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Excitation-autoionization contributions to the electron-impact ionization of Fe’*, Fe®*, Fe’™,
Fe''+, and Fe!3* are calculated in the distorted-wave approximation. Calculations for Fe’* which
include only excitations from the 3p%3d> ground configuration agree well with the experimental
crossed beams measurements of Gregory et al. [preceding paper, Phys. Rev. A 34, 3657 (1986)].
For Fe* the agreement between theory and experiment is also good. Calculations for Fe’* are in
reasonable agreement with experiment when only excitations from extremely metastable states of the
3p*3d excited configuration are included. Theoretical predictions for Fe''* and Fe'** are based on
ground-configuration excitations and detailed branching-ratio calculations. Excitation-auto-
ionization contributions in Fe'**+ are found to enhance the total ionization cross section by a factor

of 2 near threshold.

The theoretical study of electron-impact ionization pro-
cesses in atomic ions has important applications in high-
temperature plasma research. Of particular importance
are studies along transition-metal isonuclear sequences
which are directly applicable to numerical simulation of
plasma cooling, transport, and confinement in experimen-
tal fusion devices.!”®> However, isonuclear sequences
present theoretical complications in that the atomic-
structure changes along the series as various closed sub-
shells open up. Thus no simple scaling laws of sufficient
accuracy exist. Only a combination of experimental mea-
surements and detailed theoretical scattering calculations
can provide ionization cross sections to a 20% or better
accuracy along an isonuclear series.

In the last decade experiment and theory have shown*
that indirect resonance processes may make substantial
contributions to the electron-impact ionization of
transition-metal ions in low stages of ionization. Contri-
butions to the electron-impact single-ionization cross sec-
tion can be made by the following two processes:
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where A represents an arbitrary ion with charge n. The
first process is direct ionization while the second is excita-
tion autoionization. Although a complete quantum-
mechanical description of electron ionization would in-
clude the wave-particle interference between these process-
es, for the purpose of obtaining a total cross section or
rate they can generally be assumed to be independent of
one another. A third process of resonant-recombination
double autoionization is not considered in this work.*

The direct-ionization and excitation-autoionization pro-
cesses may be calculated using the average-configuration
distorted-wave method.® The most general direct-
ionization transition between configurations is of the form
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where n is the principal quantum number, / is the angular
momentum quantum number, g is the occupation num-
ber, and k is the linear momentum wave number. The
average-configuration direct-ionization cross section (in
atomic units) is given by
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where E =( k3+kf2)/2. The most general excitation tran-
sition between configurations is of the form
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The average-configuration excitation cross section is given
by

8
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The continuum normalization in both Egs. (4) and (6) is
chosen as one times a sine function.

The scattering matrix element M in both Egs. (4) and
(6) is given by
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where R*(ij;rt) is the usual Slater radial integral and an-
gular coefficients are summarized in terms of standard 3-j
and 6-j symbols. Due to the presence of two outgoing
continuum waves the phase of the interference term in Eq.
(7) is arbitrary for the direct-ionization process. We em-
ploy the maximum interference approximation® which
takes the negative of the absolute value of the third term
on the right-hand side of Eq. (7). The bound-state ener-
gies and orbitals needed to evaluate Egs. (4) and (6) are
generated using the radial-wave-function code developed
by Cowan.” The continuum orbitals are obtained by solv-
ing the radial Schrodinger equation in the distorted-wave
approximation. For rapid evaluation of many continuum
orbitals a local distorting potential constructed in a semi-
classical exchange approximation® has proved useful.

The average-configuration distorted-wave method can
be extended with little more effort to take into account the
energy-level spread within each configuration. A simple
procedure called the average-statistical model (ASM) is
adopted. 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 or excited configuration. The
total cross section is then summed taking explicit account
of the energy position of each level calculated using an
atomic-structure program provided by Cowan.’ If the
atomic-structure calculations show that certain excited
levels are bound, their contribution to the ionization cross
section is of course ignored. Branching ratios for autoion-
ization versus radiation are also calculated for each excit-
ed level and then multiplied by the statistically partitioned
cross sections. A statistically weighted Boltzmann distri-
bution over the levels of the initial configuration, based on
an average ion temperature, may also be included in the
average-statistical model.

