyclotron resonance ion source, many novel
atomic processes involving metastable targets will be
opened up to experimental investigation.
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FIG. 6. Electron-impact ionization of Cl +. Solid curve, to-
tal cross section from the 2p 3s 3p excited-state configuration in
the average-statistical model; dashed curve, direct cross section
only; so1id circles, experimental measurements {Ref.5).
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