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Ab initio calculations of dielectronic recombination processes from the ground statefNe coreg3s23p63d9 of
Co-like Pd19+ ion through doubly excited statesfNe coreg3s23p63d84lnl8, fNe coreg3s23p53d94lnl8, and
fNe coreg3s3p63d94lnl8 sn=4 or 5d of Ni-like Pd18+ ions are performed using the multiconfiguration Hartree-
Fock method with relativistic correction. Total and state-to-state rate coefficients are obtained in the tempera-
ture range from 0.1 to 104 eV. Comparison of the rate coefficients from 3s, 3p, and 3d subshell excitations
shows 3d subshell excitation dominates over the others in the whole energy region, but 3p and 3s subshell
excitation cannot be neglected in high temperature; when electron temperatureT.500 eV, the contributions
from 3p and 3s subshells are more than 40% and 10% of the dielectronic recombinationsDRd rate coefficients
from 3d subshell excitations; especially for the DR processes through the doubly excited statesn=5, the
contribution from 3p subshell excitations is approximately 60% of the rate coefficients from 3d subshell
excitations. The two-electron radiative transitions, such as 3d84p4d→3d94s and 3d84d2→3d94p, are found to
be important due to the strong configuration interactions, which contribute more than 10% of the total rate
coefficients through the doubly excited statesfNe coreg3s23p63d84l4l8.
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I. INTRODUCTION

Dielectronic recombinationsDRd can be regarded as a
resonant radiative recombination process. As a free electron
with a specific kinetic energy collides with an ionAq+, one of
the bound electrons ofAq+ is excited from the initialnil i
orbital into thenfl f orbital. The free electron is then captured
into an unoccupied orbitalnl and forms a resonant doubly
excited state; subsequently, the resonant doubly excited state
decays into a nonautoionizing state through radiative transi-
tion processes. Its importance influencing the ionic balance
in high-temperature plasma, such as a solar corona, has been
known for many yearsf1g. Its radiative emission is a signifi-
cant contributor to plasma cooling in hot plasmas in fusion
experiments. The dielectronic satellites of hydrogenlike ions
have also been used to diagnose plasma densities in high-
density plasmasf2g and the electron temperatures in solar
flaresf3g. In addition to its applications in astrophysics and
fusion plasmas, DR process is of importance for studies of
the structure and decay dynamics of atomic doubly excited
statesf4g.

A number of experimental and theoretical works on DR
processes exist; most of them focus onK-shell or L-shell
ions, and few of them study theM-shell ions, because the
complicated structures with 3 or 4 open shells and strong
configuration interactions are often involved inM-shell DR
processesf5–9g. However, M-shell DR processes play an
important role in many applications. In the theoretical simu-
lation of Ni-like x-ray laser, Co-like DR processes can popu-
late the high-energy levels of x ray and affect the x-ray am-
plification and x-ray transferf10–12g. In the indirect inertial
confinement fusion, DR processes can decrease the average
ionization degree by recombining, and decrease plasma tem-
perature by emitting photons, directly affecting the Au

M-band spectra and x-ray transforming efficienciesf13–16g.
So, both experimental and theoretical data on DR processes
of M-shell ions are required.

In this paper, using the multiconfiguration Hartree-Fock
method with relativistic correctionf17g, we consider the DR
of a Co-like Pd19+ in its ground statefNe coreg3s23p63d9,
through the doubly excited states of Ni-like Pd18+ ions
fNe coreg3s23p63d84lnl8, fNe coreg3s23p53d94lnl8,
fNe coreg3s3p63d94lnl8 sn=4 or 5d, wherefNe coreg denotes
the full 1s22s22p6 electronic inner shells. There are many DR
channels, which can be expressed as

Pd19+sfNe coreg3s23p63d9d + e

→ 5Pd18+sfNe coreg3s23p63d84lnl8d**

Pd18+sfNe coreg3s23p53d94lnl8d**

Pd18+sfNe coreg3s3p63d94lnl8d** 6
→ 5

Pd18+sfNe coreg3s23p63d9n9l9d*

Pd18+sfNe coreg3s23p53d9n9l9d*

Pd18+sfNe coreg3s3p63d10n9l9d*

Pd18+sfNe coreg3s23p63d10d* .
6 s1d

Here,n9=4 or 5; the three intermediate doubly excited states
correspond to 3s, 3p, 3d subshell excitations, respectively.
We calculate both total and state-to-state DR rate coeffi-
cients, compare the rate coefficients from 3s, 3p, 3d subshell
excitations, and discuss the effects of two-electron radiative
transitions and configuration interactions inM-shell DR pro-
cesses.

