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Dielectronic recombination for oxygenlike ions relevant to astrophysical applications
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In the modeling of the astrophysical plasmas, the relative elemental abundance inferred from solar and
stellar upper atmosphere can be affected by as much as a factor of 5 due to the uncertainties in the current
dielectronic recombinatiofDR) rate coefficients used to analyze the spef®avin and Laming, Astrophys. J.

566, 1166(2002]. DR rate coefficients for oxygenlike ions have been identified as the most urgent needs for
the astrophysical applications. In this work, we report on the calculations of DR rate coefficients fqr3ig

vil, S1x, and Fexix ions which are important for the modeling of the astrophysical plasmas. The calculations
are carried out in isolated resonance and distorted-wave approximations. The relevant atomic data are calcu-
lated using the multiconfigurational Dirac-Fock method. We include-2p, 2p;,—2ps,, 2¢—3¢’, and

1s—2p excitations and cover temperatures ranging from 0.001 eV to 10 000 eV. For low temperatures, it is
essential to have accurate DR resonance energies and to include fine-structure excitations in order to obtain
reliable DR rate coefficients. Good agreement with experiment has been found fot.Feor Mg v, Sivil,

and Six, significant discrepancies are noted between this work and recommended rate coefficients.

DOI: 10.1103/PhysRevA.66.052715 PACS nuntber34.80.Kw

[. INTRODUCTION ate coupling and include fine-structure excitation using semi-
relativistic multiconfiguration Breit-PaulMCBP) and fully
Dielectronic recombinatioiDR) is one of the most im-  relativistic multiconfiguration Dirac-FockMCDF) methods.
portant recombination processes in high-temperature plasmd#iese calculations yield satisfactory agreement with experi-
[1-3]. Accurate DR rate coefficients are needed to carry oufnent[10,12.
successful modeling of astrophysical and laboratory pro- N this work, we report on the relativistic calculations of
duced plasmas. Recently, a critical evaluation of the uncertotal DR rate coefficients for My, Sivii, Six, and Fexix
tainties of the existing theoretical DR rate coefficients hador the ground state and the excited states of the ground
been performed4]. It was found that the uncertainties can configuration. These calculations are performed using the
be as large as a factor of 2—5 for some ions. In the modelinr?"CDF method[17,1§ in intermediate coupling with con-
of the astrophysical plasmas, the relative elemental aburflguration interaction from the same complex and include
dance inferred from solar and stellar upper atmosphere cagPntributions from 2—2p, 2py,—2ps,, 2¢—3¢', and
be affected by as much as a factor of 5 due to these uncets—2p excitations. The MCDF method which has been
tainties in the DR rate coefficients employed to analyze théenchmarked by experimerjts0,12 should give reliable to-
spectra4]. DR rate coefficients for oxygenlike ions have tal DR rate coefficients. These data are also fitted by analytic
been identified as the most urgent needs for the astrophysicinctions for easy use in the modeling of both collisionally-
applications[4]. For Mg v, Sivii, Six, and Fexix, a few ionized and photoionized plasmas. We find significant dis-
theoretical investigations have been dgBe10. Fexix is  crepancies between present results and the recommended
the only ion for which several different calculations exists.values[5—7] for Mg v, Sivii, and Six.
The only reliable experiment is also for kex ion [10]. In
the work of Jacobst al.[5—7], the calculations were carried Il. THEORETICAL CALCULATION

out in LS coupling and the autoionization rates were ob- .
tained from the theoretical values of the partial-wave DR resonance strengths and rate coefficients are calcu-

electron-impact excitation cross sections by means of théted in the independent processes and isolated resonance
quantum-defect theory. RoszmE8i performed a nonrelativ- apprpxmatlons[l].. The total rate coefﬂmem fpr an initial
istic single configuration Hartree-Fock calculation in LS cou-Statei after averaging over the Maxwellian distribution of the
pling while Dasgupta and Whitney9] used Cowan's Plasma electrons is given ],

Hartree-Fock cod¢ll] with relativistic corrections. All of

these earlier calculations neglected the contributions from aDR(i):i(@
the fine-structure (B,,— 2ps,) excitation which has been 2g;\ kT
shown to be very important for low-temperature DR rate .

coeﬁicients[lO,lZ)./ ThlE)S, including fine-strEcture excitation XGoAa(d—1)A (d—F)/[T(d)+Ta(d)].

is essential to produce reliable DR rate coefficients appli- (1)
cable for modeling the photoionized gas. In addition, LS

coupling calculations are known not to include all possibleHere, the sums od andf are over the intermediate autoion-
autoionizing states contributing to the DR process whichzing statesd and the stabilized final statésrespectivelygy
could lead to serious errors in their resylt8—16. The most and g; are the statistical weight factorf is the Rydberg
recent calculations for Feix were carried out in intermedi- energy andy, is the Bohr radiusA,(d—1) is the Auger rate