Recently experimental crossed-beam measurements of
ions in the Fe isonuclear sequence have been made.’~!!
Due to the formation characteristics of the ion sources,
ion-beam currents generally become smaller for the higher
ionization stages of a given element. More specifically the
Oak Ridge National Laboratory (ORNL) ECR ion source
and crossed-beams apparatus has been used to make mea-
surements up to Fe’t, although measurements up to
Fe!>* should be possible. Thus comparison between ex-
periment and theory is currently taking place in the lower
ionization stages of Fe.

In previous work® on Fe* through Fe**, the 3p—3d
dipole transition was found to dominate all other
excitation-autoionization contributions. In Fe’*, howev-
er, all the levels of the 3p>3d* excited configuration are

f

bound. In Table I the Fe’* excitation energies and cross
sections are listed. For excitation from the 3p%3d>
ground configuration, the 3p—4p monopole transition
now dominates. In Fig. 1 an energy-level diagram shows
the position of certain excited configurations of Fe’* and
Fe®t. The 3p33d>4p excited configuration of Fe’* strad-
dles the ionization threshold. Our atomic-structure calcu-
lations indicate that 419 of the 613 possible levels are au-
toionizing with an overall energy spread within the con-
figuration of 37.3 eV. The next largest contribution is the
35— 3d quadrupole transition, where 58 of the 63 possible
levels of the 3s3p®3d* configuration are autoionizing. In
Fig. 2 the crossed-beams measurements of Gregory
et al.!! for Fe’* are compared with an ASM calculation
which includes all ten excitations from the ground config-
uration that are listed in Table I and an estimate for exci-
tations to higher n/ configurations. A combination of ex-
plicit calculation and n° rule extrapolation was used to
approximate the high-n/ excitation-autoionization contri-
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FIG. 1. Energy-level diagram showing various configurations
of Fe’* and Fe®t. The ratio of autoionizing levels to the total
number of levels is given below configurations which lie near the
ionization threshold.
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TABLE 1. Fe’* energies and cross sections.

Twice
Autoionizing Threshold threshold
Average to total Energy cross cross
Initial Excitation excitation levels spread section section
Ion configuration transition energy (eV) ratio (eV) (10718 cm?) (10" cm?)
Fe’+ 3p%3d? 3p—ds 88.8 57/213 36.6 0.669 0.610
3p—dp 98.5 419/613 373 4.848 2.789
3p—4d 1129 943/943 38.6 1.132 0.338
3p—4f 123.3 1180/1180 36.7 0.759 0.453
3p—5p 124.1 613/613 36.6 1.013 0.562
3p—5d 130.1 943/943 36.7 0.370 0.101
3p—5f 134.7 1180/1180 36.4 0.416 0.246
35s—3d 99.4 58/63 24.5 2.636 1.675
3s—ds 131.1 74/74 20.4 0.769 0.512
3s—5s 162.3 74/74 19.8 0.145 0.095
3p®3d?4s 3p—3d 57.5 57/213 36.6 73.755 49.511
3p—4s 95.6 45/45 30.0 0.279 0.260
3p—4p 104.4 494/494 37.8 4.639 2.623
3p—4d 120.2 750/750 35.6 1.000 0.297
3p—4f 131.5 924/924 324 0.821 0.476
3p—5Sp 132.4 494/494 31.8 0.872 0.474
3p—5d 138.6 750/750 323 0.308 0.087
3p—>5Sf 143.5 924/924 31.6 0.421 0.242
3s—3d 99.8 74/74 20.4 3.096 1.864
3s—4ds 138.9 16/16 12.9 0.361 0.237

butions. The direct-ionization contribution includes 3s,
3p, and 3d subshell ionization from the ground configura-
tion as calculated previously in the average-configuration
distorted-wave approximation by Younger.'> The agree-
ment between theory and experiment is reasonably good.
Near threshold the excitation-autoionization contribution
enhances the direct ionization by more than a factor of 2.
The smooth appearance of the theoretical curve results
from the statistical partition of the total excitation col-
lision cross section over more than 5000 levels.