II. THEORETICAL METHODS

In the isolated-resonance approximation, the DR cross
sections from initial statei into a final statef through an
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intermediate doubly excited stated is written assatomic units
are used throughout unless specifiedd f18g
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whereme is mass of electron,«id is resonance energy, and
also Auger electron energy,gi and gd are the statistical
weight of the statesi and d, respectively.Adi
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whereCd andCi«id
are atomic wave functions for thed state

and i state plus a free electron.Adf
r is radiative decay rate,

which can be defined as

Adf
r =

4e2v

3"c3gd
ukCduTs1duC flu2, s4d

wherev is photon energy andTs1d is electronic dipole opera-
tor, C f is the atomic wave function for the final statef. C f is
the linear combination of the configuration wave functions
FsGld, with mixing coefficients between different configura-
tions.FsGld are constituted as antisymmetrized product-type
wave functions from central-field Hartree-Fock orbitals with
appropriate angular momentum coupling.Cd is constructed
the same asC f.

The DR strengths, which are the integral of the DR cross
section over the natural width of the resonance, can be writ-
ten as
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We assume the velocity distribution of the free electron as
the Maxwell-Boltzmann distribution; then, the DR rate coef-
ficients can be expressed asf18g

aidf
DR = S 2p"2
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D3/2 gd

2gi
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Here,Te is the electron temperature andk is the Boltzmann
constant.

III. RESULTS AND DISCUSSIONS

Using the multiconfiguration Hartree-Fock method with
relativistic correctionf17g, we calculate the DR of a Co-like
Pd19+ in its ground state fNe coreg3s23p63d9,
through a Ni-like Pd18+ fNe coreg3s23p63d84lnl8,
fNe coreg3s23p53d94lnl8, fNe coreg3s3p63d94lnl8. There
are 92 intermediate configurations and more than 10 000 de-
tailed levels included in the calculations. The ground state
fNe coreg3s23p63d9 of Co-like Pd19+ includes two levels
with total angular momentumj =3/2 and 5/2.After finishing

the separate calculations on DR rate coefficients for the two
levels, we obtain the DR rate coefficients by averaging the
two separate rate coefficients by statistical weight of the two
total angular momenta. Besides the level-to-level rate coeffi-
cients, we can obtain the configuration-averaged and total
DR rate coefficients by averaging on initial states and sum-
mations on final states.

A. Total DR rate coeffcients

The total DR rate coefficients through doubly excited
states Pd18+ fNe coreg3s23p63d84lnl8, 3s23p53d94l4l8,
3s3p63d94l4l8 are plotted in Fig. 1, and different curves cor-
respond to the 3d, 3p, and 3s subshell excitations. The DR
rate coefficients from 3d subshell excitation increase with the
decreasing electron temperature in the low temperature and
reach 6.2310−10 cm3/s at the calculated lowest temperature
0.1 eV, which is different from theK-shell DR processes
f19g and similar to theDn=0 L-shell DR processesf20g. As
a function of the electron temperature, the DR rate coeffi-
cients depend mainly onTe

−3/2 and exps−«id /Ted in Eq. s6d,
i.e., they are determined by«id.

In the doubly excited state of Pd18+ 3d84p4d, there exist
some levels just above the autoionization threshold which
means the free-electron energy«id is close to zero; we will
discuss this in more detail in Sec. III B. It can be easily
understood from Eq.s6d that it is these states that strongly
enhance and even dominate the whole DR process at low
electron temperature forM-shell ions. It should be stressed
that such peculiar levels are of special interest in the research
of x-ray lasers, since the strong capture to particular autoion-
ization states may lead to a population inversion and a lasing
processf8g.

In the temperature range from 5 to 100 eV, there exists a
platform; then, the DR rate coefficients drop quickly with
increasing temperature. The DR rate coefficients from 3p
and 3s subshells increase with temperature, reach a maxi-
mum at approximately 200–300 eV, and then decrease

FIG. 1. Total rate coefficient as a function of electron tempera-
ture for DR processes through doubly excited states Pd18+

fNe coreg3s23p63d84l4l8, 3s23p53d94l4l8, 3s3p63d94l4l8, and the
curves corresponding to 3d, 3p, and 3s subshell excitations.
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quickly. When electron temperatureTe,10 eV, the DR rate
coefficients from 3d subshells are 2–4 magnitudes larger
than that from 3p and 3s subshells. With the increasing elec-
tron temperature, the contributions from 3p and 3s subshells
gradually become larger; whenTe.500 eV, the rate coeffi-
cients from 3p and 3s subshells are more than 40% and 10%
of that from 3d subshells. So, the DR rate coefficients from
3p and 3s subshells cannot be neglected in the higher elec-
tron temperature.

