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Ab initio calculations of dielectronic recombination processes from the groundblaieore|3s?3p®3d® of
Co-like Pd®* ion through doubly excited statddNe core]3s23pf3d®4inl’, [Ne core]3s®3p°3d%inl’, and
[Ne core]3s3p®3d%inl’ (n=4 or 5 of Ni-like Pd!®* 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 TeV. Comparison of the rate coefficients frors, 3p, and 31 subshell excitations
shows & subshell excitation dominates over the others in the whole energy regionpland33 subshell
excitation cannot be neglected in high temperature; when electron tempefata@0 eV, the contributions
from 3p and 3 subshells are more than 40% and 10% of the dielectronic recombiri@R®rate coefficients
from 3d subshell excitations; especially for the DR processes through the doubly excited rst&teshe
contribution from $ subshell excitations is approximately 60% of the rate coefficients frdnsubshell
excitations. The two-electron radiative transitions, suchcﬁép&dﬂsd%s and 3184d2H3d94p, 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 stafbke core]3s?3p®3d®414l’.

DOI: 10.1103/PhysRevA.71.042705 PACS nuntber34.80.Kw, 34.80.Lx

I. INTRODUCTION M-band spectra and x-ray transforming efficiendie3-16.

So, both experimental and theoretical data on DR processes
Dielectronic recombinatiofDR) can be regarded as a of M-shell ions are required.

resonant radiative recombination process. As a free electron |n this paper, using the multiconfiguration Hartree-Fock
with a specific kinetic energy collides with an ié&i*, one of  method with relativistic correctiofiL7], we consider the DR
the bound electrons o™ is excited from the initialnl;  of a Co-like Pd®* in its ground statd Ne core]3s23p®3d°,
orbital into thenyl; orbital. The free electron is then captured through the doubly excited states of Ni-like ¥t ions
into an unoccupied orbitatl and forms a resonant doubly [Ne corel3s23p®3d84inl’, [Ne core]3s23p®3d%inl’,
excited state; subsequently, the resonant doubly excited stgtRe core]3s3p®3d%inl’ (n=4 or 5, where[Ne cord denotes

decays into a nonautoionizing state through radiative transie || 15225225 electronic inner shells. There are many DR
tion processes. Its importance influencing the ionic balanc@nannels. which can be expressed as

in high-temperature plasma, such as a solar corona, has been or 600
known for many year§l]. Its radiative emission is a signifi- Pd"*([Ne core]3s’3p°3d®) + e

cant (;ontritbut_lcz:1 tod_pllasTa qoolintg”i_r; hotfpr:azmas i?kfugion 'Pd18+([Ne core]3s23p3d®ainl’)”
experiments. The dielectronic satellites of hydrogenlike ions g+ By 1O A1 [ 115
have also been used to diagnose plasma densities in high- — | Pd**([Ne core]3s’3p°3d°4inl )
density plasma$2] and the electron temperatures in solar \Pdlg"([Ne corel3s3p®3d%inl’)
flares[3]. In addition to its applications in astrophysics and ’Pd18+([Ne corel3s23p3dn’l")’
fusion plasmas, DR process is of importance for studies of

the structure and decay dynamics of atomic doubly excited L Pd"**([Ne core|3s°3p°3d°n"l")’ (1)
stateq 4]. Pd*([Ne core]3s3p®3d*n’l")"
A number of experimental and theoretical works on DR Pd8*([Ne core]3s23p°3dL9)".

processes exist; most of them focus Krshell or L-shell
ions, and few of them study thkl-shell ions, because the Here,n"=4 or 5; the three intermediate doubly excited states
complicated structures with 3 or 4 open shells and strongorrespond to § 3p, 3d subshell excitations, respectively.
configuration interactions are often involved Mrshell DR~ We calculate both total and state-to-state DR rate coeffi-
processeg5-9]. However, M-shell DR processes play an cients, compare the rate coefficients fros 3p, 3d subshell
important role in many applications. In the theoretical simu-excitations, and discuss the effects of two-electron radiative
lation of Ni-like x-ray laser, Co-like DR processes can popu-transitions and configuration interactionshtrshell DR pro-
late the high-energy levels of x ray and affect the x-ray am-cesses.

