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The contributions of excitation autoionization to electron-impact ionization in the Na-

like ions Mg+, Al'+, and Si'+ are calculated using the distorted-wave approximation with

exchange. Inner-shell excitations of the type 2p'3s ~2p'3snl (n =3,4; 1=0,1,2) are in-

cluded. The calculations indicate that the largest contribution should be due to the

2p~3p excitations in all three elements, although the relative importance of this transi-

tion decreases with ionic charge. Comparisons of these results with recent experimental

measurements indicate that the distorted-wave approximation overestimates the magni-

tude of the monopole-dominated 2p~np transitions. Possible reasons for this discrepan-

cy between experiment and theory are discussed, and additional calculations and experi-

ments are suggested.

I. INTRODUCTION

The effects of autoionization on the electron-

impact ionization of the members of the Na I

isoelectronic sequence have been studied extensive-

ly, primarily because of the large contributions that

are expected in Fe' +, which is an important ion in

astrophysical and laboratory plasmas. Bely' calcu-

lated the contributions of the transitions

2p 3s~2p 3s31 (l =0, 1,2)

to the ionization of Mg+, Al +, P +, Ca +, and
Fe' +. However, his results, which were deter-

mined by scaling Coulomb-Born collision strengths

for Fe' +, severely overestimate the effects of exci-

tation autoionization. Moores and Nussbaumer
considered the transitions

2p 3s 2p 3snl (n =3,4, 5; 1=0,1,2)

in Mg+ using the Coulomb-Born approximation.
Unlike Bely whose results indicated that 75% of
the effects of autoionization arise from the

2p 3s~2p 3s 3d transitions, they found the largest
resonance to be due to the transition

2p 3s~2p 3s3p. In addition, instead of the 100%
enhancement predicted by Bely for Mg+, their cal-

culations indicated that the contribution due to au-

toionization should be approximately 20%. Until

now, the only experimental data for this sequence

have been for Mg+ by Martin et al. who did not

observe any abrupt increases in the ionization

curve, and who estimated that any contributions of
autoionization to the ionization cross section

should be less than 3.0)& 10 ' cm (or less than

7% in the energy range where the resonances are

expected to occur). More recently, Cowan and

Mann carried out a detailed study of the contribu-

tions of autoionization to the total ionization rates

in Fe' + using the distorted-wave approximation

with exchange and including the effects of the

branching ratio for autoionization versus radiative

decay.
Crandall et al. have now measured the ioniza-

tion cross sections in Mg+, Al +, and Si +, and

they report their results in the accompanying pa-

per. We have made theoretical calculations of the

excitation-autoionization transitions

2p 3s~2p 3snl (n =3,4; I =0, 1,2)

in Mg+, Al +, and Si + using the distorted-wave

approximation with exchange, in order to provide a

detailed comparison of the experimental and

theoretical positions and magnitudes of these reso-

nances.

II. CALCULATIONAL PROCEDURE

If we assume that ionization and excitation au-

toionization are independent processes then the to-
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tal ionization cross section, 0 „„1,is given by the
equation

J ~Q~ total ~ direct+ ~ ~ excit Bj
J

where O. d;„„is the cross section for direct ioniza-

tion, cr,„„,is the excitation cross section of inner-

shell electrons to the autoionizing level j, and BJ' is
the branching ratio for autoionization from the
level j, which is given by

Agm

where AJ' is the autoionization rate to channel m,
and AJk is the radiative rate to the lower bound

level k. For the results given here, the autoioniz-

ing rates were calculated using the Hartree ex-

change method ' for both the continuum and
bound-state wave functions; and with the exception
of the 2p 3s~2p 3snp transitions, the branching
ratios were found to be very nearly equal to unity.