The total DR rate coefficients through doubly excited
states Pd18+ fNe coreg3s23p63d84l5l8, 3s23p53d94l5l8,
3s3p63d94l5l8 are shown in Fig. 2. Because the energies of
doubly excited states are more than 100 eV beyond the auto-
ionization threshold, the rate coefficients from 3d, 3p, and 3s
subshells all behave as single peaks at about 200–500 eV.
The peak positions of 3p and 3s move to higher energies
than that of 3d, since the energies of the doubly excited
states from 3p and 3s subshell excitations are higher than
that of 3d. Although the DR process from 3d subshells still
dominates over the 3p and 3s subshells, the DR rate coeffi-
cients from 3p subshells approach that from 3d when elec-
tron temperature Te.800 eV, while the DR rate coefficients
from 3s subshells are approximately 10% of that from 3d
subshells. So, the contributions from 3p and 3s subshell ex-
citations cannot be neglected for the DR processes through
doubly excited states 4l5l8 as well as doubly excited states
4l4l8.

Comparing Fig. 2 with Fig. 1, the peak of rate coefficients
through doubly excited states 4l5l8 is approximately 40% of
that through doubly excited states 4l4l8 at about 100 eV.
Based onn−3 scaling law of rate coefficientsf20–22g, the
maximum of rate coefficients from 4l5l8 should be approxi-
mately 50% of that from 4l4l8, which is larger than the
present value. The reason may be that then−3 scaling law of
rate coefficients is not available for the present doubly ex-
cited states with lower principal quantum numbern=4 and 5.
We will test the scaling law of rate coefficients in the future
when we carry out calculations for the higher doubly excited

states 4lnl8snù6d, and also check the validity of scaling law
for radiative and Auger decay ratesf20g.

B. State-to-state DR rate coefficients

In order to simplify the discussion, the configuration-to-
configuration DR rate coefficients are calculated by averag-
ing for initial states and summation for final states on level-
to-level sin LS couplingsf17gd rate coefficients, and in the
following, the state-to-state rate coefficients represent the
configuration-to-configuration DR rate coefficients. The
level-to-level DR rate coefficients are available by request or
by visiting our databaseshttp://www.camdb.ac.cnd.

Figure 3 plots the DR rate coefficients through the differ-
ent intermediate doubly excited states of Pd18+

fNe coreg3s23p63d84l4l8, and the final states of radiative sta-
bilizations are summed. In the lower energy range, the DR
processes through the doubly excited states Pd18+

fNe coreg3s23p63d84p4d dominate over others. There are
many levels in the configuration of Pd18+

fNe coreg3s23p63d84p4d; some of them are beyond the auto-
ionization threshold and some of them are below the thresh-
old. These levels come close to the autoionization threshold
decay by emitting the Auger electron with very low energy,
and in the inverse processes, it means the free-electron ener-
gies«id in dielectronic capture processes are very low. As we
discussed in Sec. III A and based on Eq.s6d, the large rate
coefficients at lower temperature come from the DR pro-
cesses through these doubly excited states with energies
close to the autoionization threshold. Meanwhile, based on
Eq. s2d and Eq.s5d, the DR cross sections and DR strengths
are inversely proportional to the free-electron energies«id, so
the cross sections and collision strengths are also the largest
at lower electron energies, which is similar to theDn=0
L-shell DR processesf20g. In Table I, we present the part
energies of resonance electronsAuger electrond, radiative de-
cay rates, Auger rates, and DR strengths through doubly ex-
cited states Pd18+ fNe coreg3s23p63d84p4d with the total an-
gular momentum ofJ=0–6; it should be noted that only a

FIG. 2. Total rate coefficient as a function of electron tempera-
ture for DR processes through doubly excited states Pd18+

fNe coreg3s23p63d84l5l8, 3s23p53d94l5l8, 3s3p63d94l5l8, and the
curves corresponding to 3d, 3p, and 3s subshell excitations.

FIG. 3. Rate coefficient as a function of electron temperature for
DR processes through the different doubly excited states Pd18+

fNe coreg3s23p63d84l4l8.
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few of the lowest resonance energy levels are listed forJ
=1–5. Thelevels with the lower resonance energies have the
larger DR strengths; the reason is that the DR strengths are
inversely proportional to the resonance electron energies«id,
and not because the levels have larger radiative and Auger
decay rates, as shown in Table I. The lowest resonance en-
ergy is 0.054 eV inJ=2, and corresponding DR strength

516.43310−20 cm2/eV is the largest. It can be expected that
one peak of the DR rate coefficients exists at temperature
,0.054 eV, which will induce the increasing DR rate coef-
ficients as the temperature decrease in the calculated tem-
perature range.