plification and x-ray transfdrl0—12. In the indirect inertial

confinement fusion, DR processes can decrease the average Il. THEORETICAL METHODS

ionization degree by recombining, and decrease plasma tem- In the isolated-resonance approximation, the DR cross
perature by emitting photons, directly affecting the Ausections from initial staté into a final statef through an
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intermediate doubly excited stalds written as(atomic units 10°
are used throughout unless specifigt8]
3d
_mh® gy AGi - A Q
S — ; 2 dee), (2 Z ge
Meeig glzf’Adf/+2i’Adi’ S
8
wherem, is mass of electrong;y is resonance energy, and § 3p
also Auger electron energy; and gy are the statistical §
weight of the states and d, respectivelyAj is the Auger g 10
decay rate, which can be calculated by Fermi’s golden rule 5 3s
2 1 2
Agi: > <\I,d E - \Pisid> ’ (3) 10"
f s<t 'st
whereW and\lfisid are atomic wave functions for triestate 041 1 10 100 1000 10000
andi state plus a free electrom; is radiative decay rate, T, (eV)

which can be defined as
FIG. 1. Total rate coefficient as a function of electron tempera-

v 4w ture for DR processes through doubly excited states®Pd
Agr = 3hc3gy [Ne core]3s23p®3d®4l4l’, 3s?3p®3d%i4l’, 3s3p®3d°414l’, and the
curves corresponding tad33p, and 3 subshell excitations.
wherew is photon energy an@ is electronic dipole opera-
tor, Wy is the atomic wave function for the final steteV; is
the linear combination of the configuration wave functions

(W TV|w )2, (4)

the separate calculations on DR rate coefficients for the two
) . . ) \ levels, we obtain the DR rate coefficients by averaging the
q_:(I‘)\), with mixing cogfﬂments bet_ween d|ff_erent configura- two separate rate coefficients by statistical weight of the two
tions.d(I'y) are constituted as antisymmetrized product-typ& o angular momenta. Besides the level-to-level rate coeffi-
wave functions from central-field Hartree-Fock orbitals with qjants we can obtain the configuration-averaged and total
appropriate angular momentum coupling is constructed  pR rate coefficients by averaging on initial states and sum-

the same a¥’s. _ _ mations on final states.
The DR strengths, which are the integral of the DR cross

section over the natural width of the resonance, can be writ-
ten as

A. Total DR rate coeffcients

The total DR rate coefficients through doubly excited
states PH#* [Ne core]3s°3p®3d@4inl’, 3s?3p°3d%4l4l’,
3s3p®3d°414l1" are plotted in Fig. 1, and different curves cor-
respond to the @ 3p, and 3 subshell excitations. The DR
S rate coefficients from @subshell excitation increase with the

We assume the velocity distribution of the free electron agjecreasing electron temperature in the low temperature and
the Maxwell-Boltzmann distribution; then, the DR rate coef- jaach 6.2< 10710 cmd/s at the calculated lowest temperature
ficients can be expressed [ds3] 0.1 eV, which is different from th&<-shell DR processes

( 2h2 )3/2 9 p( ) [19] and similar to theAn=0 L-shell DR process€®0]. As
—— ] ——exp- :
2gi Ef,A:jf,‘FEi/Aai/
(6)

a function of the electron temperature, the DR rate coeffi-
MexTe cients depend mainly ofi,*? and exi—sq/To) in Eq. (6),

Here, T, is the electron temperature ards the Boltzmann

constant.

~ 7T2ﬁ3 gd Agizf A{if
Meeig 2gl Efr A(rjfr + Ei’ Agi’ .

S

d

DR _ Eid AgiA(rif
KTe

Figf —

i.e., they are determined hyy.

In the doubly excited state of Bt 3d®4p4d, there exist
some levels just above the autoionization threshold which
means the free-electron energy is close to zero; we will
discuss this in more detail in Sec. Ill B. It can be easily
understood from Eq(6) that it is these states that strongly
enhance and even dominate the whole DR process at low
) ] ] ) _electron temperature fdvl-shell ions. It should be stressed

Using the multiconfiguration Hartree-Fock method with that such peculiar levels are of special interest in the research
relativistic correctior{17], we calculate the DR of a Co-like of x-ray lasers, since the strong capture to particular autoion-

Ill. RESULTS AND DISCUSSIONS

Pd®* in its ground state [Necorel3s3p°3d°,  ization states may lead to a population inversion and a lasing
through a Nilike P&#* [Necore3s’3p®3d®inl’,  procesqs].
[Ne core]3s”3p°3d%iInl’, [Ne core]3s3p®3d°4Inl’. There In the temperature range from 5 to 100 eV, there exists a

are 92 intermediate configurations and more than 10 000 dgslatform; then, the DR rate coefficients drop quickly with
tailed levels included in the calculations. The ground staténcreasing temperature. The DR rate coefficients from 3

