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Dielectronic recombination coefficient for F-like selenium
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Total dielectronic recombination coefficients from F-like to Ne-like selenium have been calculated

for three F-like initial states for electron temperatures in the range 0.01 & T (6 keV/k&. The de-

tailed Auger and radiative rates were evaluated by using the multiconfiguration Dirac-Fock model.

Including additional autoionization channels to the excited states of the recombining ion in calcula-

tions of the stabilization fluorescence yields leads to a reduction of the total dielectronic coefficients

by an amount less than 15%. The peak total dielectronic recombination coefficients are 3.2X 10

4.2X10 ",and 3.7X10 "cm'/sec for the initial Slq&, I'l&2, and I'3q2 states, respectively.

I. INTRODUCTION

Dielectronic recombination (DR) is a most important
recombination process for ions in hot plasmas. '~ It can
significantly affect the ionization balance and the plasma
kinetics.

Recently, selenium has been used successfully to
demonstrate lasing in soft-x-ray regions based on the Ne-
like scheme. ' Dielectronic recombination becomes an
important issue in the analysis of these experimental data.
Dielectronic recombination has been shown to be a signifi-
cant process for populating the upper laser levels and
should be included in the modeling of the excited-state ki-
netics of the neonlike ion. The total dielectronic recom-
bination rate coefficient for F-like selenium employed in
the original analysis is an order of magnitude larger than
the value used by Apruzese et al. in their interpretation
of the Livermore experiments. To resolve these
discrepancies, we have extended our earlier calculations
for low-lying states to include the contributions from
high-n states to obtain the total dielectronic recombina-
tion coefficients. The detailed Auger and radiative rates
of the intermediate autoionizing states were calculated by
using multiconfiguration Dirac-Fock (MCDF) model.
The results from the present work were compared with
the predictions from the other theoretical calculations and
with the values from the semiempirical formula. ' '"

II. ATOMIC MODEL

In the isolated resonance approximation, the dielectron-
ic recombination coefficient for ions in low-density plas-
mas can be obtained by the use of the following equa-
tion: '
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The dielectronic capture of a free electron with energy ez
and relativistic quantum number tc2 ——(l2 —j2)(2jq+ 1)
from initial state i of the recombining ion to the inter-
mediate state d is related to the inverse Auger process
A, (d~i, e2tt2) by detailed balance. The radiative transi-
tion from the intermediate state d to the stabilized final
bound state f is denoted by A„(d~f). I „and I, are the
total radiative and Auger rates, respectively. g~ and g;
are the statistical weight factors for ionic states d and i,
respectively. ao is the Bohr radius and R is the Rydberg
energy. The plasma electronic temperature is denoted by
T. A Maxwellian distribution is assumed for the plasma
electrons. The total dielectronic rate is obtained by sum-
ming over all possible initial continuum, intermediate au-
toionizing, and final bound states.

The detailed Auger and radiative rates and transition
energies for each autoionizing state were calculated by us-
ing the MCDF model. No averaging procedure has been
employed in the present work. The relativistic Auger
transition probability is calculated from perturbation
theory. The transition rate in a frozen-orbital approxima-
tion is given in atomic units by

A, (d~i, eztc2) =2m g g CeiC;i (P(I i J'M')e2tci ,JM
~ g 'j P (I"iJM) )

p I'~p
O.,P

Here, the C&i are the mixing coefficients and P(I iJM)
are the configuration state functions. The continuum
wave function, characterized by (ez, tc2), is normalized in

energy.
The spontaneous electric dipole radiative transition

probability is given in perturbation theory by '
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In the present work, we included only the electric dipole
stabilizing radiative transitions. The higher multipole ra-
diative transitions and transitions leading to other au-
toionizing states were neglected.

IV. RESULTS AND DISCUSSION

Here, the one-electron reduced matrix elements

&PIITIIIq& are define by «ant. " Th«~(~', ~) are the
angular factors.

The atomic energy levels and bound-states wave func-
tions were calculated using the MCDF model in the
average-level scheme (AL). The continuum wave func-
tions were obtained by solving the Dirac-Fock equations
for the final state without including the exchange interac-
tion between bound and continuum electrons.

III. NUMERICAL CALCULATIONS

In the present work, dielectronic recombination coeffi-
cients for the three F-like initial states, namely,
1$2$2p I &y2 1$2$2p I3' and 1$2$2p Siy2 have
been calculated by using the MCDF model. The inter-
mediate autoionizing states included in the present calcu-
lations are

is 2s 2p 31nl',

1s i2s 2p 53lnl',

1$2p 31nl',

ls 2s2P nl .

