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The rate coefficients aP® of dielectronic recombination (DR) for Cu-like Au®%t ion collided with the incident free

electron are calculated based on the quasi-relativistic multi-configuration Hartree—Fock theory. The results clearly show

that the aPR of all recombination channels exhibits resonance characters with electron temperature. At lower temper-

atures, the recombination for electrons caused by 4s excitation is dominant through outer electron radiative transitions

among the intermediate doubly excited autoionizing levels, in which the most components come from 3d'%5pns states,

whereas with increasing electron temperature, DR caused by 3d excitation turns out to be dominant, and the contribu-
tion from the 3d%4s4fnf state to the total rate coefficient of electron 3d is the largest with aP® =1.15 x 107! cm®.s~1

at an electron temperature of Te=0.35keV. Under this condition, there exists a strong competition between the two

types of recombination channels.
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1. Introduction

Dielectronic recombination (DR), one of the
electron—ion inelastic collision processes, plays an im-
portant role in the non-local thermodynamic equilib-
rium (non-LTE) plasma with mid-high electron tem-
perature and mid—low electron density. DR is also an
important mechanism of population inversion in laser
materials for the research of soft x-ray laser.[!l Recent
researches 23] indicate that, in high-temperature and
high-density inertial confinement fusion (ICF) plasma,
DR can greatly affect the behaviour of plasmas and
the transform of x-rays. Because of its larger absorp-
tion from laser and higher transform of x-rays, gold
is taken as a good ICF target material, and then the
charge state distribution (CSD) and the average ion-
ization degree of the gold plasma are given much em-
phasis in the research. Using the atomic collision—
radiative model and fully considering the effect of di-
electronic recombination process on the population of
excited states in the non-LTE plasma, Foord et all*]
have theoretically simulated the two parameters with
the Cu-like Au®®t ion at the peak of the curve of CSD.

Up to now, very few DR calculations have been

reported for highly ionized gold ions, %% especially for

ions with more than 18 electrons.”8! In this paper,
the DR rate coefficients of Au®%* ion at different elec-
tron temperatures have been calculated on the basis
of the quasi-relativistic multi-configuration Hartree—
Fock theory.l”) At the same time, the rules of vari-

ation of aPR

with electron temperature, intermedi-
ate doubly excited autoionizing states, the recombi-
nation types and orbital angular momentum [ have
been studied. The present work is not only helpful to
the study of the interaction between the laser and tar-
get material and the structure of doubly excited states,
but also to the supply of large amounts of atomic data

for astrophysics, plasmas, and x-ray laser studies.
2.Theory

The DR is considered as a two-step process:
e+ AT & (Al Dy (1)

(Al@=DH+y o (Ala=DHys gy, (2)

Equation (1) represents a resonant radiationless di-
electronic capture (DC) of a free electron by an A%+
ion into an intermediate doubly excited autoionizing
state (A@1D+)**  The DR process is completed if
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the intermediate doubly excited state decays radia-
tively to a state below the autoionization threshold
(Eq.(2)). Under the conditions of complete thermody-
namic equilibrium, the populations of the ground or
steady-excited levels of all ions satisfy the Boltzmann
and Saha equations, and the free electrons have a
Maxwell-Boltzmann velocity distribution correspond-
ing to a certain electron temperature. By means of
the principle of detailed balance, the capture rate can
be evaluated in terms of the inverse process (autoion-

ization), i.e.
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W= Gy g A @)
where |¢) and |d) are the initial and intermediate dou-
bly excited autoionizing states respectively. In a low-
density plasma, the collision de-excitation processes
are negligible, and the decay probability for transit to
the final state f is given by the branching ratio. Then
the state—state recombination rate coefficient via the
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where T, is electron temperature, Fg; is an energy
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level interval (in Rydberg units) between |d) and |7)
states, k is the Boltzmann constant, ag is the Bohr ra-
dius, g4 and g; are the statistical weights of |d) and |7)
states respectively, and A3, and Ay are the autoion-
ization and spontaneously radiative transition rates
of the doubly excited autoionizing state. The total
DR rate coefficient aP® should be the sum of all the
state—state recombination rate coefficients,

R Z Z Z ajog (T (5)

For a high-Z multi-electron atomic system, the
relativistic effect cannot be ignored in calculating its
energy levels. In this work, the energy level, au-
toionization rate, and spontaneous radiative transi-
tion rate have been calculated by using the Cowan’s
multi-configuration Hartree—Fock code with our devel-
oped software to calculate DR rate coefficients, which
includes the relativistic mass-velocity, spin-orbit cou-
pling correlation, Darwin term, Breit correction and
retardation energies. The continuum orbital wave-
function can be found with the distorted wave the-
ory (DWT) and the independent resonance approxi-

mation. The purpose of this paper is to find the ba-

sic rules of the DR process about the high-Z multi-

electron atom (ion) system.