[Ne core]3s*3p®3d® of Co-like Pd®* includes two levels
with total angular momenturj=3/2 and 5/2After finishing

and 3 subshells increase with temperature, reach a maxi-
mum at approximately 200-300 eV, and then decrease
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FIG. 2. Total rate coefficient as a function of electron tempera- FIG. 3. Rate coefficient as a function of electron temperature for
ture for DR processes through doubly excited stated®Pd DR processes through the different doubly excited state§*Pd
[Ne core]3s?3p®3d8al5l’, 3s23p°3d%4I51’, 3s3p®3d%4I5!’, and the [Necorel3s’3p°3d®414l".
curves corresponding tad33p, and 3 subshell excitations.

states l’(n=6), and also check the validity of scaling law

quickly. When electron temperatuig<<10 eV, the DR rate for radiative and Auger decay ratf20].

coefficients from 8 subshells are 2—4 magnitudes larger
than that from § and 3 subshells. With the increasing elec-
tron temperature, the contributions frorp 8nd 3 subshells
gradually become larger; whéh,>500 eV, the rate coeffi- In order to simplify the discussion, the configuration-to-
cients from $ and 3 subshells are more than 40% and 10%configuration DR rate coefficients are calculated by averag-
of that from 31 subshells. So, the DR rate coefficients from ing for initial states and summation for final states on level-
3p and 3 subshells cannot be neglected in the higher electo-level (in LS couplings[17]) rate coefficients, and in the

B. State-to-state DR rate coefficients

tron temperature. following, the state-to-state rate coefficients represent the
The total DR rate coefficients through doubly excited configuration-to-configuration DR rate coefficients. The
states PY¥* [Ne corel3s23p®3d®4I5l’, 3s23p°3d°4l5l’,  level-to-level DR rate coefficients are available by request or

3s3p®3d%4I51’ are shown in Fig. 2. Because the energies ofdy Visiting our databaséhttp://www.camdb.ac.on
doubly excited states are more than 100 eV beyond the auto- Figure 3 plots the DR rate coefficients through the differ-
ionization threshold, the rate coefficients froeh 3p, and 3  ent intermediate  doubly ~excited ~states of *Pd
subshells all behave as single peaks at about 200—500 ellNe core]3s?3p°3d®4141’, and the final states of radiative sta-
The peak positions of 8and 3 move to higher energies bilizations are summed. In the lower energy range, the DR
than that of @, since the energies of the doubly excited processes through the doubly excited states'®*Pd
states from P and 3 subshell excitations are higher than [Ne core]3s°3p°3d®4p4ad dominate over others. There are
that of . Although the DR process fromd3subshells still many levels in the configuraton of P4
dominates over thefBand 3 subshells, the DR rate coeffi- [Ne core]3s?3p®3d®4p4d; some of them are beyond the auto-
cients from ® subshells approach that front 3vhen elec- ionization threshold and some of them are below the thresh-
tron temperature J>800 eV, while the DR rate coefficients old. These levels come close to the autoionization threshold
from 3s subshells are approximately 10% of that fromd 3 decay by emitting the Auger electron with very low energy,
subshells. So, the contributions fronp and 3 subshell ex- and in the inverse processes, it means the free-electron ener-
citations cannot be neglected for the DR processes througieseq in dielectronic capture processes are very low. As we
doubly excited states|8l’ as well as doubly excited states discussed in Sec. Ill A and based on E6), the large rate
4141’ coefficients at lower temperature come from the DR pro-
Comparing Fig. 2 with Fig. 1, the peak of rate coefficientscesses through these doubly excited states with energies
through doubly excited state$54#' is approximately 40% of close to the autoionization threshold. Meanwhile, based on
that through doubly excited state$4# at about 100 eV. Eq.(2) and Eq.(5), the DR cross sections and DR strengths
Based onn™2 scaling law of rate coefficientf20-22, the are inversely proportional to the free-electron energjgsso
maximum of rate coefficients froml3l’ should be approxi- the cross sections and collision strengths are also the largest
mately 50% of that from KH’, which is larger than the at lower electron energies, which is similar to th&=0
present value. The reason may be thatriffescaling law of ~ L-shell DR processef20]. In Table I, we present the part
rate coefficients is not available for the present doubly ex€nergies of resonance electr@uger electron radiative de-
cited states with lower principal quantum number4 and 5.  cay rates, Auger rates, and DR strengths through doubly ex-
We will test the scaling law of rate coefficients in the future cited states P&" [Ne core|3s?3p®3d84p4d with the total an-
when we carry out calculations for the higher doubly excitedgular momentum ofl=0-6; it should be noted that only a
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TABLE I. Energies of resonance electrons, radiative decay rates
Auger rates, and DR strengths through doubly excited states o
Ni-like Pd'®* [Ne core]3s?3p®3d®4p4d, and the total angular mo-
mentumJ=0-6. Here, the initial state of the DR process ist®d
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10"

