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We have investigated the contributions of doubly excited, autoionizing resonances to the rate
coefficients for electron-impact excitation of the n =2 to n =2 transitions in oxygenlike selenium.
The cross sections for direct excitation were calculated using a relativistic distorted-wave approxi-
mation. The detailed Auger and radiative rates required for evaluating the resonance contributions
were calculated using a multiconfigurational Dirac-Fock model. The largest effect is on the
electric-dipole-forbidden transitions. For some J =0 to J =0 transitions involving two-electron ex-
citations, the resonances enhance the collisional excitation rates by factors up to 10* at electron tem-

peratures relevant for laboratory plasmas.

I. INTRODUCTION

Electron-impact excitation of positive ions is an impor-
tant process occurring in astrophysical plasmas and in
plasmas produced in laboratory experiments. Since
electron-collisional rate coefficients for large numbers of
transitions are needed for codes used to model these plas-
mas, there is heavy reliance upon approximations which
allow for rapid computation of the required cross sec-
tions.! While the distorted-wave approximation and oth-
er weak coupling methods provide relatively rapid tools
for calculating these cross sections, they neglect the con-
tributions of indirect processes involving doubly excited
autoionizing states.

In earlier studies of electron collisions with light posi-
tive ions it was found that autoionizing resonances can
significantly increase the calculated rates for excitation of
some transitions,! and more recently similar effects have
been noted in studies of highly charged ions.>~'* For ex-
ample, such resonances enhanced the calculated excita-
tion rates of the 2p®—2p33s transitions in neonlike
ions*>#~10 by factors of 2-6. Similar enhancements
were observed for some electric-dipole-forbidden, An =0,
transitions in fluorinelike® and berylliumlike ions.” In
this paper we report results of calculations of resonance
contributions to the electron-collisional excitation rates
for transitions between the n =2 states of oxygenlike
selenium.

Oxygenlike ions are important constituents of plasmas
produced in magnetic fusion experiments, and in laser
produced plasmas. Lasing in the soft x-ray regime has
been observed from neonlike ions created by laser heating
of selenium and other targets.!! Through recombination
processes, charge states with partially filled L shells, e.g.,
oxygenlike or fluorinelike, can affect the population of
neonlike ions. Furthermore, radiation emitted from ex-
cited states of these ions can provide electron-
temperature and density diagnostic information about the
plasmas.!>13

The n =2 complex of oxygenlike selenium consists of
ten levels, which are connected by a variety of types of
transitions. In a previous paper® we discussed the Z
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dependence of resonance enhancement for the three n =2
to n =2 transitions in the fluorine isoelectronic sequence.
In this work, we consider a single ionic species, but we
study the importance of resonance contributions for a
greater variety of transitions. In general, we find that the
more “forbidden” the transition is in the sense of the
electric multipole expansion, the greater the resonance
enhancement of the excitation rate coefficients. For ex-
ample, the rate coefficients of the strong electric-dipole
transitions are hardly affected, while those for the
electric-quadrupole transitions are increased by factors of
up to 4, and those for the most forbidden j =0 to j =0
transitions are enhanced by four orders of magnitude.

II. CALCULATIONAL PROCEDURES

The resonances are produced when an oxygenlike ion is
excited by a free electron which is simultaneously cap-
tured forming a doubly excited fluorinelike ion. The dou-
bly excited ion may stabilize by emission of a photon, and
in this case the event is a contribution to dielectronic
recombination. If the doubly excited fluorinelike ion au-
toionizes, the resulting oxygenlike ion may be left in a
singly excited state and the event is a resonance contribu-
tion to the electron-impact excitation of the oxygenlike
ion. We consider two-step processes of the following
types:

2572p 9 ,,2p% ; +e— 257 2p 1, 2p 5 nljn'l'j’
=272 205 te (M
where
p'+q'+r'=5
and
p+q+r=p’'+q"+r"=6.

