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Ab initio calculation of the total dielectronic recombination (DR) rate coefficient from the ground state of Co-
like tantalum is performed using the relativistic distorted-wave approximation with configuration interaction. The
contributions to the total DR rate coefficients are explicitly calculated from the complexes of Ni-like tantalum:
3523p%3d3 /23dg /Qn’l’, 3523p®3d10n/1’, 3s3p®3d10n/1’, 3523p83dB4in’l’, 3523p®3d24in’l’ and 3s3p83d24in'l’ with n’ < 25,
and 3s23p%3d85in’l’ with n’ < 9. The I’ and n/ dependences of partial DR rate coefficients are investigated. The contri-
butions from higher n’complexes are evaluated by a level-by-level extrapolation method. The total DR rate coefficients
mainly come from the complex series 3523p53d84in’l’, 3523p®3d°4In’l’ and are fitted to an empirical formula with
high accuracy. Comparison of the present results with those of other works shows that the previously published data
underestimate significantly the DR rates of Co-like tantalum.
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1. Introduction

Knowledge of accurate dielectronic recombination
(DR) rate coefficients of heavy ions is crucial for the
study of ionization balance of highly ionized elements
in hot plasmas(! and is also essential for research into
x-ray lasers, especially for calculation of the popula-
tion and depopulation of lasing levels.?! For instance,
in the theoretical simulation of a Ni-like x-ray laser,
Co-like DR processes can populate the upper x-ray
levels and affect the x-ray amplification and x-ray
transfer.[34

Due to the complexity of Co-like ions with open
M-shell, there have only been a few calculations of DR,
rates through the low-lying doubly excited Ni-like con-
figurations. Yan et al %! calculated the DR rates of Co-
like Ag and Ta ions through Ni-like 31724141’ config-
urations and studied the configuration-interaction ef-
fects on DR of the Co-like Xe ion.[! Zhang et al 7} pre-
sented the DR rates of Co-like Pd ions through dou-
bly excited Ni-like states 31724141’ and 31~24l5!’. The
above calculations!®~7 all employed a semi-relativistic
multi-configuration Hartree-Fock method in conjunc-
tion with the distorted-wave approximation.

GulB~19 developed a fully relativistic configura-

tion interaction code, i.e. the flexible atomic code
(FAC), which integrated various atomic processes
within a unified theoretical framework. The atomic
structure calculation in FAC is based on the relativis-
tic configuration interaction method. The continuum
processes are treated in the distorted-wave (DW) ap-
proximation. The systematic application of the factor-
ization interpolation method of Bar-Shalom['!) makes
the code highly efficient for large scale calculations.
Employing FAC, we recently computed the total ex-
citation rate coefficients with resonance contributions
for Ni-like tantalum and tungsten,['213! the DR rate
coeflicients of Ni-like gold through the doubly excited
Cu-like configurations 3d°4141' and 3d°4150",'4l and
the DR rate coefficients of Co-like gold.!*5]

Here, also by employing FAC, we present the ab
initio level-by-level calculations of the total DR rate
coefficients for Co-like tantalum from the ground state
(3323p63d9)J=5/2. An elaborate discussion about the
physical factors affecting the DR rate coefficients is
presented. To conveniently use the present results,
the total DR rate coefficients are fitted to an empir-
ical formula. In addition, the present DR rates are
compared with those from Yan et al.l’)
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2. Outline of the theory

In the isolated resonance and independent-process
approximation, and neglecting the profile of the res-
onances, one can obtain the DR strength using the
detailed balance principle:

71_2 h3 gj

Sij = A% BPR, (1)

meki; 2g; 7

where j represents a doubly excited intermediate
state, ¢ represents the initial state of dielectronic cap-
ture (DC).
the statistical weights of states ¢ and j respectively.

E;; is the resonant energy, g; and g; are

Af,; is the autoionization rate from level j to i. The
DR branching ratio BPR is defined iteratively as
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where A* and A" are the Auger and radiative rates,
respectively. In the present work, only electric dipole
transitions are taken into account. £k is the possi-
ble autoionizing channel of the doubly excited level
j. The levels f, f’ and j’ represent the singly ex-
cited, nonautoionizing doubly excited and low-lying
autoionizing doubly excited states of Ni-like ions, re-
spectively. B;?R is the DR branching ratio of state j’
and is defined similarly to Eq.(2). The four terms in
the denominator of Eq.(2) are the total autoionizing
rates and the total radiative transition rates from the
autoionizing level to singly excited states (resonant
stabilizing transitions, RS), to doubly excited states
(non-resonant stabilizing transitions, NRS) and the
total radiative rates of decays to autoionizing levels
followed by radiative cascade (DAC), respectively. In
this work we employ FACE~10] to calculate all the ba-
sic atomic data including energy levels, autoionizing
and radiative transition rates.