10"

[Ne corel3s23pf3d° (j=5/2). ForJ=1-5,0nly a few of the lowest .%
resonance energy levels are listed. ;;,
c
Totald eg4(€V) A (s) A (sh) S, (10PcnP/eV) ;_‘1
J=0 0.601 7.1%10© 3.85x10' 4.15 §
4.039 1.00<10' 2.08x 104 0.69 ]
5.408 9.28< 100 7.00x 10° 0.05
14.358 1.04& 10! 5.85x 108 0.03
20.571 2.7& 102 4.17x10% 5.54
J=1 0.217 1.8x 10 6.59x 101 83.76
0.700 2.8% 10 2.70x10% 24.68
1.282 2.6x 101 3.83x 10! 15.19
1.751 3.3% 10" 5.42x 101 14.55
3.120 2.1%101 2.58x 104 4.67
J=2 0.054 15K 101 1.29x1012 516.43
0.364 1.8% 10" 2.05x 1012 98.07
0.737 214 10" 3.97x 1012 56.83
1.091 1.92x 10" 4.20x 10! 24.82
1.701 1.9 10" 9.60x 10 7.76
1.948 7.24<10° 1.02x 104 4.48
J=3 0.569 1.5% 10" 1.46x10% 70.27
0.711 25510 5.50x 101 70.76
0.790 2.26x10" 9.31x 101 66.47
1.374 1.68< 10" 7.90x 10 11.29
1.660 1.74<10" 1.84x 102 27.66
1.910 9.5%<10'° 1.84x 10! 9.53
J=4  0.073 7.2x10° 9.93x 104 341.41
0.481 19X 10 1.57x10'%2 131.41
0.655 2.0 10! 5.77x 104 86.96
0.940 1.9%& 101 3.18x10'2 73.26
1.668 1.52<10* 1.09x 10t 14.13
J=5  0.301 7.86<100 3.74x10Y 97.91
0.637 2.96< 100 1.79x 10 18.09
2.334 21xX10Y% 5.00%x 10° 0.95
3.401 5.8% 10 1.20x 109 1.33
4.038 9.7 101 2.70x10% 2.37
J=6 0284 2.1%10% 4.00x10° 6.39
1.589 7.10<10° 1.30x10° 3.71
4770 3.7%10° 1.90x10% 1.42

10"

FIG. 4. Rate coefficient as a function of electron temperature for
DR processes through the different doubly excited stateé$*Pd
[Ne core]3s*3p®3d241I5!’.

516.43x 1072° cn?/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%d
[Ne core]3s?3p®3d®4saf, 3d®4p4af, 3dP4daf, 3d®4d? and
3d®4f? 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
60eV. There are no contributions from %4
[Ne corel3s?3p®3d®4s?, 3d4s4p, 3d84s4d, and 24p? 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-
creased5]. It is expected in the present isoelectronic se-
quence that all the energies of doubly excited states 8t'Pd
[Ne corel3s?3p®3d®4l4l’ 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 P& [Ne core]3s°3p®3d414!".

The DR rate coefficients from different doubly excited
states PH#* [Ne core]3s?3p®3d®4I5!’ are plotted in Fig. 4. It
should be noted that some smaller DR rate coefficients, such
as through doubly excited states  'Pd
[Ne core]3s?3p®3d®4s5p and 3184p5s, 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 Pd
[Ne core]3s?3p®3d®4ps5! are located in the lower energy re-

few of the lowest resonance energy levels are listedJfor gion, and P#* [Ne core|3s?3p®3d84f5l contributes in the
=1-5. Thelevels with the lower resonance energies have thénigher energy region. The main contribution comes from the
larger DR strengths; the reason is that the DR strengths a@oubly excited states including the orbitals of and np,
inversely proportional to the resonance electron enekgjes because the radiative decay ratesififnp-3d are larger than
and not because the levels have larger radiative and Aug@thers, and furthermore, contribution from the doubly ex-
decay rates, as shown in Table |. The lowest resonance enited states includingf is larger than that includingp be-
ergy is 0.054 eV inJ=2, and corresponding DR strength cause of the larger radiative decay rate3d [17].
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10°3 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 plasrf24,25, but it may

2 . 3d"apat—>3d'4p come from the charge transfer processes instead of DR pro-
& 10" cesse$24,25. However, 2 transitions cannot be neglected

g B 3 af—>3d"af in the presentM-shell DR processes, such asi®8p4d

& Adad—>3d"4p(2e) —3d° 4s and 314d?>— 3d%p; their contributions are al-

§ - ready more than 10% of the total rate coefficients, as shown
o 103 3d"4paf—>3d°4f -

