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Electron-impact ionization cross sections for Fe"+ have been calculated using relativistic distorted-
wave methods. We have performed the most comprehensive calculation to date by including more than
10000 autoionizing levels for resonant-excitation double-autoionization (REDA) processes. The total
cross sections exhibit many strong narrow resonances. The REDA process contributes about 30% to the
average total cross sections. General good agreement between theory and experiment is attained, but
new experimental investigations are needed to search for the predicted resonances.

PACS numbers: 34.80.Kw, 32.80.Dz

Electron-impact ionization of multiply charged ions is
an important ionization process in hot dense plasmas. It
affects ionization balance, electron density and tempera-
ture, and the plasma kinetics as well. In the last decade,
much effort has been spent in both theory and experi-
ment to obtain ionization cross sections for highly
charged ions which are relevant to astrophysics and
fusion research. These intense studies have revealed that
indirect processes frequently make far greater contribu-
tions to the ionization cross sections than does the direct
ionization process. ' The most important indirect pro-
cess contributing to the single ionization by electron im-

pact is excitation of an inner-shell electron followed by
Auger decay. Higher-order processes such as resonant
excitation followed by emission of two electrons in two

steps [resonant excitation double autoionization
(REDA)] or in a single step (READI) have also been
computed and experimentally observed for a few

cases. '

The sodium isoelectronic sequence has become a test-
ing ground for the study of indirect ionization processes
because of its simple atomic structure. In theoretical in-

vestigations of indirect ionization processes, Moores and
Nussbaumer used a Coulomb-Born approximation
while Griffin, Bottcher, and Pindzola, ' Cowan and
Mann, " and LaGattuta and Hahn" employed distorted-
wave approximations. Close-coupling calculations have
also been carried out by Henry and Msezane, and Tayal
and Henry. ' On the experimental front, Crandall et
al. ' measured absolute total ionization cross sections for
few time ionized Na-like ions, and Gregory et al. ' ob-
tained absolute total ionization cross sections for Fe' +.
These investigations concentrated on ions with atomic
number Z ~ 28. Recently, ions as heavy as Au + have
also been treated theoretically. ' All of these studies in-

dicate that excitation-autoionization cross sections are
about 4 times the direct ionization cross sections.

Higher-order processes such as REDA and READI were
not included in most of these earlier theoretical investi-

gations. For Fe' +, LaGattuta and Hahn, 4 using a con-
figuration-average model, predicted that the REDA pro-
cess enhances the direct ionization cross section by more
than a factor of 5 for impact electron energies in the
range 750~ E ~ 780 eV. A subsequent experimental
measurement ' failed to confirm the large predicted
enhancement. Instead, large Auctuations in cross sec-
tions as a function of electron energy were observed.
Later, Tayal and Henry' performed a close-coupling
calculation and concluded that REDA contributes very
little to the ionization cross sections. However, in their
treatment of REDA processes Tayal and Henry' only
included contributions from the 2p 3s 3lnl' Rydberg
series. Furthermore, radiative decays were neglected in

the first step of this two-step process, and not all possible
Auger channels were included in their calculations of
branching ratios for the first step.

In order to shed some light on the importance of the
REDA ionization process for Fe' +, we carried out the
first comprehensive calculations of the REDA cross sec-
tions using a detailed multiconfiguration Dirac-Fock
model (MCDF). ~ ' We include more than 10000 in-

termediate autoionizing levels in the calculations. Direct
ionization and excitation-autoionization cross sections
were also computed using relativistic distorted-wave
methods. ""

The need for performing extension level-to-level calcu-
lations for indirect ionization processes has been indicat-
ed in results of earlier calculations. For example, in

their calculation of excitation-autoionization cross sec-
tions for Fe' +, Griffin, Bottcher, and Pindzola' found
that Auger branching ratios are very sensitive to con-
figuration-interaction and to intermediate coupling
eff'ects. In addition, the configuration-average approxi-
mation has been shown to underestimate the average L-
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We also include contributions from the Is 2s 2p 3p
states which can be excited by configuration interaction.

The REDA ionizing process can be represented
schematically by

e+ Is 21 3s Is 21 3snln'I'

Is 21 3sn"I"+e

s 2s 2p +e+e. (3)

We carried out explicit calculations for resonant states
from 2s 2p 3s4lnl (n 4-7), 2s 2p 3s3lnl' (n=7-12),
2s2p 3s3lnl' (n 4-10), 2p2p 3s4141', and 2s 2p-
3s 5151' configurations. For the first three cases, extrapo-
lation to n 30 was accomplished by using a n scaling
law for the Auger transitions. The READI process is
not treated in our calculations.