For n =2 in Eq. (1), the intermediate state can autoionize
via a Coster-Kronig transition in which there is no
change in principal quantum number of one of the active
electrons. In this case, we include all intermediate states
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with n’'<15. For intermediate states with n =3, the
Auger rates vary as (n')”® and the resonance contribu-
tion scales as (n')~%. We include values of n’ up to n’ =6
for these states.

The nonresonant background cross sections were cal-
culated using a relativistic distorted-wave approxima-
tion.!* Relativistic multiconfiguration target wave func-
tions were computed using a Dirac-Fock atomic struc-
ture code which is part of an atomic physics package
YODA developed by Hagelstein.!* We included the ten
states listed in Table I plus all the configurations formed
by promotion of an n =2 electron to an n =3 orbital.
Partial waves up to / =12 were sufficient to converge the
cross section at all energies up to ten times threshold for
the electric-dipole-forbidden transitions. For the dipole-
allowed transitions, partial waves up to / =70 were com-
puted. We assume a Maxwellian distribution of the elec-
trons in the plasma for calculating the rate coefficients.

The resonance contribution was calculated using a pro-
cedure given by Cowan.!* The scattering amplitude is
separated into resonant and nonresonant parts using a
projection-operator formalism. The interference between
the two parts is neglected and the resonance contribution
is calculated in the isolated-resonance approximation.
Radiative decay of the autoionizing states to singly excit-
ed states is included, but radiative cascades among au-
toionizing states are ignored.

The rate coefficient CJP for capture of a free electron
can be obtained from the inverse Auger process by de-
tailed balance,
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ST adexp(—E4/kT)gg A% . (2)

CifP=(g)~" |77

Here i represents the initial state of the O-like ion and d
represents the doubly excited F-like state formed in the
capture process. g; and g, are the statistical weights of
the states i and d, respectively, and R is the Rydberg en-
ergy. AJ and E,; are the autoionization rate and the ex-
citation energy for the transition d to i.

The branching ratio Bj, for autoionization from the
doubly excited state d of the F-like ion to some final (ex-
cited) state f of the O-like ion is given by

TABLE I. Energy levels for the n =2 complex of oxygenlike
selenium.

Energy
State Configuration J (eV) LsJ
1 1s22s22p1,,2p% ), 2 0.00 P,
2 1s22s%2p% ,,2p%,, 0 17.95 P,
3 1S22s 22p }/2 ng/z 1 40.08 3P1
4 1s%25s22p! ,2p3 ), 2 52.38 'D,
5 1s22s%2p%,, 0 100.87 1S,
6 1s225'2p%,,2p3,, 2 185.71 ’P,
7 1s%2s'2p3,,2p3 1 205.89 P,
8 1s%2s'2p! ,2p% 0 229.81 Py
9 1s22s'2p},,2p%,, 1 261.34 P,
10 1s22p?,,2p3% 0 423.17 'Sy
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B[;fz———jiaf—— , (3)
r,(d)+T,(d)
where
r,d=3 A44,, I.(d)=3 A4}, . (4)

In Eq. (4), m represents any of the possible final states of
the O-like ion accessible by Auger decay of the doubly
excited state d, n represents any of the possible states of
the F-like ion accessible by radiative decay of the same
state, and A4/, is the radiative rate for the transition
d—n.

The total resonance contribution to the excitation rate
from state i to state f of the O-like ion is obtained by
multiplying C;7P by B;, and summing over all intermedi-
ate states d,

5= C$"BY, . 5)
d

In the present work, the detailed Auger and radiative
rates and the energies of the autoionizing states were cal-
culated using the multiconfiguration Dirac-Fock model
(MCDF).'®!7 The energy levels and wave functions for
the intermediate states were calculated explicitly in inter-
mediate coupling, including configuration interaction
within the same complex by using the MCDF model in
the average-level scheme (AL).!” Separate MCDF-AL
calculations were performed for the O-like and F-like
configurations.