The ASM calculations on Fe’* were repeated for
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FIG. 2. Electron-impact ionization of Fe’*. Solid curve, to-
tal cross section from the 3p®3d> ground configuration in the
average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 11).

electron-impact ionization from the 3p®3d%4s excited con-
figuration. As shown in Fig. 1 the 3p®3d%4s configura-
tion lies approximately 32 eV above the ground configura-
tion. The 16 levels of 3p®3d?4s decay primarily by radia-
tive quadrupole emission with lifetimes varying from 7.1
to 12.5 usec as found from single-configuration atomic-
structure calculations. The ratio of metastable excited
states (usec lifetimes or longer) in the excited 3p%3d?4s
configuration to all states in the ground and excited con-
figurations is 0.27. As shown in Table I, for excitation
from the 3p%3d*4s excited configuration, the 3p—3d di-
pole transition dominates even though only 57 of the 213
possible levels of the 3p°3d34s configuration are autoion-
izing. In Fig. 1 the 3p33d%4s4p configuration, resulting
from a 3p—4p monopole transition, is seen to be well
above the ionization limit. In Fig. 3 the crossed-beams
measurements of Gregory et al.!! for Fe’* are compared
with an ASM calculation which includes all ten excita-
tions from the excited configuration that are listed in
Table I. The direct-ionization contribution includes 3p,
3d, and 4s subshell ionization from the excited configura-
tion. The agreement between theory and experiment is
quite poor. The theoretical onset of ionization is off by at
least 30 eV and the cross section near threshold is a factor
of 2 high. It appears from comparing Figs. 2 and 3 that a
substantial fraction of metastables in the 3p®3d?4s excited
configuration have decayed before the measurements are
made, even though the predicted lifetimes are in the usec
range.

In Table II the Fe®* excitation energies and cross sec-
tions are listed. For excitation from the 3p®3d? ground
configuration, the 3p—4p monopole transition is cut
down due to the fact that only 24 of the 256 levels of the
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FIG. 3. Electron-impact ionization of Fe**. Solid curve, to-
tal cross section from the 3p®3d?4s excited configuration in the
average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 11).

3p°3d*4p configuration are autoionizing. Actually the
3p—4f quadrupole transition makes the largest
excitation-autoionization contribution. In Fig. 4 the
crossed-beams measurements of Gregory et al.!! for Fe$*
are compared with an ASM calculation which includes all
eight excitations from the ground configuration that are
listed in Table II and an estimate for excitation to higher
nl configurations. The direct-ionization contribution in-
cludes 3s, 3p, and 3d subshell ionization from the ground
configuration as calculated previously by Younger.'? The
agreement between theory and experiment is reasonably
good. The ASM calculations on Fe®* were repeated for
electron ionization from the 3p®3d4s excited configura-
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FIG. 4. Electron-impact ionization of Fe®*. Solid curve, to-
tal cross section from the 3p®3d? ground configuration in the
average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 11).

approximately 43 eV above the ground configuration.
The four levels of 3p®3d4s decay primarily by radiative
quadrupole emission with calculated lifetimes varying
from 2.0 to 3.4 usec. The ratio of metastable excited
states (usec lifetimes or longer) in the excited 3p%3d4s
configuration to all states in the ground and excited con-
figurations is 0.31. As shown in Table II the 3p—4p
monopole transition in the excited configurations provides
the largest contribution to the cross section. All 130 lev-
els of the 3p°3d4s4p configuration are autoionizing. In
Fig. 5 the crossed-beams measurements of Gregory
et al.!! for Fe®+ are compared with an ASM calculation
which includes all nine excitations from the excited con-

tion. As shown in Fig. 1 the 3p®3d 4s configuration lies figuration that are listed in Table II. The direct-
TABLE II. Fe®* energies and cross sections.
Twice
Autoionizing Threshold threshold
Average to total Energy cross Cross
Initial Excitation excitation levels spread section section
Ion configuration transition energy (eV) ratio (eV) (10~ '® cm?) (10~ "% cm?)
Fet+ 3p©3d? 3p—dp 108.8 24/256 32.1 4.645 2.557
3p—4d 124.8 204/386 34.1 0.927 0.305
3p—af 136.6 472/472 31.7 1.104 0.647
3p—5p 140.1 256/256 30.8 0.927 0.492
3p—>5d 147.0 386/386 31.7 0.298 0.097
3p—5f 152.2 472/472 31.1 0.534 0.306
3s—4s 141.2 32/32 15.6 0.777 0.484
35s—5s 178.6 32/32 13.9 0.140 0.087
3p63d4s 3p—4s 105.3 12/12 25.9 0.232 0.229
3p—4p 114.9 130/130 33.8 4.398 2.386
3p—4d 132.2 192/192 30.2 0.825 0.285
3p—4f 144.9 226/226 28.3 1.162 0.669
3p—5p 148.9 130/130 27.4 0.804 0.419
3p—5d 155.9 192/192 27.2 0.253 0.089
3p—>5f 161.4 226/226 26.9 0.519 0.292
3s—3d 99.7 32/32 15.6 3.667 2.064
35 —ds 149.4 4/4 6.0 0.361 0.223
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FIG. 5. Electron-impact ionization of Fe®*. Solid curve, to-
tal cross section from the 3p%3d4s excited configuration in the
average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 11).

