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Effects of configuration interaction and relativity on the dielectronic satellite spectra and total
dielectronic rate coefficients for the hydrogenlike ions were investigated. The calculations were car-
ried out for the intermediate autoionizing states of the 2121' and 2131' configurations by using rela-
tivistic and nonrelativistic Hartree-Fock models. The effect of relativity has been found to change
the Auger rates by as much as a factor of 18 at Z =54. The inclusion of the Briet interaction in cal-
culations of the Auger matrix elements could change the Auger rates by as much as a factor of 4 for
the Xe"+ ion. The effect of configuration interaction has been found to alter some of the transition
rates by a factor of 2. The dielectronic satellite spectra become much more complex due to the in-

clusion of configuration interaction and intermediate coupling. The effects of relativity and

configuration interaction, however, have been found to change the total dielectronic recombination
coefficients by amounts less than 20% and a few percent, respectively, for the Cr"+ and Xe"+ ions.

I. INTRODUCTION

Dielectronic recombination (DR) is an important
recombination process for high-temperature plasmas in
connection with x-ray laser experiments, fusion research,
and astrophysics. Knowledge of DR coefficients is essen-
tial in the determination of the ionization balance and the
plasma kinetics. ' Dielectronic satellite lines observed in
the emission spectra can be used in the plasma diagnos-
tics.

There have been many calculations for DR satellite
lines and rate coefficients for hydrogenlike ions. How-
ever, the effects of relativity and configuration interaction
on the DR satellite spectra and total DR coefficients for
the hydrogenlike ions have not been explicitly studied.
Especially, the role played by the Breit interaction in the
calculations of dielectronic capture has not been fully in-
vestigated.

In this paper, we report on the studies of the effects of
relativity and configuration interaction on the DR satel-
lite spectra and rate coefficients by comparing the
theoretical results from nonrelativistic and relativistic
single-configuration and multiconfiguration Hartree-Fock
calculations with and without Breit interaction. Explicit
calculations were carried out for the hydrogenlike &ONe,

24Cr, 4,Mo, and, 4Xe.

II. THEORETICAL METHODS

The intensity of dielectronic satellite line for low-
density plasmas, in the isolated resonance approximation,
can be written as

I;(d-f ) =n, n;aDR(i, d-f),
where

3/2
1 4mR

trDa(i, d-f) =—
2 kT

aoF2(d-f )exp( —e2/kT)

(2)
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Here )o(E) is the density of final states and V tt is the

Here n, and n; represent the electron density and density
of the recombining ion, respectively; gd and g; are, re-

spectively, the statistical weight factors for the ionic
states d and i; % is the Rydberg energy and ao is the
Bohr radius; A, (d-i) is the Auger rate from intermediate
state d to initial state i of the recombining ion with Auger
energy ez, A„(d-f) is the radiative rate from state d to f;
I „and I, are the total radiative and Auger rates for the
autoionizing state d, respectively. The velocity of the
plasma electron is assumed to have a Maxwellian distri-
bution.

The total dielectronic recombination rate coefficient
can be obtained from Eqs. (2} and (3} by summing over
the possible intermediate state d and the stabilized final
stage f.

In the present work, the Auger and radiative rates and
transition energies required in the evaluation of Eqs. (2)
and (3} were calculated for each autoionizing state. The
Auger transition probably is calculated from perturbation
theory. ' The transition rate in a frozen-orbital approxi-
mation is given by
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For purpose of comparison, we also calculate the Auger
rates using the Coulomb operator, alone.

The spontaneous electric dipole (El) transition proba-
bility for discrete transition i ~f is given in perturbation
theory by"

(6)

Here, (f ~~
TI ((i ) is the electric dipole reduced matrix ele-

ment.
In the present work, the transition matrix elements in

Eqs. (4) and (6) were evaluated in the framework of the
multiconfiguration Dirac-Fock (MCDF} model. For de-
tailed information, the reader is referred to Ref. 8.

III. NUMERICAL CALCULATIONS

two-electron interaction operator. In the present work,
V

&
is taken to be the Coulomb-Breit operator which, in

atomic units, is given by'

cos(cur, 2 )

toionizing states (e.g. , 2s 'So, 2p 'So, and 2p3p 'D2 ), the
effect of configuration interaction could change the
Auger rates by as much as a factor of 5. Relativistic
effects on Auger transitions can arise from (1) changes in

energies, (2) shifts in wave functions, (3) spin-orbit in-

teraction, and (4) magnetic and retardation corrections in
the two-electron operator. Of all these factors, spin-orbit
interaction and magnetic and retardation interaction can
change the individual rates by as much as a factor of 3
for medium-Z ions (Fig. 3). For the 2p ( P),
2p3p('P, P), and 2p3d('D, D) states, Auger decays are
forbidden in LS coupling. The Auger transitions of these
states become possible due to the inclusion of spin-orbit
mixing and Breit interaction.