With the distorted-wave exchange approximation
in the WP' representation, the excitation cross sec-
tion for a transition of the form

B'= Nl

m k

(2) k;I;+a;L;S;~afLfSf+kflf
is given by

2
mao0,„„,= i g (2M+ i)(2P'+))

~
T(a;L;S;,I;WW;afLfSf lf&P')

~

ki 2(2L; + 1)(2Si+1) l, l
(3)

where L;S; and LfSf represent the total angular momentum and spin of the initial and final bound states,
respectively; a; and af represent all other quantum numbers needed to specify the initial and final bound
states; k;l; and kflf are the wave numbers and orbital angular momenta of the incoming and scattered elec-

trons, respectively; W and W are the total orbital and spin angular momenta of the N+1 electron system;
and T(a;L;S;,l; WP';afLfSf, lf WA) is an element of the transition matrix T. T is related to the reactance
matrix R by the equation

—2iRT=
1 —iR

(4)

If the elements of R are such that
~

R (a;L;S;,I;WP",afLfSf, lf &P')
~

&& 1, then

T= —2iR,

where

R (aL;S;,I;W&afLfSf, lf &P') = —I +(aL;S;,I &A)
~

H E~ '41(afLfSf—1f&A) )

and +(aLS,l&P') is an antisymmetrized, coupled N +1 electron wave function, H is the Hamiltonian for
the N+1 electron system, E is the total energy, and the radial part of the continuum wave functions are
norma»zed to 1/&k as r~ Oo. In the approximation that the spin orbitals for the initial and final states of
the active bound electron are orthogonal, and the overlap between the one-electron continuum wave func-
tions and the bound-state spin orbitals can be neglected,

N
R (a;L;S;l;WW;afLfSflf &W)= — +(a,.L,S;,l;~P' 0' afLfSf lf WP

fj N+1

In this work, the radial functions of the bound-state spin orbitals were calculated using the Hartree-Fock
inethod with relativistic modifications (HFR), and the continuum wave functions were computed using a
semiclassical exchange potential. The elements of the reactance matrix can be derived from standard tech-
niques, and for transitions of the type

k;I;+2p 3s~2p 3s( +'P)nlLfSf+kflf (nl+3s)

are given by

R(a;L;S;,I;WA;afLfSf, If&A')=rq Rd (2pk;I;;nlkflf)+Jr, R, (2pk;I;;nlkflf),
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where

3(2l + 1)(2lf + 1)(2S+ 1) 1 Lf j f f
r f=( —1)f

2(2Lf + 1) P P P P P P Sf, 1/2

and

i /2
+If+ f+I 3( 2l + 1 )( 2lf + 1 )( 2S + 1 )( 2Lf + 1 )f f

8

' 1/2
s +sf+s+ in 2Sf + 1

X &s, 1/2+ 12( —1) 1

2

1 1 1

2 2 2

Sf 1 —, Sf 1

1A, lf I k, l;1 l Lf
pp p ppp l l (1P)

and where Rd and R, are the direct and exchange
Slater integrals, respectively.

The energy levels were calculated using an
atomic-structure program furnished to us by
Cowan. The average energies of the various con-
figurations and the spin-orbit and electrostatic
parameters were computed from center-of-gravity
HFR wave functions.

the collision strengths, calculated at energies above
threshold back to threshold.

Our results indicate that the largest contribution
to autoionization for Mg+, Al +, and Si + should
arise from the 2p~3p excitation; however, the re-
lative importance of this transition decreases with
ionization stage, and Mann's results indicate that
with Fe' + the 2p~3p transition contributes only
half as much as the dipole allowed 2p~3d excita-

III. RESULTS AND DISCUSSION

An energy-level diagram showing the relative
positions of the configurations 2p 3snl (n =3,4;
l =p, 1,2) in Al + relative to the ionization thresh-
old is shown in Fig. 1. With the exception of
2p 3s 3p, the total separation of levels within a
configuration is approximately equal to a typical
experimental energy spread of 1 to 2 eV. Al-
though cross sections to individual LS terms
within a configuration were calculated, we report
here only total cross sections determined by sum-

ming over the contributions from each term; the
eigenvectors are not pure in LS coupling, and the
additional effort involved in an intermediate cou-
pling calculation was not warranted in light of the
small energy spread within configurations.