Assuming a Maxwellian velocity distribution of
the thermal plasma electrons exists, the DR rate co-
efficient is defined as
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(2mmekT,)3/2

9i pga pDR _ By
%25 5B exp( i,

J
ST 8
J

o (T) =

where 37 is the dielectronic capture rate coefficient to
form the level j from initial state 7.

3. Calculation procedure

In the present work we include explicitly the DR
contributions through seven autoionizing doubly ex-
cited configuration complex series of Ni-like tantalum:
3323p63d§/23dg/2n’l’, 3523p°3d0n'l’, 3s3p53d1on'l’,
3523p53dB4in'l’, 3s23p°3d°4in'l! and 3s3p®3d°4in’l’
with n’ < 25, and 3s23p83d®5in'l" with n’ < 9,
which are respectively associated with the An =
0 (3d3/2-3ds/2, 3p, 3s-3d), An = 1 (3d, 3p, 3s-
41), and An = The
configuration-interaction within the same complex is
considered. The RS and NRS transitions are fully
included. The possible important DAC transitions
The DAC transitions from
(3523p%3d'%)~1n/l’ configurations are fully taken into
account. For (3s23p53d!°)=24in'l’, the DAC transi-
tions to (3523p53d'0)~24141" configurations are con-
sidered. For 3s23p%3d®5In’l’, the DAC transitions of
the 5 and n’l’ electrons, towards M- and N-shells are

taken into account. In addition, all possible autoioniz-

2 (3d-5l) core-excitations.

are also considered.

ing channels of the doubly excited states are included
in the calculation.

Within the selected n’ complexes, the depen-
dences of partial DR rate coefficients at an electron
temperature of 1000 eV on the orbital angular mo-
mentum !’ are plotted in Fig.1. It can be seen that
the contributions through the resonant configurations
with I/ > 12 and I’ > 8, respectively, formed by
An = 0 and An = 1,2 core excitations, are expected
to be negligible. Hence, only the configurations with
I/ < 12 for An = 0 core excitations and I’ < 8 for
An = 1,2 core excitations are included in the present
calculation.

' —m— 3523p03d°221/
—e—3523p®3d10131/
—A— 353p83d'0131"
—*—3523p03d%41131/|
—+—3s23p53d°41131/
—0—3s3p%3d241131
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10713

0=

10—15 L

10716

10—17

Partial DR rate coefficient /cm3.s~1

Fig.1. Partial DR rate coefficients at an electron temper-
ature of 1000 eV, as a function of I’.
The partial DR rate coefficients of the ground
state Ta*®t through the seven core-excitations, multi-
plied by (n’)3, without and with the inclusion of DAC
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transitions, are respectively plotted as a function of
the primary quantum number n’ of the outer captured
electron in Figs.2(a) and 2(b), at an electron temper-
ature of 1000 eV. Some results can be seen from Fig.2
as follows: (i) In the range of low n’ values there are
irregularities in the behavior of the partial rate coef-
ficients. As pointed out in Ref.[16], they are due to
the opening of new DR channels, the closing of ra-
diative stabilization channels, and the opening of new
autoionization channels. For instances, the abrupt in-
crease at n' = 9 for the partial DR rates through the
3523p®3d19n/l’ complex series is due to the opening
of new DR channels associated with the 3p3/5-3ds /2
core-excitation. And the large decrease at n’ = 9 for
the partial DR rates through the 3523p®3d°4in'l’ com-
plex series is due to the closing of radiative stabiliza-
tion channels, i.e. the decays to 3523p§/23p§/23d109l’.
(i) The inclusion of DAC transitions breaks down the
usual (n’)~? scaling law (first proposed by Hahn['™l) of
the DR rates through the resonances associated with
3s-3d core excitation. (iii) For relatively high values
of n’, the partial DR rates through the resonances as-
sociated with 3d3/o—3ds5/2 and 3d—4l core-excitations
scale as (n/)~3, whereas the (n')~3 scaling law does
not take place for the other core-excitations.
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Fig.2. The partial DR rate coefficients through differ-
ent core-excitations, multiplied by (n’)3, without and with
the inclusion of DAC transitions, plotted respectively as a
function of the primary quantum number n’ of the outer
captured electron in Figs.(a) and (b), at an electron tem-
perature of 1000 eV.

The DR contributions through the resonances,
with n/ > 25 and n’ > 9 associated with An =
0,1, and 3d-5l core-excitations, respectively, should
In the
present work, we employ the level-by-level extrapola-
tion method developed in Ref.[15], in which the DAC

be included in the extrapolation procedure.

transitions could be taken into account. The calcula-
tions show: (i) The influence of DAC and high n’ con-
tributions are negligible at electron temperature below
100 eV. (ii) The relative contributions from high »’
resonances to the total DR rate coefficients increase
with increasing temperature and reach about 7% at
100 keV. (iii) The effects of considering DAC transi-
tions also increase with increasing temperature, they
enlarge the total DR rates by a factor of about 10%
at 100 keV.