In our present work, the contributions of the Breit in-

teraction to the Auger rates are generally quite small ex-

cept for the Zs ('So) and 2s2p('P, P} states. For the
2s ('So) and 2s2p( Po) states, the Breit interaction in-

creases the Auger rates by 30% and a factor of 4, respec-
tively. This is consistent with the finding for the K-LL
Auger rates in neutral atoms. '

In Fig. S the radiative rates for the 2s -1s2p transitions
are displayed. The E1 transition for this state is forbid-
den in the single-configuration calculation. The E1 radia-

Dielectronic recombination from a H-like ground state
to a state of a He-like ion can be represented by

ls +e~~nln'I'~ lsn "I"+h v .

5
)

In the present work, we concentrate on the double-
excited states with n =2 and n'=2, 3 only. In order to
study the e6'ects of relativity and configuration interac-
tion, we carried out calculations using (1) nonrelativistic
single-configuration Hartree-Fock (HF), (2) nonrelativis-
tic multiconfiguration Hartree-Fock (MCHF), (3)
multiconfiguration Dirac-Fock' with Coulomb interac-
tion for the Auger operator (MCDF-C}, and (4)
multiconfiguration Dirac-Pock with Coulomb-Breit
operator for the Auger calculations (MCDF-8). The
nonrelativistic results were obtained by using the nonrela-
tivistic limit of the relativistic model which can be
achieved by increasing the velocity of light a thousand-
fold. '

The atomic energy levels and bound-state wave func-
tions were calculated using the MCDF atomic structure
code in the averaged-level scheme. ' The effects of quan-
turn electrodynamic corrections, finite nuclear size, and
relaxation were included in the relativistic calculations of
transition energies. The detailed Auger and El radiative
rates for each autoionizing state were computed accord-
ing to Eqs. (4), (5), and (6). For nonrelativistic calcula-
tions, we included only the Coulomb interaction in the
treatment of Auger transitions.

IV. RESULTS AND DISCUSSION

The detailed Auger and radiative rates for the doubly
excited He-like autoionizing states were calculated for
the Ne +, Cr +, Mo~+, and Xes2+ jons. The results for
the Auger rates are shown in Figs. 1 —4. For some au-
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FIG. 1. Auger rates for the Zs 'So state as functions of atom-
ic number. The circles indicate the results from multi-
configuration Dirac-Fock model with the Coulomb-Breit opera-
tor for the Auger calculations (MCDF-8). The squares
represent the values from the MCDF model with Coulomb in-

teraction for the Auger calculations (MCDF-C). The diamonds
are the results from the nonrelativistic multiconfiguration
Hartree-Fock (MCHF) and the triangles indicate the predic-
tions from the single-configuration Hartree-Fock model (HF).
The lines are drawn to guide the eyes.
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FIG. 4. Auger rates for the 2p3p 'D& as functions of atomic
number. The legends are the same as Fig. 1.

FIG. 2. Auger rates for the 2s2p Po state as functions of
atomic number. The legends are the same as Fig. 1.
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FIG. 3. Auger rates for the 2p 'D, state as functions of
atomic number. The legends are the same as in Fig. 1.

FIG. 5. Radiative rates for the 2s -1s2p transitions as func-
tions of atomic number. The solid curves indicate the results
from the MCDF model. The dashed curve represents the pre-
dictions from the MCHF calculations.
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FIG. 8. The satellite intensity factor F& for the 2s3s-1s2p

transitions as functions of atomic number. The legends are the
same as in Fig. 1.

FIG. 6. The F& values for the 2s2p 'P& -1s2s 'S~ transition as
functions of atomic number. The legends are the same as in Fig.
1. Cr DR T=2keV
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FIG. 7. The F& values for the 2p 'So-1s2p 'P& transition as
functions of atomic number. For legends refer to Fig. 1.
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FIG. 9. The dielectronic satellite spectra for the Cr '+ ion
via intermediate 2121' states for the electron temperature T =2
keV. (a) shows the results from the MCDF-8 model. (b) and (c)
represent the predictions from the MCHF and HF, respectively.
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TABLE I. Radiative rates A, (d f-), Auger rates A, (d) and F2(d f)-for some states of 2121' and 2131' configurations of He-like
chromium. All rates and F2 values are in units of 10"sec