3/2
adY, exp(—Eq/kT)
d,f
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FIG. 1. DR rate coefficients for ground-stat®, in Mg** as FIG. 2. DR rate coefficients fotP, state of F&" as functions

functions of electron temperature. The solid curve displays the re0f electron temperature. The dash-dotted, long-dashed, short-

sults including cascade corrections while the dashed curve is thgashed, and dotted f:uwes represent _the_ results from_sthézrz,
values without cascade corrections. 2p1—2p3p, 2€—3¢€', and Is—2p excitations, respectively. The
solid curve displays the total DR rate coefficients.

andA,(d—f) is the radiative ratekz is the Auger energyk 2822p*J+e—2822p*)' Nl — (2522p5+2822p*n’ €') + hv

is the Boltzmann constant; is the electron temperature; and (4)

I',(d) andT 4(d) are the total radiative and Auger rates for

stated, respectively. 2s%2p*+e—(2s2p*3¢n’ €’ +2s%2p33¢€n’ L")

The required transition energies, Auger and radiative tran- o 4 .

sition rates are evaluated using the MCDF methbd,18. —(2s°2p™n"¢"+2s2p>n"¢") +hv,  (5)

From perturbation theory, the Auger transition rate in a

frozen-orbital approximation igL7] 1s22s%2p*+ e—1s52s2p°nl — (1s?2s?2p*n¢
+1s%2522p°) + hw. (6)

27
An(d—i)= 7|<l/fi|H—E|llfd>|2P(8), (2) Al possible Coster-Kronig transitions and radiative transi-

tions to bound states are included in the calculations.

For the An=0 transitions with 2—2p [Eq. (3)] and
wherep(e) is the density of final states. It is worthwhile to 2p,,,—2p,, [Eq. (4)] excitations, explicit calculations are
note that the Auger operator in the present calculations is ngierformed for intermediate stateg<n=30 and {<12.
just the Coulomb operator but includes also the one-electropjere the onset values, for 2p,,— 2ps, excitation are 5, 7,
operator as contained in the unperturbed Hamiltorttin 7 and 11 and those fors2- 2p excitation are 3, 3, 4, and 6
This is necessary because the Auger transitions involving thiyr z=12,14,16, and 26, respectively. Since many important
fine-structure levels results in a situation that the initial-statgesonances for thAn=0 DR have very small energies, the
and final-state wave functions differ by only one orbital. resonance energies are adjusted by using the known experi-
Thus, the orthogonality of the orbital wave functions doesmental excitation energie§20] betweenn=2 states to
not eliminate the contributions from the one-electron operaachieve better than 0.1 eV accuracy. The amount of adjust-
tor. The spontaneous electric-dipole radiative transition ratgnent is less than 2.7 eV for all resonances. For the case of
for each autoionizing state is also calculated using the firstzs_zp excitation, the radiative decay ofp2electron can
order perturbation theorydl7,19. lead to a autoionizing state. For these DR transitions, a one-

In the present work, total DR rate coefficients include thestep cascade correction is included. The contributions from
contributions from 2—2p, 2p;,—2ps,, 2—3¢’, and  the highn Rydberg states up to=600 are taken into ac-
1s—2p excitations. They can be represented schematicallgount using an~° scaling for the appropriate Auger and

by radiative transition rates. This high-cutoff has been
checked to give better than 1% convergence in total DR rate
2522p%+ e~ 252p5Nn ¢ — (2522p*n( + 2522p5+2s2ps  coefficients. . ,
P - pné—( P P P For the 2 -3¢’ excitations[Eqg. (5)], detailed calcula-
+2s2p°n’¢")+hv, (3) tions are carried out for autoionizing states8’'<15 and
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FIG. 3. Total DR rate coefficients for ground and excited states FIG. 5. Total DR rate coefficients for ground and excited states
of Mg*™ as functions of electron temperature. The curves are laof S8* as functions of electron temperature. The curves are labeled
beled by their initial states. by their initial states.
£'<6. No energy ad_Justment is done for this case becau_sgay leads to another autoionization state, these DR channels
e expected to have rather small contributions to the total
‘DR rate coefficients. This was confirmed by a recent experi-
Fhent which did not observed any appreciable-24¢'n¢”

DR resonance§l0]. Therefore, these DR channels are ne-
glected in the present work.

decay of ' electron can also result in a autoionizing state
For these transitions, we also apply a one-step cascade ¢
rection. Similarn—2 scaling procedure is used to obtain the
contributions from high Rydberg states up to=200.

For K-shell excitatiof Eq. (6)], we include only interme-
diate states witm=8 and¢<3. The contributions to the
total DR rate coefficients froniK-shell excitation are less [ll. RESULTS AND DISCUSSION
than 2% for all temperatures covered in this study.