ionization contributions include 3s, 3p, 3d, and 4s sub-
shell ionization from the excited configuration. The
agreement between theory and experiment is quite poor.
The theoretical onset of ionization is off by at least 40 eV.
It appears from comparing Figs. 4 and 5 that a substantial
number of metastables in the 3p%3d4s excited configura-
tion have decayed before the measurements are made.

We proceeded to investigate the possibility that the
source of the remaining discrepancy between expenment
and the ASM ground-configuration calculations for Feb+
lies in a nonstatistical distribution of the 3p —4p collision
cross section. It may happen that the 24 out of 256 levels
that are autoionizing may contain most of the collision
strength, thus a purely statistical distribution would un-
derestimate the total cross section. A previous study'® on
Ti’t based on a level-to-level intermediate-coupled
distorted-wave calculation showed that the large 3p—3d
dipole transition cross section is indeed concentrated in
the 6 out of 45 levels that are autoionizing.

A level-to-level intermediate-coupled distorted-wave
calculation was carried out as described in earlier pa-
pers.>!3 It may be divided into three parts. A general
purpose computer code based on Racah algebra and
Cowan’s classification scheme’ is used to calculate angu-
lar coefficients for the term-to-term transition matrix,
T(B,L,S,J‘I,ff——)ﬁfoSfJflffy), where L,' and S,'
are the orbital and spin angular momenta of the target ion
and .Z and % are the corresponding angular momenta
for the electron-ion system. A second code uses bound or-
bitals generated by Cowan’s radial wave-function code
and continuum orbitals generated by a distorted-wave
solution of the radial Schrodinger equation to calculate
radial transition matrix elements. The final computer
code uses standard recoupling procedures’ to transform
the T matrix from .£.# coupling to Jj coupling. The en-
ergy eigenvalues and eigenvectors of each level calculated
using an atomic-structure program provided by Cowan’
are then used to construct the level-to-level transition ma-
trix, T(e;Jiliji f—apdrlsjr 7). The level-to-level excita-
tion cross section is then given by

o= 16m 1
T kP 22041

X3 3 32+
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X | T(aJiliji f—apdplsjr F) |

Radiative branching ratios for each excited level are mul-
tiplied by each T matrix squared.

In Fig. 6 an average—conﬁguratlon calculation for the
3p—4p transition in Fe®, statistically distributed over
the 256 levels of the 3p>3d%4p configuration, is compared
with a level-to-level intermediate-coupled calculation.
The distribution of collision cross section from the level-
to-level calculation is seen to be fairly statistical. More
importantly the 24 highest levels, those above the ioniza-
tion limit of 125 eV, do not receive more than their sta-
tistical share of the total cross section. A level-to-level
calculation for Fe®* is thus almost identical to the ASM
results shown in Fig. 4. It is interesting to note that for a
many-level configuration, like 3p33d%4p, each energy
point in a level-to-level calculation takes 30 min on a large
vector processing machine while each energy point in an
average-configuration calculation takes 4 sec. One may
have to look to configuration interaction in the target
states or continuum coupling of the bound and autoioniz-
ing levels to explain the remaining dlscrepancy