Upper states

2s 'So
2p2 3P

2p2 1D

2p2 3P

2p' 'SD

2s2p 'Po
2$2p P&

2s2p P2
2s2p 'P,
2p 3$ Pl
2s3d D2
2p3p 'Dp

2s3s 'So
2p3d 'F3
2p3p 'D2

2p 3$ Pl
2s3d 'D2

2s3s 'So

Lower states

1s2p P I

1s2p 'P&

1s2p 'P,
1s2p 'P,
1s2p 'P&

1s2s S&

1s2s 'S&

1s2s S&

1s2s 'So
1$2$ Sp
1s2p P 1

1s2p 'P&

1s2p P&

1s3d 'D,
1s3p 'P~

1s3s 'So
1s3p 'P,
1s3p P 1

HFS

5.18
11.93
34.06
38.57
35.82
19.94
19.53
20.08
19.70
1.52
0.93
3.84
0.34

12.30
16.14
12.13
5.86
3.48

A, (d —f)

MCDF-B

4.89
11.65
32.19
37.14
34.21
20.04
19.48
19.83
19.48
1.66
1.07
3.55
0.53

11.33
12.81
11.96
5.23
2.40

HFS

31.39
8.16

28.15
0.26
3.33
1.37
1.76
1.37

18.62

A, {d)

MCDF-B

34.84
8.63

26.71
0.29
2.68
3.16
3.01
1.58

18.73
8.09
2.33

10.49
16.77
2.00

10.49
8.09
2.25

16.77

HFS

2.07
4.95

34.63
0.13
1.52
0.64
2.38
3.21

14.19
0.71
0.53
3.29
0.12
3.28

13.82
5.65
1.55
1.23

MCDF-B

2.01
5.21

32.52
0.14
1.24
1.36
3.82
3.66

14.14
0.84
0.62
3.07
0.20
3.53

11.05
6.05
2.61
0.90

tive decays of the 2s 'So state were made possible by the
strong configuration interaction between 2s 'So and
2p 'So states. Similarly, the 2s3s and 2s3d states pick up
the E1 radiative strength to the Ii shell through the
configuration interaction with the 2p3p states.

The theoretical results for the satellite intensity factor
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FIG. 10. Total dielectronic recombination rate coefficients
for the Cr + and Xe + ions as functions of the electron tern-
perature. The solid curves show the results from the MCDF-B
model. The dashed curves indicate the values from the MCHF
calculations and the triangles represent the predictions from the
HF model.

F2 [Eq. (3)] are compared in Figs. 6—8. Frotn these com-
parisons, one observed that the effect of configuration in-
teraction can drastically change the intensity factors for
some transitions. Furthermore, the Breit interaction can
also alter the F2 values by as much as a factor of 4 at
Z =54. In the nonrelativistic single-configuration calcu-
lations, the strength of the DR satellite lines concentrates
on a few lines. The DR satellite spectra becomes much
more complex due to the inclusion of configuration in-
teraction and relativistic effects (see Fig. 9).

In Table I, the radiative rates, Auger rates and F2
values for the He-like chromium from the present work
are compared with the results from nonrelativistic
Hartree-Fock-Slater (HFS) calculations, which included
the effects of configuration interaction and spin-orbit
mixing. In general, there is good agreement between the
two theories. The large discrepancies for the Auger rates
and F2 values of the 2s2p( Po, P, ) states are due to the
inclusion of the Breit interaction in our Auger calcula-
tions. For the 213l' autoionizing states, deviation up to
50% exists because of the differences in the atotnic wave
functions.

The total dielectronic recombination coefficients for
the Cr + and Xe + ions are shown in Fig. 10. The
effect of configuration interaction on the total DR rate is
rather small. The relativistic effect changes the total DR
rates by amounts less than 20%.

We conclude that the effects of configuration interac-
tion and relativity are very important in calculations of
the dielectronic satellite spectra. For the light ions, non-
relativistic calculations in intermediate coupling with
configuration interaction may be sufficient. However, for
the medium-heavy and heavy ions, ab initio relativistic
calculations in intermediate coupling with configuration
interaction including the Breit interaction are necessary.
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On the other hand, the total rate coefficient being a sum
is much less sensitive to the effects of relativity and elec-
tron correlation. It can, generally, be evaluated by using
nonrelativistic model except for very heavy ions.

Work performed under the auspices of the U.S.
Department of Energy by the Lawrence Livermore Na-
tional Laboratory under Contract No. %-7405-EN6-48.
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