In the higher temperature, the contributions from Pd18+

fNe coreg3s23p63d84s4f, 3d84p4f, 3d84d4f, 3d84d2, and
3d84f2 increase gradually, and their peak positions depend
on their energies. The summation of these rate coefficients
form a platform between 7–100 eV, and one peak at about
60 eV. There are no contributions from Pd18+

fNe coreg3s23p63d84s2, 3d84s4p, 3d84s4d, and 3d84p2 be-
cause the energies of these doubly excited states are below
autoionization thresholds. For the ions in an isoelectronic
sequence, the number of doubly excited states below the
autoionization threshold increases as the nuclear charge in-
creasesf5g. It is expected in the present isoelectronic se-
quence that all the energies of doubly excited states of Pd18+

fNe coreg3s23p63d84l4l8 will be lower than the ionization
threshold when the nuclear charge increases to a definite
value, and then DR processes cannot occur through the dou-
bly excited states Pd18+ fNe coreg3s23p63d84l4l8.

The DR rate coefficients from different doubly excited
states Pd18+ fNe coreg3s23p63d84l5l8 are plotted in Fig. 4. It
should be noted that some smaller DR rate coefficients, such
as through doubly excited states Pd18+

fNe coreg3s23p63d84s5p and 3d84p5s, are not plotted in the
figure. Each doubly excited state corresponds to one peak of
the DR rate coefficients, and the position of the peak is de-
termined by the energies of the doubly excited energies. The
contributions from doubly excited states Pd18+

fNe coreg3s23p63d84p5l are located in the lower energy re-
gion, and Pd18+ fNe coreg3s23p63d84f5l contributes in the
higher energy region. The main contribution comes from the
doubly excited states including the orbitals ofnf and np,
because the radiative decay rates ofnf, np-3d are larger than
others, and furthermore, contribution from the doubly ex-
cited states includingnf is larger than that includingnp be-
cause of the larger radiative decay ratenf-3d f17g.

TABLE I. Energies of resonance electrons, radiative decay rates,
Auger rates, and DR strengths through doubly excited states of
Ni-like Pd18+ fNe coreg3s23p63d84p4d, and the total angular mo-
mentumJ=0–6. Here, the initial state of the DR process is Pd19+

fNe coreg3s23p63d9 s j =5/2d. For J=1–5,only a few of the lowest
resonance energy levels are listed.

Total J «id seVd Ar ss−1d Aa ss−1d Sid s10−20 cm2/eVd

J=0 0.601 7.1731010 3.8531011 4.15

4.039 1.0031011 2.0831011 0.69

5.408 9.2831010 7.003109 0.05

14.358 1.0431011 5.8531013 0.03

20.571 2.7831012 4.1731014 5.54

J=1 0.217 1.8931011 6.5931011 83.76

0.700 2.8931011 2.7031011 24.68

1.282 2.6731011 3.8331011 15.19

1.751 3.3231011 5.4231011 14.55

3.120 2.1731011 2.5831011 4.67

J=2 0.054 1.5131011 1.2931012 516.43

0.364 1.8931011 2.0531012 98.07

0.737 2.1431011 3.9731012 56.83

1.091 1.9131011 4.2031011 24.82

1.701 1.9231011 9.6031010 7.76

1.948 7.2431010 1.0231011 4.48

J=3 0.569 1.5331011 1.4631012 70.27

0.711 2.5531011 5.5031011 70.76

0.790 2.2631011 9.3131011 66.47

1.374 1.6831011 7.9031011 11.29

1.660 1.7431011 1.8431012 27.66

1.910 9.5931010 1.8431011 9.53

J=4 0.073 7.2031010 9.9331011 341.41

0.481 1.9131011 1.5731012 131.41

0.655 2.0931011 5.7731011 86.96

0.940 1.9731011 3.1831012 73.26

1.668 1.5231011 1.0931011 14.13

J=5 0.301 7.8631010 3.7431011 97.91

0.637 2.9631010 1.7931011 18.09

2.334 2.1131011 5.003109 0.95

3.401 5.8331010 1.2031010 1.33

4.038 9.7131010 2.7031010 2.37

J=6 0.284 2.1931010 4.003109 6.39

1.589 7.1031010 1.3031010 3.71

4.770 3.7931010 1.9031010 1.42

FIG. 4. Rate coefficient as a function of electron temperature for
DR processes through the different doubly excited states Pd18+

fNe coreg3s23p63d84l5l8.
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The state-to-state DR rate coefficients through Pd18+

fNe coreg3s23p63d84l4l8 are displayed in Fig. 5. The rate
coefficients at lower temperature come from 3d84p4d
→3d94d transitions. As temperature increases, the 3d84l4f
→3d94l sl =s,p,d, fd become dominated and their peak po-
sitions also increase with increasing energies in the order
from s to f of 3d84l4f sl =s,p,d, fd, since energies of those
doubly excited states increase in the same order. In general,
the DR processes including the radiative transitions 4f
→3d and 4p→3d are the dominated DR channels.