3. Results and discussion

3.1. DR from 4s electron excitation

The electron temperature is a reflection of the ki-
netic energy of free electrons. If T, is low, the valence
electron of an ion can be easily excited by the simul-
taneous radiationless capture of a free electron with
small kinetic energy. Here the calculation of PR
valence electron 4s excitation (An, = 1) is performed,

and the recombination channels are chosen as follows:

3d1%4s + e <3d'%5pnl — 3d1%5p4l’ + ho,

(0<1'<3), (A)
3d1%4s + e <3d%5pnl — 3d'%4snl + hv,
(0<1<3), (B)

where type A represents the DR with outer electron
nl decay of intermediate doubly excited autoionizing
state, and type B is the DR with inner electron 5p
decay.

All levels of configuration 3d'%5s6s are above the
ionization threshold of Cu-like gold ion. The main
quantum number n varies in the range of 6-16. Figure
1 shows the regularities of oP® about type A recombi-
nation of outer electrons radiative decay with electron
temperature T,. It can be seen that the aP® of type
A have different regularities with increasing 7, when
the active electron (i.e. outer electron) is located in
different orbits. At lower temperatures, the recombi-
nation of intermediate doubly excited states 3d'°5pns
tends to be dominant when its active electron is lo-
cated in s orbit. The value of oP® increases sharply
with the increase of T, and the peak of the curve has

L at T,= 0.018keV, and

then the aP® decreases rapidly with increasing T, and

a value 8.54 x 10712 cm3-s~

displays an asymptotic behaviour. The full width at
half maximum of this curve is narrow. The recom-
bination of active electron in d orbit is weaker than
that in s orbit.
the aP® then decreases smoothly with increasing Ty.
At about 0.25keV the oPR

nels are the same. In the range of T, > 0.25keV, the
aDR

After reaching the maximum point,
values of the two chan-
of recombination for d active electrons is larger

For the other two

recombinations of intermediate doubly excited states

than that for s active electrons.

with even parity 3d'°5pnp and 3d'°5pnf, the values
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of aP® are smaller than those of the former two chan-
nels. This indicates that, in the whole temperature
range, the major contribution to the total DR rate
coefficient of type A comes from the recombination
in which the active electrons are in s and d orbits,
and there is a strong competition between the two
That is to say, in the range of 0.006 keV
< T, <0.25keV, the recombination of intermediate
doubly excited state 3d'°5pns is larger than that of
3d'%5pnd; and at 0.25keV < T,, the latter tends to

be dominant.

channels.

Figure 2 shows the variation of type
B oP® with T.. It shows that the recombination of
intermediate doubly excited state 3d!°5pns prepon-
derates over the other recombinations in the entire
temperature range, which has a maximum value of
6.27 x 10712 cm3.s7! at 7,=0.018 keV; and the rela-
tionship between aP® and T, is similar to that of
type A. However, there is not a cross between the
two curves of 3d'%5pns and 3d'°5pnd. For the other
two channels of 3d'°5pnp and 3d'°5pnf, the recombi-

nation rate coefficients are also very small.
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Fig.1. Theoretic values of aPR for type A recombination.
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Fig.2. Theoretic values of aPR for type B recombination.

Meanwhile, the results also show that the rate co-
efficient of the type A recombination is greater than
that of the type B recombination at lower tempera-
tures. However, with the increase of T,, the domi-

nance of type A recombination becomes weaker and

weaker, and type B recombination turn out to be
dominant when the electron temperature T, is equal
to 0.45keV. In other words, there is a great com-
petition between types A and B. From formula (4),
there are many factors for determining the DR rate
coefficient aP®. For the recombinations of types A
and B with the same intermediate doubly excited
state, the spontaneously radiative probability, tran-
sition energy and electron temperature are the direct
impact factors. The final states of type B belong to
Rydberg states, whose levels are higher than those
of type A, and the corresponding transition energies
AFE are much less than those of type A. In the light
of the definition of spontaneous radiative transition
probability,[1%! the fact that Afif is directly propor-
tional to AE?’(Afif o AE3) makes the Ay larger with
larger AF, so at lower temperatures, the dielectronic

recombination rate coefficient aP®

is mainly deter-
mined by AF, not by electron temperature T,. When
the temperature rises to a certain value, there is a
cross-over between A and B curves, indicating that the
type A recombination is comparable to type B recom-
bination. With the temperature increasing further,
the effect of T, on aP® becomes gradually stronger
and the type B recombination tends to be dominant.
In addition, for different outer electrons, the temper-
ature for peak values of DR rate coefficient aP® be-
comes higher and higher with the increase of orbital
angular momentum 1.