Assuming that the direct and indirect ionization pro-
cesses are independent, the total cross section a, is given

by

+g aex8a+ g ~~~aP8fa
i k

where ad is the direct ionization cross section; a,'" and
c7I", ~ are excitation and energy-averaged capture cross
sections, respectively; 8 and 8$' are the branching ra-
tios for the single and double Auger emission, respective-
ly. The single and sequential double Auger branching
ratios can be written as

gg J &J

Z &; +Zk~k
(5)

and

where A,-~ and A,'I, are the Auger transition from state i
to j and radiative decay rate from state i to k, respective-
ly.

The energy-averaged dielectronic capture cross section
in cm is obtained from the inverse Auger process by de-

shell fluorescence yields for Fe' +
by a factor of 4.

In the distorted-wave calculations of electron-impact
ionization for Fe' +, we consider an excitation-auto-
ionization process with excitation of a 2p electron into
the n =3 or n =4 shell or excitation of a 2s electron into
the n=3 shell;

e+ Is 2s 2p 3s Is 2s 2p 3snl (n=3,4)+e
~ lg 2g 2p

and

tailed balance;

gap 495x10gk
hE EI, 2g;

(7)

Here, hE and EI, are, respectively, the energy bin and
Auger energy in eV; gp and g; are the statistical weights
for the intermediate state k and the initial state i, respec-
tively.

The direct ionization cross section is evaluated using a
full partial-wave expansion method ' in which the
bound, incident, scattered, and ejected electron wave
functions are calculated in Dirac-Fock potentials. ' Ex-
change is included by using completely antisymmetric
final-state wave functions in the ionization amplitude.

The inner-shell excitation cross sections were comput-
ing using a relativistic distorted-wave approximation. '

Relativistic configuration-interaction (CI) wave func-
tions for the Na-like target were generated using a
Dirac-Fock atomic-structure code developed by Hagel-
stein and Jung. ' We included the 2s 2p 31, 2s 2p-
3131', and 2s2p 3131' states in the CI calculation of the
target wave functions.

The detailed Auger and radiative rates required in cal-
culations of capture cross sections and branching ratios
[Eqs. (5)-(7)] were computed using the MCDF mod-
el. ' The energy levels and wave functions for the excit-
ed states were calculated explicitly in intermediate cou-
pling, including configuration interaction within the
same complex using the MCDF model in the average-
level scheme. '

We have calculated the electron-impact ionization
cross sections for Fe' + with incident electron energy
600& E & 1000 eV using the multiconfiguration dis-
torted-wave method. The contributions from the indirect
processes were obtained by multiplying the excitation or
capture cross sections by the appropriate branching ra-
tios. The total cross sections were computed according
to Eq. (4). Our results are displayed in Fig. 1. The
direct ionization cross sections (dashed curve) exhibit
smooth dependence on impact electron energy. In the
excitation-autoionization calculation, we included eighty
intermediate states in n 2 to n 3 excitation and forty
states in n 2 to n =4 excitation. For n 2 to n =3 exci-
tation, eight intermediate states together contribute 70%
of the total excitation-autoionization cross sections at
E =977 eV. For Fe' +, 2p-3d excitation contributes as
much as the 2p-3p excitation in contrast to the case of
Au + which is dominated by the 2p-3p excitation' due
to the strong 2p-3d radiative electric-dipole transition.
Above E =950 eV, n =2 to n =4 excitation contributes
about 10% of the total ionization cross section. For elec-
tron energy E ~ 820 ev, excitation-autoionization cross
section is about a factor of 4 larger than the direct ion-
ization cross section (see Fig. 1). Including detailed ra-
diative decay rates in the calculations of branching ratios
reduces the excitation-autoionization cross sections by
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FIG. 1. Electron-impact ionization cross sections from the
present MCDF calculations are compared with experiment.
The dashed curve sho~s the direct ionization cross sections,
The lower solid curve represents total cross sections with exci-
tation autoionization. The upper solid curve indicates the total
cross sections including REDA contributions as well. The dots
with error bars are experiment (Ref. 14).