This method of treating the resonance contributions is
appropriate for highly charged ions where relativistic
effects and radiative channels become important, and
where the widths of the resonances are small compared to
the energy spacings between neighboring resonances.
The close-coupling approximation can properly account
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FIG. 1. Excitation rate coefficients for
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for interference between the resonant and nonresonant
contributions to the scattering amplitude, but current
computer codes employing this approximation are limit-
ed to the use of nonrelativistic target orbitals and do not
include the radiative decay of the doubly excited states."?

III. RESULTS AND DISCUSSION

In Figs. 1-4 we compare the direct electron-collisional
rates and the resonance contributions for a few selected
transitions in oxygenlike selenium. The resonance contri-
butions due to Coster-Kronig transitions are shown sepa-
rately from those due to Auger transitions in Figs. 1 and
2. At low temperatures, the resonance excitation is dom-
inated by the Coster-Kronig process. The Coster-Kronig
contribution to the rates usually peaks below 100 eV and
drops rapidly with increasing electron temperature to
some nearly constant value. The Auger contribution
peaks near 500 eV and drops less precipitously with in-
creasing electron temperature.

In Fig. 5 we show the Coster-Kronig contributions for
transitions from level 2 (2s22p? ,2p3 ,,, J =0) to different
final states. These contributions diminish as the transi-
tion energy increases because the Coster-Kronig mecha-
nism becomes energetically possible only for much higher
values of n’ [see Eq. (1)].

In Table II, we show the direct electron-impact excita-
tion rate coefficients and the resonance contributions for
all of the transitions among the n =2 levels of oxygenlike
selenium. The effect of the resonances on the electric-
dipole-allowed transitions is less than 10%, and in some
cases it is only 1%. For the electric-quadrupole transi-
tions, the resonance contributions are sometimes approxi-
mately equal to the direct excitation rate coefficients.
The direct rates for some of the quadrupole transitions
are already quite large. For example, at 500 eV, the
direct rate is 1.78 X 10™!! cm?/sec for the 1-4 transition
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FIG. 2. Excitation rate coefficients for
2s22p1,,2p3,,(3Py)—2522p}% ,,(S,) transition.
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FIG. 3. Excitation rate coefficients for
25'2p3,,2p3,,C3P))—>2p3 ,,2p% ,,(1S,) transition.

(from level 1 to level 4), and 2.52 X 10~ cm3/sec for the
3-4 transition. At the same temperature, the resonance
contributions to these transitions are 2.13x10~!
cm?/sec and 2.69 % 10~ !! cm3/sec, respectively. In abso-
lute terms, these are among the largest resonance contri-
butions and their effect is to more than double the col-
lisional excitation rate coefficients for these transitions.
The transitions which involve transfer of two electrons
proceed only through configuration interaction and spin-
orbit mixing, and the rate coefficients for direct excitation
of these transitions are generally small. The effect of the
resonances on some of these transitions is considerable.
For example, the 1-5 transition involves transfer of two
electrons from the 2p,,, orbital to the 2p;, orbital, and
has a direct rate of only 2.35% 10~ '3 cm®/sec at 500 eV.
As Fig. 2 shows, the resonance contribution enhances the
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FIG. 4. Excitation rate coefficients for
2s22pt,,2p3,,(3P)—25%2p}% ,,('S,) transition.
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FIG. 5. Coster-Kronig contributions to excitation rate

coefficients for transitions from level 2 (25s22p?,,2p%,,, 3P,) to
different final states. Numbers labeling the curves are the final
states listed in Table I.
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rate for this transition by nearly a factor of 5 at the same
temperature.

The most dramatic resonance enhancement occurs for
some two-electron transitions in which both the initial
state and the final state have total angular momenta of
zero. The rate coefficients for direct excitation of these
highly forbidden transitions are extremely small, and in
some cases the resonance enhancement is enormous. The
2-5 transition, for example, has a direct rate of only
1.59x 1071 cm3/sec at 500 eV and the resonance contri-
bution is nearly a factor of 30 000 times larger. Similarly,
the rate for the 5-10 transition is enhanced by a factor of
more than 103,

It is clear from the results in Table II that the
J=0—J =0 transitions which have negligible direct ex-
citation rates may have sufficiently larger resonance con-
tributions to result in total rates which are significant and
comparable to rates for other transitions. Such enhance-
ments could have important consequences for some
atomic models which have been developed for studying
the kinetics of level populations in hot, nonequilibrium
plasmas. In particular, the absence of expected
amplification of the 2p33p—2p33s (J=0—1) line in

TABLE II. Direct electron-impact excitation rate coefficient (D) and resonance contributions (R) in

cm®/sec. (Numbers in brackets are powers of ten.)