For the initial Is 2s 2p P states, dielectronic recombina-
tion involves not only b,n&0 transitions but also b,ri =0
transitions. Here, b,n refers to the change of the principal
quantum number of the main radiative stabilizing transi-
tions. These two classes of transitions can exhibit quite
different convergence properties. The contributions from
4lnl'(n &4) and nln'I'(n, n'&5) states are quite small.
Hence, they were neglected in the present calculations.

The low-lying 2p 3lnl'(n &4), 2s2p 31nl'(n &4) and
2p 3lnl'(n &4} configurations have approximately 3400
coupled states. They were calculated explicitly in inter-
mediate coupling with configuration interaction by using
the MCDF-AL scheme. For the high-lying doubly excit-
ed 3lnl' states, explicit calculations were performed in in-
termediate coupling for n & 10 and I' & 5. For states with
n &10, DR coefficients were obtained by using an n
extrapolation to the DR coefficient. In the present work,
the additional autoionization channels to the excited states
of the recombining ion were included in the calculation of
stabilizing fluorescence yields.

For the hn =0 transitions with intermediate states of
the 2s2p nl configurations, the autoionizing transitions
become energetically possible for n &7. Explicit calcula-
tions for hn =0 transitions were performed for n &15
and I &8 including all the possible stabilizing radiative
transitions. For the high-lying states with n &15, the
n extrapolation procedure was employed to estimate
the autoionization rates.
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FIG. 1. Dielectronic recombination coefficients for the
An =0 transitions from the initial I'3/2 state for several dif-
ferent maximum n, as functions of temperature.

Dielectronic recombination coefficients for the F-like
i4Se + ion were calculated for the electron temperatures
in the range 0.01 & kii T & 6 keV using the MCDF model.
The results for the hn&0 and b,n =0 transitions for the
three initial states of the recombining ion are listed in
Table I.

For the bn =0 transitions, the dielectronic recombina-
tion coefficient converges quite slowly (Fig. 1). In the
present work, the contributions from n & 150 were includ-
ed in the calculations. Certainly, for ions in a plasma en-
vironment, collisional ionization will limit the contribu-
tions from the high-n Rydberg states. These cases will
not be treated here. Radiative stabilizing transitions can
come from either the less-excited inner electron or the
higher-excited Rydberg electron in the case of b,n =0
transitions. For the 34Se + ion, the dielectronic recom-
bination coefficient for bn =0 transitions has been found
to increase by as much as a factor of 2 (Fig. 2) because of
the inclusion of the radiative stabilizing transitions from
the outer Rydberg electron (e.g., 2s2p Sf~2s2p nd,
n &6}.

The effect due to the autoionization to the excited states
of the recombining ion on the dielectronic rate coefficient
has been found to be very important for low-Z iona. 'i
For the iqSe2'+ ion, the Coster-Kronig transitions
2p 3dn1~2p 3I(1=0,1)el become energetically possible
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TABLE I. Dielcctronic recombination coefficient (in 10 ' cm /sec) for the F-like 34Se ion.

Temperature (keV/kg )

2

b,n&0

Dielcctronic recombination coefficient
2

P 1 /2
2~3+

hn&0

0.01
0.02
0.04
0.06
0.10
0.20
0.30
0.50
0.80
1.0
1.5
2.0
3.0
4.0
5.0
6.0

0.108
1.76

12.64
22.71
31.12
29.66
27.62
20.59
16.13
10.47
7.43
5.60
4.35

2.97
8.60

16.88
21.88
22.90
15.74
10.79
6.04
3.32
2.46
1.41
0.935
0.521
0.342
0.247
0.189

0.0697
1.55

13.11
24.62
36.14
37.15
34.45
26.81
20.92
13.73
9.80
7.42
5.87

3.89
10.30
14.08
16.53
17.93
13.69
9.83
5.74
3.23
2.42
1.39
0.933
0.523
0.345
0.249
0.190

0.0547
1.28

11.19
21.25
31.64
32.84
30.55
23.90
18.70
12.30
8.79
6.66
5.27
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FIG. 2. Dielectronic recombination coefficient for hn =0
transitions as functions of temperature. Solid and dashed curves

display the results ~ith and vrithout including radiative stabiliz-

ing transitions from outer Rydberg electron, respectively.

for n &9. Since the contribution from the 2p 3lnl(n &9)
states is only -8% of the total DR coefflcient at tem-
perature T = 1 keV, the total DR coefficient is reduced by
only a few percent after including the autoionization to
the excited states. For the intermediate states of the
2s 2p 3lnl' configurations, the 2s 2p 3lnl'~2s 2p 3le!
and 2s2p 3dnl'~2s2p 31(l =0, 1) l'@transitions become
energetically possible for n &7 and n &9, respectively.

The total DR coefficient for the initial Sizz state of the
recombining ion has been found to decrease by 5—15%
due to the inclusion of the Coster-Kronig rate in calcula-
tions of the fluorescence yield.