40%.
Our direct ionization cross sections are about 10%

smaller than the cross sections computed using Lotz's
formula, ' but are within 5% of the results of other
distorted-wave calculations. ' The excitation-auto-
ionization cross sections from the present work are
within 10% of the existing theoretical results' ' except
near the threshold region (E (800 eV). In this energy
region, the excitation-autoionization cross sections from
the configuration-average calculations are larger than
our detailed level calculations by as much as a factor of
3 due to the fact that not all states from the same con-
figuration are energetically accessible.

For the REDA process, we have performed the most
comprehensive calculations to date. We included more
than 10000 autoionizing levels by using the detailed
MCDF model. In the calculations of the two-step dou-
ble Auger branching ratios Bp' [Eq. (6)], all possible
Auger channels and radiative decays leading to bound
states were taken into account. The REDA cross section
is diminished by about 50% due to the inclusion of radia-
tive transitions. To facilitate the comparison with experi-
ment, ' each REDA resonance is convoluted with a
Gaussian of 2 eV in width. The total ionization cross
section obtained by adding the excitation-autoionization
and REDA cross sections to the direct ionization cross
section shows complex resonance structure due to the
REDA process (upper solid curve in Fig. 1). The peaks
below 750 eV arise from intermediate states 2p 3s31nl'
(n=7-9). The strong peaks between 760 and 800 eV
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FIG. 2. Theoretical electron-impact ionization cross sections
as functions of electron energy. The solid curve displays the
present MCDF results. The dotted curve represents the values
from the close-coupling calculations (Ref. 12) and the dashed
curve shows the predictions from the configuration-average ap-
proximation (Ref. 4).

and those between 800 and 850 eV are mainly due to the
2p 3s414l' and 2s2p 3lnl' (n=5-10) states, respective-
ly. For electron energy E» 850 eV, the 2p 3s41nl'
(n ~ 5) states are responsible for the resonance struc-
ture.

For the purpose of comparison, the experimental cross
sections are also shown in Fig. 1. The overall agreement
between our theoretical predictions and experiment is

rather good. Some narrow strong peaks at E =760, 780,
858, and 865 eV, in particular, might have been missed

by the experimental observation. ' For E & 950 eV, the
two experimental points lie above the theoretical results

by 15%. These discrepancies may be partly due to the
neglect of the contributions from n =2 to n =5 excitation
autoionization and from 2s2p 3s4lnl' (n ) 5) inter-
mediate states in REDA calculations.

In Fig. 2, the theoretical cross sections from our

present work are compared with the predictions from
configuration-average approximation" and the close-
coupling method. ' The total ionization cross sections
from our present MCDF calculations show many reso-
nance peaks due to the inclusion of the REDA cross sec-
tions obtained by the detailed calculations. For electron
energy E ~ 820 eV, the average cross sections from
these three theories agree within 20%. For 750~E
«800 eV, the cross sections from the configuration-
average approximation" with a 20-eV bin width are a
factor of 2 to 3 larger than our MCDF predictions. If a
2-eV bin width had been used in Ref. 4 as was done in

this work, the resonance peaks from the configuration-
average calculations would be more than an order of
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magnitude larger than our results from detailed calcula-
tions. This clearly demonstrates the importance of per-
forming detailed level-to-level calculations in the treat-
ment of the REDA processes. The cross sections from
the close-coupling calculations' for 750 ~ E ~ 800 eV
are a factor of 2 smaller than the values from our present
work. These discrepancies are mostly due to the fact
that Tayal and Henry' included only the 2p 3s3lnl'
Rydberg series in their REDA calculations. We have
shown that the most important contributions to the
REDA cross sections in these energy ranges arise from
the 2p 3s4!4l' and 2s2p 3s3ln!' intermediate states
which were neglected in the close-coupling calcula-
tions.

In this work, we have calculated direct, excitation-
autoionization and REDA cross sections for Fe' +

using
a detailed MCDF model. Our REDA cross sections are
smaller than the results calculated by LaGattuta and
Hahn, but larger than the values obtained by Tayal and
Henry. We conclude that the REDA process contrib-
utes about 30% to the average total ionization cross sec-
tions for Fe' + with impact electron energy 720~ E
~940 eV. The REDA processes are manifested by a
number of strong narrow resonances. The large fluctua-
tions shown in experimental measurements' may be as-
sociated with the REDA resonances. We call for new

experiments to search for these strong narrow reso-
nances.

This work was performed under the auspices of the
U.S. Department of Energy by the Lawrence Livermore
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