In Table III the Fe’* excitation energies and cross sec-
tions are listed. For excitation from the 3s23p> ground
configuration, the 2p—3d dipole transition is the largest
contribution. Excitations from the 3s subshell are all to
bound levels. In Fig. 7 an energy-level diagram places the
2p33s%3p>3d configuration about 485 eV above the ioniza-
tion limit. In Fig. 8 the crossed-beams measurements of
Gregory et al.!! for Fe®* are compared with an ASM cal-
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FIG. 6. Electron-impact excitation of Fe®* from the 3p%3d?
ground configuration to all levels of the 3p°3d%4p excited con-
figuration. Solid curve, level-to-level excitation cross section;
dashed curve, average-configuration excitation cross section dis-
tributed statistically over all levels. Note that only those 24 out
of 256 levels in the 3p33d?4p configuration above the ionization
limit at 125 eV are autoionizing.
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TABLE III. Fe’*, Fe''*, and Fe'** energies and cross sections.
Twice
Autoionizing Threshold threshold
Average to total Energy Cross Cross
Initial Excitation excitation levels spread section section
Ion configuration transition energy (eV) ratio (eV) (10~ cm?) (10~ cm?)

Fe'+ 3523p3 2p—3d 746.9 65/65 443 0.187 0.119
3s¥3p*3d 35s—4d 201.0 258/452 50.9 0.138 0.068

3s—5s 226.4 107/107 48.6 0.115 0.066

3s—5p 232.1 303/303 48.8 0.026 0.017

2p—3p 691.2 65/65 44.3 0.038 0.018

2p—3d 748.0 604/604 72.9 0.167 0.106

Fell+ 3523p3 2p—3p 709.3 21721 28.7 0.057 0.027
2p—3d 763.8 203/203 54.1 0.201 0.130

2p—4p 882.4 143/143 39.8 0.019 0.008

2p—4d 901.9 203/203 389 0.042 0.025

25 —3d 899.3 72/72 37.0 0.025 0.015

Fe'*+ 35%3p 2p—3p 728.7 21/21 30.6 0.094 0.044
2p—3d 782.2 65/65 41.5 0.213 0.140

2p—4p 926.6 48/48 343 0.021 0.009

2p—4d 945.4 65/65 3255 0.046 0.027

2s—3d 916.9 23/23 20.2 0.026 0.016

culation which includes the 2p— 3d ground-configuration
excitation. The direct-ionization contribution includes 3s
and 3p subshell ionization from the 3523p> configuration
as calculated by Younger.!> The theory falls below exper-
iment and does not predict the proper threshold energy.
The ASM calculations on Fe’* were repeated for electron
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FIG. 7. Energy-level diagram showing various configurations
of Fe’*. The ratio of autoionizing levels to the total number of
levels is given below configurations which lie near the ionization
threshold.

ionization from the 3s23p*3d excited configuration. As
shown in Fig. 7 the 3523p*3d configuration lies approxi-
mately 48 eV above the ground configuration. Of the 150
states in the 3523p*3d configuration, 60 are forbidden to
decay by J selection rules while the remaining 90 have
calculated lifetimes ranging from 0.2 psec to 3.7 psec.
The ratio of extremely metastable excited states (msec life-
times or longer) in the excited 35%3p*3d configuration to
all states of the ground and excited configurations is 0.38.
As shown in Table III the 2p—3d dipole transition in the
excited configuration provides the largest contribution to
the cross section. The now available 3s—4d quadrupole
transition is cut down due to the fact that only 258 of the
452 levels of 3s3p*3d4d configuration are autoionizing.
In Fig. 9 the crossed-beams measurements of Gregory
et al."! for F&®+ are compared with an ASM calculation
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FIG. 8. Electron-impact ionization of Fe’*. Solid curve, to-
tal cross section from the 3s23p* ground configuration in the

average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 11).
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FIG. 9. Electron-impact ionization of Fe’*. Solid curve, to-
tal cross section from the 3523p*3d excited configuration in the

average-statistical model; dashed curve, direct cross section
only; solid circles, experimental measurements (Ref. 11).
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which includes all five excitations from the excited con-
figuration that are listed in Table III. The direct-
ionization contributions include 3s, 3p, and 3d subshell
ionization from the excited configuration. The agreement
between theory and experiment has improved substantial-
ly. It seems that the experiment on Fe’* is predominant-
ly measuring electron ionization from the extremely meta-
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stable levels of the excited configuration.