Electron temperature (eV)

Transition 100 500 1000 2000
1-2

D 1.25[—11] 6.34[ — 12] 4.55[ —12] 3.24[ —12]

R 2.44[—11] 7.75[ - 12] 4.40[ —12] 2.10[ —12]
1-3

D 2.03[—11] 1.19[ —11] 8.61[—12] 6.15[ —12]

R 5.21[—11] 1.94[ —11] 1.13[—11] 5.44[ —12]
1-4

D 2.77[—11] 1.78[ —11] 1.30[ —11] 9.35[ —12]

R 3.72[—11] 2.13[—11] 1.37[—11] 6.91[ —12]
1-5

D 2.73[—13] 2.35[ —13] 1.68[ —13] 1.16[ —13]

R 1.42[ —12] 9.19[ —13] 5.69[ —13] 2.80[ —13]
1-6

D 4.11[—11] 8.90[ —11] 8.04[ —11] 6.57[—11]

R 1.91[—13] 5.09[ —12] 4.33[—12] 2.44[ —12]
1-7

D 4.33[—11] 1.10[ —10] 1.03[ —10] 8.55[ —11]

R 5.81[ —14] 1.75[ — 12] 1.52[ —12] 8.70[ —13]
1-8

D 8.43[ —15] 2.10[ — 14] 1.63[ — 14] 1.04[ — 14]

R 6.70[ —15] 3.10[ —13] 2.75[—13] 1.58] —13]
1-9

D 4.19[ —12] 1.65[ —11] 1.62[ —11] 1.40[ —11]

R 9.82[ —15] 4.61[ —13] 4.13[—13] 2.39[ —13]
1-10

D 1.86[ —15] 2.33[—14] 2.42[ —14] 2.02[ — 14]

R 1.41[—16] 1.90[ — 14] 2.06[ — 14] 1.32[ — 14]
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TABLE I1. (Continued).

Electron temperature (eV)

Transition 100 500 1000 2000
2-3

R 2.87[—11] 2.00[ —11] 1.44[ —11] 1.02[ —11]

R 6.18[ —11] 2.79[—11] 1.71[ —11] 8.44[ —12]
2-4

D 3.53[—11] 2.01[—11] 1.20[ —11] 1.04[ —11]

R 1.93[ —11] 1.32[ —11] 8.91[ —12] 4.58[—12]
2-5

D 1.91[ —16] 1.59[ —16] 1.21[ —16] 8.75[ - 17]

R 9.53[—12] 4.58[ —12] 2.83[—12] 1.42[ —12]
2-6

D 3.07[—12] 4.70[ —12] 3.58[—12] 2.51[—12]

R 1.71[ —13] 4.18[ —12] 3.49[ —12] 1.95[ —12]
2-7

D 7.94[ —11] 1.75[ —10] 1.60[ — 10] 1.32[ —10]

R 1.30[ —13] 3.72[—12] 3.15[—12] 1.77[ —12]
2-8

D 2.50[ —14] 5.36[ — 14] 4.06[ —14] 2.54[ —14]

R 1.24[ —14] 3.65[—13] 3.02[—13] 1.67[ —13]
2-9

D 2.17[ —12] 7.35[—12] 7.02[ —12] 5.95[—12]

R 1.69[ — 14] 7.09[ —13] 6.26[ —13] 3.60[ —13]
2-10

D 2.08[—17] 2.32[ —16] 2.42[ —16] 2.06[ —16]