The effect of radiative cascade' was not included in the

present calculations. In the present work, the radiative

transitions leading to the other autoionizing states were

neglected both in A, and I, of Eq. (2) (i.e., the truncated
approximation). ' For Ne-like 4iMo +, the DR coeffi-
cients from this truncated approximation have been found

to agree with the values obtained by including full cascade
effect to within 2%.' Furthermore, the cascade effect
has been shown to reduce the total DR coefficients from
the truncated approximation by an amount less than 3%
for the He-like isoelectronic sequence. ' Therefore, the
truncated approximation used in the present calculations
is a reasonable approximation.

In Fig. 3, we compare the partial DR rate coefficients
for the initial P3/z state from the bn =0 and b,n&0
transitions. For the electron temperature T ~200 eV, the
b,n =0 transition is the dominant DR process. For
higher temperature, the contributions to the total DR rate
coefficient mostly come from the intermediate states
31nl'(n & 10) of the hn&0 transitions.

In Fig. 4, the total DR rate coefficients for the three in-

itial states are compared with the results from the semi-
empirical formula, ' " and the theoretical prediction
quoted by Apruzese et a/. In the application of the
semiempirical formula, the original Burgess formula'
was used for An =0 transitions while the Burgess-Merts
formula was employed for the An+0 transitio. ns. The os-
cillator strengths and excitation energies from the Dirac-
Fock model mere used in the serniempirical calculations.
For the temperature T & 500 eV, the semiempirical for-
mula underestimates the DR coefficien by 50% to a fac-
tor of 10. For higher temperatures, the results from sem-



1082 MAU HSIUNG CHEN 34

16

l
C)

12—

~ ~
V

10
U
C0 8—
0$c

Zl
E 6—

C0
~~
VII
C

~~ cj
E I
h

g
L

8

0 ~ Apruzese
et al.

1/2

10 12
0.01 0.1

) I il
1.0

I i

10.0

T (keV/k )

Present MCDF
Se2" —-- BM

10-10 - Dielectronic recombination
from F-like to Ne-like 2p

Co 4— 0)
FIG. 4. Total dielectronic recombination coefficients for F-
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FIG. 3. Partial dielectronic recombination coefficients for
hn =0 and An &0 transitions as functions of temperature.

iempirical formula agree with the values from the present
MCDF calculations within 50%.

The DR rate coefficient for iqSe + at kq T =1000 eV
used by Apruzese et al. in the reanalysis of the Liver-
more experiments is a factor of 10 smaller then the
present result. The discrepancy is most probably due to
the assumption made in Refs. 7 and 13 that the Coster-
Kronig transition is energetically allowed far all values of
n. This assumption would grossly underestimate the DR
rate coefficients for medium-Z and heavy ions. Further-
more, the dielectronic rate coefficient from Ref. 7 were
obtained by using autoionization rates derived from extra-
polation of calculated electron-impact excitation cross sec-
tions. ' ' The extrapolation procedure and the use of di-
pole approximation have been found to introduce large er-
rors in calculations of the Auger rates for the low-lying
doubly excited states. ' Similar large discrepancies have
also been found for Li-like' and Ne-like ions. ' '

The peak total DR rate coefficients for the initial Sizz,
P ) /2 y and P3/p states fIom the present MCDF calcula-

tions are 3.2)&10 ", 4.2X10 ", and 3.7)&10
cm /sec, respectively. Similar results have recently been
obtained by Hagelstein. The average total DR rate coef-

ficient of F-like selenium from the present work for
En&0 transitions at T =1000 eV is 3.08X 10 "cms/sec.
The theoretical total DR coefficients for ¹like iron, '

selenium, ' and molybdenum at k~T =1000 eV are
1.4X10 ", 2.95X10 ", and 2. 19X10 " cm /sec,
respectively. Hence, the present DR coefficients for F-
like selenium are consistent with the results for Ne-like
isoelectronic sequence.

The effect of the plasma density an the dielectronic
recombination coefficient can be approximately taken into
account by cutting off the sum over the principal quan-
tum nuinber n of the Rydberg electron in the doubly ex-
cited Rydberg series at some n, '' Th. e value of n, is
determined by the plasma condition. For the plasmas of
F-like selenium with electron density of 5X10 cm and
(1 keV)/k~ temperature, the value of n, is about 7. '

With the cutoff value n, =7, the DR rate coefficient for
the hn =0 transitions is reduced to zero while the DR
rate coefficient for En&0 transitions is only decreased by
21%. Since the total DR coefficient at k+T =1 keV is
dominated by the b,n&0 transitions, the total DR coeffi-
cient for the initial P state is reduced by -27% due to
the plasma electronic collisional ionization.
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