The contributions of other intermediate doubly
excited states have also been taken into account in the
study of the total DR rate coefficients, like 3d!%4pnl
(An, = 0)and 3d'°6pnl (An. = 2). For the case of
Ang = 0, the DR rate coefficient oP® takes on the
monotropic degression with electron temperature T,
and no resonant peak appears in the whole tempera-
ture range. Taking the configuration 3d'%4p16s as an
example, though its average energy is above the ion-
ization threshold by 64.6 eV, the 3P0,1,2 levels of this
configuration split by orbital-spin coupling are below
the level of 3d'%4s (2S;/). For this reason, the DR
There-
fore, the rate coefficients obtained are unreasonable
for An. = 0. In the case of An. = 2, the oP® of

the intermediate doubly excited state 3d!°6pnl is only

process for this case cannot actually occur.

one-tenth as much as the o®® of recombinations with
Ane = 1, and thus its contribution on the total oP®
of Cu-like gold ions can be neglected in the study of

DR process.
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3.2. DR from 3d electron excitation

As far as the gold plasma in laboratory is
concerned, many of the 3d-4f dielectronic satellite
lines ["!] have been measured with strong intensities,
which predicates that the population of excited state
3d'%snl has undergone a redistribution under the
effect of relative dynamic processes including dielec-
tronic recombination. Thus, it is necessary for us to
study DR processes for core electron 3d excitation.

The channels of recombination are chosen as follows:
3d1%s + e © 3d%4s4fnl — 3d'%snl + ho,

(0<1<3, 5<n<o). (©)

Figure 3 shows the variation of aP® of type C
DR with electron temperature T,. It shows that the
recombination curves of intermediate doubly excited
states with different spectator electrons have reso-
nance, full width at half maximum and convergence in
common, while they show different regularities. Obvi-
ously, at lower temperatures, the DR of intermediate
doubly excited state 3d°4s4fnf prevails over others.
The aP® increases fast with increasing 7. and reaches
the largest value 1.15 x 10711 cm3.s~1 at T,=0.35keV,
and the oP® of the state 3d%4s4fnd peaks at 0.95 keV
with 9.45 x 10712cm3-s7!. At about 0.75keV, the
aPR of the two channels are comparable, yet in the
range of T, > 0.75keV, the aP® of 3d°4s4fnf decreases
while the recombination of state 3d%4s4fnd becomes

dominant. In the case that the spectator electrons

are in s and p orbits, their rate coefficients aP® are
always smaller than those of the former two recom-
binations. For instance, the maximum values of the
latter two DR are only one-third as much as those of
3d%s4fnf and 3d%4s4fnd. That is to say, the main
components of the total aP® of type C come from the
recombinations of intermediate doubly excited states
3d%4s4fnf and 3d%4s4fnd. This result indicates that
the free electrons have been likely captured into in-
termediate doubly excited states with high energy for
type C recombination. A comparison between the to-
tal DR rate coefficients of types A, B and C is given in
Fig.4. At lower temperatures, type A has a larger rate
coefficient than types B and C have; when T, is greater
than 0.09 keV, the aP® of type C is almost three times
as large as those of types A and B. So the DR pro-
cess from the core electron 3d excitation is dominant

at higher temperatures, and the increasing amount of

population of excited states 3d'%4snl comes from the
DR process of type C, not type B recombination.
In addition, in the course of calculating the oP®
of type C, we have not considered the case of 3d%4s5fnl
(An, = 2), because the aP® is one order of magnitude
smaller than that of state 3d%4s4fnl (An. = 1), and
its contribution to the total recombination of Cu-like

gold ion is tiny.
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Fig.3. Theoretic values of aP® of type C recombina-

tion.
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Fig.4. Comparison of aP® between types A, B and

C recombinations.

4. Conclusion

In summary, the recombination of type A with
valence electron 4s excitation tends to be dominant
at lower temperatures, and the major contribution
comes from 3d°5pns, whereas in the middle- and
high-temperature ranges, the DR of type C excited
from core electrons 3d is superior to others, in which
the largest contribution comes from the aP® of inter-
mediate doubly excited states of spectator electrons
with orbital angular momentum f that greatly affects

the population of ions.
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