= . in Fig. 5. In M-shell DR processes, there are 3 or 4 open

14 Ad"—>3d°4f(20)

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-
o T . . oo 0 tions. This kind of mixing progiuces theeZransitions. I!’] the _
T (V) DR processes of Co-like Xe ions, these strong configuration
* interactions have been foun€]. It should be noted that the

FIG. 5. State-to-state DR rate coefficient through thé®Pd 2€ transition may open a new DR channel, such Rl
[Ne core]3s23p®3d8414l” as a function of electron temperature.  — 3d°4p, which will increase the DR rate coefficients; oth-

erwise, the DR processes cannot happen through the doubly

The state-to-state DR rate coefficients throughlSPd excited states d?4d2 In this case, the DR rate coefficients
[Ne core]3s23p®3d®414l’ are displayed in Fig. 5. The rate should be increased, which is different fromd®8pad
coefficients at lower temperature come frond®4pdd  — 3d%s. There is another main channei®@p4d— 3d°4d,
—3d%d transitions. As temperature increases, ti4B4f and the configuration interactions may increase or decrease
—3d%l (I=s,p,d,f) become dominated and their peak po-the DR rate coefficients through the doubly excited states
sitions also increase with increasing energies in the ordedd®4p4d due to the configuration mixings. In addition, the
from s to f of 3d®4l4f (I=s,p,d,f), since energies of those configuration interactions also affect the energies of the dou-
doubly excited states increase in the same order. In generdlly excited states &4p4d, and this may cause autoioniza-
the DR processes including the radiative transitiorfs 4 tion to appear or disappear for the levels close to autoioniz-
—3d and $—3d are the dominated DR channels. ation threshold.

The transitions symbolized by & denote the two- The state-to-state DR rate coefficients throught®Pd
electron and one-photon transitions, which means in the trarfNe core]3s?3p®3d®4I5|’ are plotted in Fig. 6, and only some
Sition, there is one phOtO emitted but two-electron Orbitalqarger DR processes are d|sp|ayed The peak positions of DR
change from the initial configuration to the final configura- rate coefficients correspond to the energies of doubly excited
tion. In theK-shell andL-shell DR processesgaransitions  giates. The larger contributions come from the DR processes
were thought unimportant and could be negled®8-20.  jnc|yding transitions #, 4p, 5f,5p— 3d, and the largest DR
Recently, Zouet a_I._measured this kind of two-electr_on and processes are through the transitiore$435f — 3d°5f, as
pne-photon transition on the DR processes of He-lik&¥Ar shown in Fig. 6. For the DR processes througi4s!’, 2e
in an electron-beam ion rafEBIT) device, and found the transitions are not as important as that througfi4sl’,

contribution to the total DR strength is 1.7§23], which . i o . o
could be neglected in the practical applications. In the reVhich means the configuration interactions decrease with in-

. . : ,
search of inertial confinement fusion, recent experimenf:realSIngn in the doubly excited stateiInl’.

107 5 total

3d°4f5d—>3d°5d

. FIG. 6. State-to-state DR rate coefficient
3d"4p5g—>3d°5g through the P¥* [Ne core|3s?3p®3d®4I51’ as a
function of electron temperature.

Rate coefficients (cm’/s)
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IV. SUMMARY important due to the strong configuration interactions. The

Ab initio calculations of dielectronic recombination pro- contributions of high Rydbgrg doubly excited statdsll4
cesses from the ground state of Co-like Pd ion through thén>5) to the total rate coefflc:ler_ns are expepted to be 'mpor-
Ni-like [Ne core]3s?3p®3d84inl’, [Ne core]3s23p°3d%inl’, tant. As a test, further theoretlpal calculations and experi-
[Ne core]3s3p83d%4inl’ (n=4 or 5 are performed using the Mental measurements are required.
Hartree-Fock with relativistic correction method. Total and
state-to-state rate coefficients are obtained in the temperature
range from 0.1 to 1DeV. Comparison of the rate coeffi-
cients from 3, 3p, and 3 subshell excitations showsd3 This work was supported by National Natural Science
excitation dominates over the others in the whole energyoundation of ChingGrant Nos. 10344001 and 10174009
region, but ® and 3 subshell excitation cannot be neglected Science and Technology Foundation of Chinese Academy of
in high temperature. The two-electron radiative transitionsEngineering Physics, and National High-Tech ICF Commit-
such as @%4d>-3d%p and 31P4f%-3d°%4p, are found to be tee in China.
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