The results of our calculations of the center-of-
gravity energies and ionization cross sections at
threshold for Mg+, Al +, and Si'+ are shown in
Table I. For comparison, we have also listed the
corresponding values in Fe' + as calculated by J.
B. Mann. ' In all cases, the ionization cross sec-
tions at threshold were calculated by extrapolating
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2p~3s4p

2p~3s4s

)-.2p~3s3d
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FIG. 1. Energy-level diagram showing the 2p'3snl
configurations of Al + with respect to the ionization
threshold.
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TABLE I. Excitation cross sections at threshold.

Mg+ Al'+ si'+ Fe15+

Transition EE(eV) 0.(10—is cmz) bE(eV) o.(10—is cmz) bE(eV) 0.(10—is cmz) bE(eV) cr(10—is cmz)

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

50.0
54.2
60.4
60.3
61.9
63.7

0.87
6.02
1.31
0.26
1.08
0.61

73.2
79.3
88.9
90.8
93.2
96.2

0.46
4.18
2.00
0.15
0.82
0.86

100.3
108.2
121.1
126.5
129.8
134.0

0.25
2.94
2.10
0.09
0.57
0.82

712.7
752.5
802.7

972. 1

989.6

0.004
0.126
0.232

0.023
0.052

"Determined from J. B. Mann's distorted-wave exchange calculations of collision strengths as reported in Ref. 10. Our
values for the 2p~3p and 2p~3d transitions in Fe"+ are in good agreement with the values reported here.

tion. This is consistent with Moore's and
Nussbaumer's calculation for Mg+, and the differ-
ence between their result for 2p~3p of 4.4X 10
crn and our value of 6.0)&10 ' crn is due pri-
rnarily to our inclusion of exchange in the cross
section, rather than the distortion in our continu-
um wave functions: If we include only the direct
terms in calculating this cross section, we obtain a
value of 3.9&(10 ' cm . The reason for this can
be seen from Eqs. (8), (9), and (10). Exchange pro-
vides the only contribution to transitions to L~ ——1

terms since the 3-j symbol

1 LI 1

0 0 0

vanishes for L~ ——1 and the values of Rd are small
so that exchange provides the major contribution
to transitions to L~ ——2 terms. Thus, exchange in-

creases the total cross section. " It is also worth

noting that =90% of this cross section in Mg+,
Al +, and Si + is due to three direct monopole
terms for I; =0, 1,2 and one exchange monopole
term for I;=1.

Comparisons between our calculations and the
experimental results of Crandall et al. for Mg+,
Al +, and Si + are shown in Figs. 2, 3, and 4. In
order to provide a reliable estimate of the indirect
process we must calculate the direct process as ac-
curately as possible. This we did by taking
Younger's fit to his distorted-wave calculations for
the Na isoelectronic sequence' and scaling it to
the experimental values before the onset of au-
toionization. The resulting direct cross sections are
shown by the dashed curves. The solid curves are
the sums of our values of cr,„„,and the cross sec-
tions for the direct process.

It is immediately obvious that the distorted-wave

calculations overestimate the total contribution of
excitation autoionization in all three elements by
about a factor of 2. By comparing experiment
with theory in Al + where the indirect process
shows a number of resolved resonant structures
and the experimental results are more accurate
than in Si +, one sees that the largest discrepancy
appears to be in our calculation of the contribution
of the 2p~3p transition. The data points within
the energy range from 77.1 to 83.5 eV, where the

energy levels of 2p 3s 3p occur, indicate that the
contribution from this transition is less than
0.7&(10 ' cm rather than our calculated value of
4.2&(10 ' cm .