R 4.19[ —16] 4.44[ —14] 4.76[ —14] 3.02[ —14]
3-4

D 5.25[—11] 2.52[—11] 1.79[ —11] 1.27[ —11]

R 4.22[—11] 2.69[ —11] 1.81[—11] 9.24[ —12]
3-5

D 9.69[ —12] 6.16[ —12] 4.30[ —12] 2.96[ —12]

R 4.62[ —12] 5.46[ —12] 3.88[—12] 2.03[—12]
3-6

D 6.56[ —11] 1.08[ —10] 9.69[ —11] 8.06[ —11]

R 4.35[—13] 5.19[ —12] 4.16[ —12] 2.27[—12]
3-7

D 2.66[ —11] 4.92[ —11] 4.41[—11] 3.63[—11]

R 1.47[ —13] 3.36[ —12] 2.76[ —12] 1.54[ —12]
3-8

D 3.21[—11] 7.20[—11] 6.67[—11] 5.64[—11]

R 2.79[ — 14] 8.67[ —13] 7.36[ —13] 4.15[ —13]
39

D 3.55[—12] 9.78[ —12] 8.99[ —12] 7.43[ —12]

R 4.15[ —14] 1.70[ —12] 1.49[ —12] 8.52[ —13]
3-10

D 2.46[ —15] 1.97[ —14] 1.72[ — 14] 1.14] — 14]

R 4.25[ —16] 3.91[ —14] 4.05[ —14] 2.53[—14]
4-5

D 1.24[ —11] 7.95[ —12] 5.84[ —12] 4.20[ —12]

R 1.72[ —11] 5.99[ —12] 3.33[—12] 1.56[ —12]
4-6

D 2.78[ —11] 4.10[ —11] 3.62[ —11] 2.97[—11]

R 1.04[ —12] 4.71[ —12] 3.82[—12] 2.11[—12]
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TABLE I1. (Continued).

Electron temperature (eV)

Transition 100 500 1000 2000
4-7

D 4.67[ —12] 7.70[ —12] 6.72[ —12] 5.41[—12]

R 2.24[ —13] 2.03[—12] 1.67[ —12] 9.33[ —13]
4-8

D 5.14[ —13] 8.44[ —13] 6.25[ —13] 3.91[—13]

R 1.82[ —14] 5.49[ —13] 4.60[ —13] 2.58[ —13]
4-9

D 6.36[ —11] 1.68[ —10] 1.61[ —10] 1.40[ —10]

R 6.19[ —14] 2.26] —12] 1.94[ —12] 1.10[ —12]
4-10

D 8.12[ —15] 7.54[ —14] 8.17[ — 14] 7.46[ —14]

R 4.27[ —16] 2.99[ —14] 2.92[ —14] 1.77[ — 14]
5-6

D 7.15[ —13] 5.72[ —13] 4.09[ —13] 2.83[—13]

R 2.45[ —12] 5.04[ —12] 3.51[—12] 1.79[ —12]
5-7

D 3.82[—12] 4.35[ —12] 3.62[—12] 2.82[ —13]

R 6.41[ —14] 3.42[—12] 2.58[ —12] 1.37[ —12]
5-8

D 1.78[ —12] 1.99[ —12] 1.40[ —12] 8.46[ —13]

R 5.56[ — 14] 1.27[ —12] 1.04[ —12] 5.73[ —13]
5-9

D 8.07[ —11] 1.44[ —10] 1.29[ —10] 1.05[ —10]

R 2.22[—13] 7.26[ —12] 6.17[ —12] 3.47[—12]
5-10

D 1.30[ —17] 7.37[—17] 7.00[ —17] 5.67[—17]

R 1.67[ —15] 1.04[ —13] 1.03[ —13] 6.27[ —14]
6-7

D 3.15[—11] 1.59[ —11] 1.14[ —11] 8.08[ —12]

R 3.56[ —12] 1.52[ —11] 1.12[ —-11] 5.93[—12]
6-8

D 6.08[ —12] 3.72[—12] 2.70[ —12] 1.93[ —12]