The transitions symbolized by “2e” denote the two-
electron and one-photon transitions, which means in the tran-
sition, there is one photo emitted but two-electron orbitals
change from the initial configuration to the final configura-
tion. In theK-shell andL-shell DR processes, 2e transitions
were thought unimportant and could be neglectedf18–20g.
Recently, Zouet al. measured this kind of two-electron and
one-photon transition on the DR processes of He-like Ar18+

in an electron-beam ion trapsEBITd device, and found the
contribution to the total DR strength is 1.7%f23g, which
could be neglected in the practical applications. In the re-
search of inertial confinement fusion, recent experiment

found some unusual high-intensity two-electron and one-
photon spectra of He-like and Li-like silicon in the high-
density and high-temperature plasmaf24,25g, but it may
come from the charge transfer processes instead of DR pro-
cessesf24,25g. However, 2e transitions cannot be neglected
in the presentM-shell DR processes, such as 3d84p4d
→3d9 4s and 3d84d2→3d94p; their contributions are al-
ready more than 10% of the total rate coefficients, as shown
in Fig. 5. In M-shell DR processes, there are 3 or 4 open
shells in the doubly excited states. For those complicated
configurations, there often exist strong configuration interac-
tions, which induce the strong mixing of many configura-
tions. This kind of mixing produces the 2e transitions. In the
DR processes of Co-like Xe ions, these strong configuration
interactions have been foundf9g. It should be noted that the
2e transition may open a new DR channel, such as 3d84d2

→3d94p, which will increase the DR rate coefficients; oth-
erwise, the DR processes cannot happen through the doubly
excited states 3d84d2. In this case, the DR rate coefficients
should be increased, which is different from 3d84p4d
→3d94s. There is another main channel 3d84p4d→3d94d,
and the configuration interactions may increase or decrease
the DR rate coefficients through the doubly excited states
3d84p4d due to the configuration mixings. In addition, the
configuration interactions also affect the energies of the dou-
bly excited states 3d84p4d, and this may cause autoioniza-
tion to appear or disappear for the levels close to autoioniz-
ation threshold.

The state-to-state DR rate coefficients through Pd18+

fNe coreg3s23p63d84l5l8 are plotted in Fig. 6, and only some
larger DR processes are displayed. The peak positions of DR
rate coefficients correspond to the energies of doubly excited
states. The larger contributions come from the DR processes
including transitions 4f ,4p,5f ,5p→3d, and the largest DR
processes are through the transitions 3d84f5f →3d95f, as
shown in Fig. 6. For the DR processes through 3d84l5l8, 2e
transitions are not as important as that through 3d84l4l8,
which means the configuration interactions decrease with in-
creasingn in the doubly excited states 3d84lnl8.

FIG. 5. State-to-state DR rate coefficient through the Pd18+

fNe coreg3s23p63d84l4l8 as a function of electron temperature.

FIG. 6. State-to-state DR rate coefficient
through the Pd18+ fNe coreg3s23p63d84l5l8 as a
function of electron temperature.
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IV. SUMMARY

Ab initio calculations of dielectronic recombination pro-
cesses from the ground state of Co-like Pd ion through the
Ni-like fNe coreg3s23p63d84lnl8, fNe coreg3s23p53d94lnl8,
fNe coreg3s3p63d94lnl8 sn=4 or 5d are performed using the
Hartree-Fock with relativistic correction method. Total and
state-to-state rate coefficients are obtained in the temperature
range from 0.1 to 104 eV. Comparison of the rate coeffi-
cients from 3s, 3p, and 3d subshell excitations shows 3d
excitation dominates over the others in the whole energy
region, but 3p and 3s subshell excitation cannot be neglected
in high temperature. The two-electron radiative transitions,
such as 3d84d2-3d94p and 3d84f2-3d94p, are found to be

important due to the strong configuration interactions. The
contributions of high Rydberg doubly excited states 4lnl8
sn.5d to the total rate coefficients are expected to be impor-
tant. As a test, further theoretical calculations and experi-
mental measurements are required.
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