One possible explanation of this apparent
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FIG. 2. Ionization cross section of Mg+: blacked
square —experimental results (Ref. 5); dashed curve—
Younger ionization equation scaled to the data before
the onset of the indirect processes (required scale factor
of 0.78); solid curve-direct ionization curve+ distor-
ted-wave excitation cross sections for 2p 3$ ~2p'3snl
(n =3,4; I =0, 1,2); dot-dashed curve —direct-ionization
curve + distorted-wave excitation cross sections exclud-
ing 2p ~np excitations.
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FIG. 3. Ionization cross section for Al +: blacked
square —experimental results; dashed curve —Younger
ionization equation normalized to experimental data be-
fore the onset of the indirect process (required scale fac-
tor of 0.65); solid curve —direct-ionization curve +
distorted-wave excitations cross sections for
2p 3s~2p'3snl (n =3,4; 1=0,1,2); dotted curve —solid
curve convoluted with 2-eV FWHM Gaussian to simu-
late experimental energy spread; dot-dashed curve—
direct-ionization curve + distorted-wave excitation
cross sections excluding 2p~np excitations.
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FIG. 4. Ionization cross section for Si3+: blacked
square —experimental results; dashed curve —Younger
ionization equation (in this case, the equation fit the
data before the onset of the indirect process, and no
scaling was required); solid curve —direct-ionization
curve + distorted-wave excitations cross sections for
2p 3s ~2p'3snl (n =3,4; l =0, 1,2); dotted curve —solid
curve convoluted with 2-eV FWHM Gaussian to simu-
late experimental energy spread; dot-dashed curve—
direct-ionization curve + distorted-wave excitation
cross sections excluding 2p~np excitations.

discrepancy is nonunit branching ratios for au-

toionization from levels of 2p 3s 3p. Our calcula-
tions indicate that, unlike the other configurations
considered here, some of the levels of 2p 3s3p (and

to a lesser extent 2p 3s4p) have branching ratios
appreciably less than 1. This is due primarily to
selection rules for autoionization from various LS
terms which are of higher purity in 2p'3s 3p than
in the other configurations. For example, if the

2p 3s("P)3p P terms are pure, they cannot au-
toionize to the continuum states 2p kl and still
conserve parity. However, these terms can radiate
to levels of the bound-state configuration 2p 3p.
Furthermore, if the quartet terms are pure, they
can neither autoionize to the doublet states in the
continuum nor radiate to the doublet states of
2p 3p. However, the S terms, which have the
largest excitation cross sections, also have high au-
toionization rates to the continuum, and nearly
unit branching ratios. Thus, the effect of non-
unit branching ratios is relatively small. We have
estimated that if the P and Lf terms were pure,
this could reduce the contribution of the 2p 3s 3p
configuration by as much as 30%%uo. With the
amount of mixing predicted by our calculation,
this reduction would be more like 15%.

We have also considered the effects of confi-
guration interaction on the 2p 3s 3p configuration;
however, such effects were found to be small in all
three elements, and a single-configuration calcula-
tion appears to provide a good approximation. As-
suming that interference between the direct and in-

direct processes is small, we are thus led to the
conclusion that both the Coulomb-Born and the
distorted-wave approximations substantially overes-
timate the size of the 2p~3p (and apparently also
the 2p~4p) excitation cross sections which, from
our earlier discussion, implies that both approxi-
mations yield monopole terms that are simply too
large.

Also shown in Figs. 2, 3, and 4 are curves for
the total cross sections which exclude the
excitation-autoionization contributions from
2p 3s 3p and 2p 3s 4p. In the case of Al +, the
agreement between this curve and the experimental
results is much better, at least with regard to the
magnitude of the overall contribution of the in-
direct process. However, there are also some pro-
nounced discrepancies beyond the rather small but
measurable contribution from the 2p 3s 3p config-
uration. The three data points between 84 and 88
eV indicate a contribution of =1.5 to 2.0)& 10
cm which begins about 4 eV before the onset of
the 2p~3d excitation. There are two possible ex-
planations for this. The 2p 3p configuration is
centered at 87.5 eV and has levels with energies as
low as 85.3 eV. A number of levels from this con-
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figuration mix rather strongly with levels from
2p 3s 3d, and such interactions could account for
at least some of this apparent resonance. A second
possibility is the process of double Auger ioniza-
tion introduced recently by LaGattuta and Hahn'
in Fe'-+. In this process, the initial ion (Z,N) in
the ground state captures an incoming electron
with the simultaneous excitation of an inner-shell
electron, forming a doubly excited state of
(Z,N+1) (e.g., k;l;+2p 3s~2p 3s3dnl). This
state may then undergo two sequential Auger emis-
sions forming (Z, N —1) in its ground state.
LaGattuta and Hahn's calculations indicate that
this process adds a substantial resonance contribu-
tion below the 2p~3d transition in Fe' + and,
therefore, this same process may account for this
apparent resonance below the 2p~3d excitation in
Al +. Double Auger ionization might also account
for the data points between 75 to 78 eV before the
onset of the 2p~3p transition.