Although no experimental measurements as yet exist,
average-statistical model calculations were made for the
electron-impact ionization of Fe!!* and Fe!3*. In Table
III the Fe''* and Fe'3* excitation energies and cross sec-
tions are listed. The 2p—3d dipole transition makes the
largest contribution in both atomic ions. As one moves
along the isonuclear sequence to the higher ionization
stages radiative branching generally becomes more impor-
tant. In complex configurations, however, care must be
taken to include all possible autoionization and radiative
decay channels. In Table IV the possible decay channels
are listed for a couple of doubly excited configurations in
both Fe!'* and Fe'3*. The branching ratios for most of
the autoionizing levels in both Fe!!* and Fe'>* are close
to 1.0, principally due to the fact that so many autoioniz-
ing decay channels are present. In Fig. 10 the results are
shown of an ASM calculation for Fe!'*, while Fig. 11
presents the Fe'3* results. In both cases all five excita-
tions from the ground configuration that are listed in
Table III are included. The direct-ionization contribu-
tions include 3s and 3p subshell ionization as calculated
by Younger.'? Even for the highly ionized Fe'*+ case, the
contributions from excitation autoionization are still quite
important. ASM calculations on Fe''* and Fe!** were
not made for electron ionization from excited configura-
tions. In Fe'!*, the ratio of extremely metastable excited
states (msec lifetimes or longer) in the excited 35%3p?3d

TABLE IV: Fe!'* and Fe'** branching-ratio channels.

Excitation

Ion transition configuration

Doubly excited

Radiative
decay channel

Autoionization
decay channel

Fe!l+ 2p—3p 2p%3s%3p*

2p—3d 2p33s?3p%3d

Fe'+ 2p—3p 2p335s23p?

2p—3d 2p33s¥3p3d

2p%3s23pkp
2p%3s23p2kf
2p®3s3p3ks
2p%3s3p3kd
2p°3p*kp
2p®3s*3pks
2p®3s3p2kd
2p®3s*3pkg
2p®3s%3p3dkp
2p%3s¥3p3dkf
2p®3s3pkp
2p%3s3p3kf
2p®3s3p?3dks
2p%3s3p23dkd
2p%3p33dkp
2p%3s%kp
2p%3skf
2p%3s3pks
2p%3s3pkd
2p©3p2kp
2p%3siks
2p%3s2kd
2p%3s’kg
2p®3s3pkp
2p%3s3pkf
2p%3s3dks
2p%3s3dkd
2p%3p3dkp

2p%3s3p*
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FIG. 10. Electron-impact ionization of Fe!'*. Solid curve,
total cross section from the 3s23p3 ground configuration in the
average-statistical model; dashed curve, direct cross section
only.

configuration to all states of the ground and excited con-
figurations is 0.07; while in Fe!** there are no low-lying
metastable states.

Although much work remains to be done to understand
electron-impact ionization along the Fe isonuclear se-
quence, the comparison of experimental crossed-beams
measurements and average-statistical model calculations
brings certain features into focus. The rather smooth se-
quence of experimental points in Fe’* and Fe®* does not
mark the absence of excitation-autoionization contribu-
tions, but results from the blending of excitations to
thousands of autoionizing levels. For these ions detailed
level to level distorted-wave calculations become tedious,
while the study of more complicated configuration-
interaction and continuum-coupling effects is very diffi-
cult. It appears that contributions from metastable states
of excited configurations in both Fe’* and Fe®* are small
in the experiment of Gregory et al.!! In Fe’* the situa-
tion is reversed, reasonable agreement between theory and
experiment is found when only ionization from extremely
metastable states (in the msec range) of the 3p*3d excited
configuration is considered dominant. The fact that ioni-
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FIG. 11. Electron-impact ionization of Fe!**. Solid curve,
total cross section from the 3s23p ground configuration in the
average-statistical model; dashed curve, direct cross section
only.

zation cross sections are sensitive to the lifetimes of meta-
stable excited states makes the study of short-time scale
modeling of an Fe-seeded plasma even more difficult. Fi-
nally significant excitation-autoionization contributions
were found in the highest ions studied. Branching ratios
close to 1.0 for the majority of autoionizing levels in
Fe''* and Fe!>* kept the excitation-autoionization contri-
bution constant as the direct ionization fell in magnitude.
The ASM calculations predict a total ionization cross sec-
tion in Fe'3* approximately double that coming from pre-
vious direct-ionization calculations.
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