4. Results and discussion

Figure 3 shows the DR rate coefficients through
the seven core-excitations and the total DR rate
coefficients of Co-like tantalum. As can be seen
from the figure, in the whole range of electron tem-
perature the dominant DR contributions come from
the doubly-excited configurations 3523p®3d®4In’l’ and
3523p®3d°4in/l’ which are associated with 3d-4l and
3p—4l core-excitations, respectively. The relative con-
tributions through 3d—4l core-excitation of the total
DR rates are 87% at 10 eV, then decrease smoothly,
and become 65% at 100 keV. The contributions
through 3p-4l core-excitation are 5% at 10 eV, and
are about 10% at electron temperature above 100 eV.
At low electron temperatures (< 10 eV), the con-
tributions through 3s-3d and 3d3/»-3d5/o core exci-
tations to the DR rate coefficients are about 10%.
And at high temperatures (> 1000 eV), the relative
contributions through 3d-5I core excitation are about
10%. Unlike in the case of Co-like gold,[*® in which
the 3523p°3d'%n/l’ complex series may make signifi-
cant contributions (up to 19%) to the total DR rates,
here the contributions from the 3s23p®3d'%n’l' peak
at 200 eV have a value of 8%. The contributions from
3s3p%3d°4In’l’ configurations are less than 2% in the
whole range of electron temperature.

In order to conveniently use the present results,
the calculated total DR rate coefficients are fitted to
an empirical formula. The DR rate coefficients at low
temperatures (< 10 eV) are extremely sensitive to the
exact position (in energy) of the resonances, which
cannot be calculated accurately enough in the present
work, hence we only fit the DR rates in the range of
10 €V-100 keV to the following formula (in units of

cm?3.s71):
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aPR(RT,) = 1070 x (KT) ™%/ " Aje™ Bi/kTe - (4)

i=1
in which both A; and B; are adjustable parameters,
kT, is in units of eV. Using the parameters listed in
Table 1 we can reproduce the present total DR rate
coefficients to within 1% at most electron tempera-
tures. The largest deviation between the fitted and

calculated values is about 1.7% at 100 keV.
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Fig.3. The partial DR rate coefficients through the seven
core-excitations and the total DR rate coefficients of Co-
like tantalum.

Table 1. The fit parameters of the total DR rate
coefficient (see Eq.(4)).

I 1 2 3 4 5
A; | 0.11831  0.72943  2.0596  4.9457  17.125
B; 12.752 68.260 202.00 655.94 1604.3

Figure 4 shows the comparison of the present
results with those from Yan et all] By employing
the semi-relativistic multi-configuration Hartree—Fock
method in conjunction with the distorted-wave ap-
proximation, Yan et al[®! calculated the DR rate co-
efficients through the complexes (3s523p63d'°0)~2474l'
for the ground state of Co-like tantalum. The dotted-
line in Fig.4 shows the present DR contributions from
(3523p63d'%)~2414l' configurations. Also plotted in
Fig.4 are the present DR rates from the complex se-
ries (3523p%3d'%)~24in’l’ and the total DR rates. It

can be seen that the agreement between the present
DR rate coefficients through (3s?3p®3d'%) 24141’ con-
It should
be noted that the configuration-interaction, NRS and

figurations and those in Ref.[5] is good.

DAC transitions are not taken into account in Ref.[5].
The DR contributions through (3s23p®3d10)=2414l
dominate the present total DR rates at electron tem-
peratures below 100 eV and are about 90%-20% of the
total rates in the range of 100 eV-100 keV. It could
be concluded that the calculations in Ref.[5] under-
estimated significantly the effective total DR rate co-
efficients for the ground state of Co-like tantalum at
electron temperatures above 100 eV.
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Fig.4. Comparison of the present DR rate coefficient with
those from Ref.[5].

5. Conclusion

The level-by-level calculations of the DR rate co-
efficients for the ground state of Co-like tantalum have
been performed using the relativistic configuration-
interaction program FAC. The dependences of the par-
tial DR rate coefficients on the orbital angular momen-
tum !’ and primary quantum number n’ of the cap-
tured electron are investigated. The two complex se-
ries 3523p83d®4In’l’ and 3523p°3d°4In’l’ give the main
contributions to the total DR rate coefficients. Com-
parison of the present results with other works shows
that the previously published data underestimate sig-
nificantly the DR rates of Co-like tantalum.
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