The experimental results for Si + are not suffi-
ciently precise to make any detailed comparisons.
However, it should be noted that the apparent total
contribution of excitation autoionization above 140
eV agrees well with the theoretical curve, excluding
the 2p~np excitations. The data for Mg+ show a
departure from the direct-ionization curve well be-
fore the calculated energy of the 2p 3s configura-
tion, and no abrupt increases can be seen in the en-

ergy range where the various resonances are ex-
pected to occur. The lack of any well-defined
resonant structures is difficult to understand in
terms of our calculations. However, the calculated
positions of the autoionizing configurations are
closer together than in the cases of Al + or Si +

and the energy spread within each configuration is
about the same. The latter combined with the ex-
perimental energy spread (expected to be only 0.5
eV in Mg+), as well as the possibility of double
Auger resonances between each of the autoionizing
configurations, may leave the total pattern un-
resolved. In addition, interference between the
direct and indirect ionization processes may have
some effect. However, none of these effects appear
to be large enough to account for the gradual
departure between the data and the calculation of
the direct process which appears to begin between
42 and 45 eV, rather than near the position of the
2p 3s configuration at 50 eV. If we assume that
the slope in the direct ionization cross section be-
tween 40 and 65 eV is accurately predicted by the
equation from Younger, we have no explanation
for this discrepancy. Finally it should be noted

that, in contrast to the cases of Al + and Si +, the
experimental Mg+ data lie nearly midway between
the two theoretical curves, rather than close to the
theoretical curve which excludes the 2p~np tran-
sitions. This may imply that the 2p~np
excitation-autoionization effects are relatively
larger in Mg+, as is predicted by the distorted-
wave calculations.

IV. CONCLUSIONS

Our results indicate that the contribution of ex-
citation autoionization to the ionization cross sec-
tions of ions in the Na isoelectronic sequence are
overestimated when one adds a distorted-wave ex-
citation cross section to the direct-ionization cross
section. The primary discrepancy seems to arise
from the 2p~3p (and to a lesser extent the
2p~4p) transition. This is especially apparent in
the case of Al +. However, as we move along the
isoelectronic sequence toward Fe' + this discrepan-

cy will most likely decrease since the relative con-
tributions of the 2p~np excitations are predicted
to decrease.

In seeking an explanation for the disagreement
between theory and experiment we may consider
two possibilities: (1) A deficiency in our indepen-
dent processes model for the total ionization cross
section, as reflected in Eq. (1); (2) assuming the
general validity of Eq. (1), a deficiency in our
distorted-wave model for the excitation of the
monopole-dominated 2p~np transitions.

To a limited degree the first possibility has been
investigated by recent studies of the quantum-
mechanical interference between the direct and
excitation-autoionization processes. Both close-
coupling' and perturbation' theories have been
used to include interactions between inner-shell au-
toionization states and the ejected electron continu-
um. For Li-like C +, N +, 0 +, and Zn-like Ga+
the inclusion of interference has been found to
have a quite small effect on the total-ionization
cross section. Although a more general ionization
theory would also include incident electron capture
to doubly excited autoionization states' as well as
post-collision interactions, ' we feel that Eq. (1) is
generally valid for electron-impact ionization of
the atomic ions considered in this paper.

Further theoretical and experimental research is
needed in order to pass judgement on the second
possibility. We suggest that experimental measure-
ments should be made on monopole-dominated
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2p~np transitions in which the upper state is tru-

ly bound. This would simplify the application of
either distorted-wave or close-coupling theory to
the problem. It is perhaps worth noting that the
outstanding discrepancy between theory and experi-

ment in the field of inelastic scattering of electrons

by simple ions concerns the He+ (1s~2s) cross
section, ' another monopole-dominated transition.
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