R 2.92[ —13] 3.03[—-12] 2.26[ —12] 1.18[ —12]
6-9

D 9.25[ —-12] 6.68[ —12] 4.71[—12] 3.23[—12]

R 2.02[ —12] 8.12[ —12] 6.18[ —12] 3.31[—12]
6-10

D 5.02[ —13] 1.33[ —12] 8.21[ —13] 6.71[ —13]

R 2.21[ —14] 1.17[ —12] 1.05[ —12] 6.11[ —13]
7-8

D 1.66[ —11] 8.45[ —12] 6.01[ —12] 4.26[ —12]

R 8.08[ —13] 7.14[ —12] 5.26[ —12] 2.76[ —12]
7-9

D 3.52[—~11] 6.67[ —11] 4.27[ —12] 2.83[ —12]

R 3.64[—11] 2.21[—11] 1.44[ —11] 7.24[ —12]
7-10

D 1.36[ —11] 3.77[—-11] 3.56[ —11] 3.03[—11]

R 3.30[ — 14] 1.48[ —12] 1.32[—12] 7.62[ —13]
8-9

D 2.22[—11] 1.17[—11] 8.29[ —12] 5.85[—12]

R 4.21[—12] 2.45[—11] 1.84[ —11] 9.73[—12]
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TABLE I1. (Continued).

Electron temperature (eV)

Transition 100 500 1000 2000
8-10
D 7.51[—13] 1.40[ —12] 1.05[ —12] 6.63[ —13]
R 3.83[—14] 1.67[ —12] 1.47[—12] 8.40[ —13]
9-10
D 1.27[—10] 2.30[ —10] 2.06[ —10] 1.69[ —10]
R 8.73[—14] 2.43[—12] 2.01[—12] 1.12[ —12]

neonlike soft x-ray lasers has been an outstanding puz-
zle.!! There has been speculation that an overestimation
of the gain for this transition could result from some
unexplained error in the calculated 2p®—2p>3p cross sec-
tion used in the atomic models. But comparisons of cross
sections from three different distorted-wave calcula-
tions'* %1% and a more recent close-coupling calculation®
show reasonably good agreement for the strong 2p-3p
and 2p-3d excitations, including the questionable
2p%'S,-2p33p 'S, transition, in neonlike ions. In addi-
tion, some of these cross sections have now been mea-
sured?® for Ba* ™, and the experimental results have not
identified any major discrepancy with theory.?! On the
other hand, the n =3 complex of neonlike ions consists of
a number of states separated by relatively small energy
differences, similar to the n =2 complex of oxygenlike
ions, and we expect that autoionizing resonances will
significantly affect some of the rates for collisional mixing
among these n =3 states. Including resonantly enhanced
collision rates for highly forbidden transitions in the
atomic models describing the n =3 complex of neonlike
ions could affect the populations of some of these excited
states and thereby modify the calculated gains for
2p33p-2p°>3s lasing transitions. Explicit calculations of
resonance contributions to collisional rate coefficients for
n =3 to n =3 transitions in neonlike selenium are
currently in progress.?

IV. CONCLUSION

We have studied the effects of autoionizing resonances
on the rate coeflicients for electron-impact excitation of

the transitions among the n =2 states of oxygenlike
selenium. The contributions from these resonances in-
crease the rate coefficients for some of the electric-
quadrupole-allowed transitions by a factor of 4. For
some of the forbidden transitions involving excitation of
two electrons, the resonance-enhanced rate coefficients
are greater than those for direct excitation by a factor of
5 or more. The most dramatic resonance enhancements
are found for some of the highly forbidden J =0—J=0
transitions, where the rate coefficients are increased by
factors of 10*. As a result, transitions which have nearly
negligible rate coefficients for direct excitation can have
total rate coefficients comparable to those for other
moderately strong transitions. Including these effects in
plasma models could significantly affect the results for
excited-state populations which have been obtained with
models that do not account for the resonance enhance-
ment of electron-collisional excitation rates.
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