For 2¢—4¢’ excitation, the existence of the extna=3
Auger channels and the fact that 4 to n=3 radiative de-

We have calculated the total DR rate coefficients for the
3Po12, 1Dy, and 'S, states of the ground configuration for
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FIG. 4. Total DR rate coefficients for ground and excited states FIG. 6. Total DR rate coefficients for ground and excited states
of Si®* as functions of electron temperature. The curves are labeledf Fe'®* as functions of electron temperature. The curves are la-
by their initial states. beled by their initial states.
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FIG. 7. Total DR rate coefficients fofP, state of Md* as FIG. 8. Total DR rate coefficients folP, state of Si* as func

. . . . tions of electron temperature. The solid curve is from this work and
functions of electron temperature. The solid curve is from this Workthe dashed curve displays the results from Jaala. (Ref. [6])
and the dashed curve displays the results from Jaebbs (Ref. play ' TR

7). resonances are needed to yield reliable results.
Mg v, Sivil, Six, and Fexix. The calculations cover elec- I Figs. 7-9, the DR rate coefficients for the ground state
tron temperatures 0.064T<10000 eV. The numerical from this work are compared with the theoretical pred|ct|qns
tables for DR rate coefficients for the ground state are availlfom Jacobst al.[5-7] which were recommended for use in
able electronically from EPAPS storag®l]. The cascade the modeling of astrophysical plasmg2s]. Between 10 to
correction can reduce the DR cross sections for some resg000 €V, the discrepancies can be as large as 33%, 22%, and
nances by more than one order of magnitude but it reduce® factor of 3 for Mgv, Sivii, and Six, respectively. These
the total DR rate coefficients for ground staf®y) by less deviations are partly due to inaccurate resonance energies,
than 10%(Fig. 1). The effect is much larger<20%) for the the use of LS coupling, ne.glect of fine-structure excitations
excited states. Similar to the findings in our previous workand the procedure to obtain Auger rates from extrapolating
on B-like ions[22], the n dependence of the DR rate coeffi- threshold excitation cross sections in the calculations of Ja-
cients behaves quite irregularly for then=0 transitions due
to the opening of the new DR channels as n increases. Whe 10% e
all channels are open, normal orderifige., DR rate coeffi-
cients scale as™ %) returns.

In Fig. 2, DR rate coefficients for ground state of‘¥e
from various excitation channels are shown. Similar behav- 10"
ior is found for Mgv, Sivii, and Six ions. For temperatures
less than 10 eV, the fine-structure excitations are the domi-®
nate DR channels. Calculations that neglect these channel:£
such as the earlier ones in LS coupling, will not predict the § 1o
low-temperature behavior correctly. Between 10 eV and 100%
eV, 2s—2p excitations take over and above 100 eV, 2
— 3¢’ excitations become the most important channels. Ing
Figs. 3—6, total DR rate coefficients for the ground state and
excited states are displayed. For electron temperatures les
than 10 eV, the rate coefficients for different initial states can
differ by as much as a few orders of magnitude. We also
notice that the LS coupling is not a good scheme in such
low-temperature regime even for lo&vions. The reason for 10‘131 - 1(')2 151 1'00 1'01 1'02 1'03
this is that the low-temperature DR rate coefficients are Electron temperature (eV)
dominated by the low-energyn=0 resonances. These reso-
nances could have very different resonance energies for dif- FIG. 9. Total DR rate coefficients foiP, state of " as func-
ferent fine-structure states or they may not even open fations of electron temperature. The solid curve is from this work and
some initial states. Therefore, accurate descriptions for thedbe dashed curve displays the results from Jaetksd. (Ref. [7]).
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TABLE I. Dielectronic recombination rate coefficient fit parameters. Numbers in square brackets indicate
power of ten.

Mg4+ Si6+ SS+ Fe’]_8+
i Ci E; Ci E; Ci E; Ci E;

1 7.42[-10]®  0.0°  1.93-8] 284-3] 1.13-6] 1.21-2] 5.65-6] 2.00-3]
2 1.2§-8] 5.37-3] 2.794-7] 254-2] 3.13-6] 8.17-2] 7.2§-6] 8573
3 6.14-8] 2.09-2] 1.99-6] 2.271-1] 6.74-5] 2971-1] 4.34-5] 5.93-2]
4 1.66—6] 1.44-1] 1.71-5] 1.09+0] 2.10-4] 1.10+0] 2.671-5] 2.44—1]
5 2.97-6] 2.6-1] 1.91-4] 5.70+0] 2.84—4] 2.83+0] 4.43-4] 1.33+0]
6 2.57-5] 2.09+0] 8.14-3] 3.59+1] 7.37-3] 3.74+1] 1.39-3] 5.19+0]
7 3.01-5] 5.09+0] 1.20-2] 6.00+1] 223-2] 7.6+1] 5.01-3] 2.2§+1]
8 6.14—-3] 3.24+1] 451-2] 159+2] 1.43-1] 2.29+2] 4.89-2] 9.24+1]
9 459-3]  4.76+1] 3.10-1] 3.67+2]
10 8.33—3] 1.04+2] 1.5+0] 7.84+2]

3n units of cn? st K15,
BIn units of eV.

cobsetal. [5-7]. For T<10 eV, the results from Jacobs <T<0.35 eV. For Six, the fit is better than 2.5% fof

et al. are a few orders of magnitude lower than the present=0.01 eV and within 7% for 0.0683T<0.01 eV. The fit-
values due to the neglect of the contributions from the fineting parameters for the MCDF values of Ke< from Ref.
structure excitations in their work. The comparison betweer10] are also listed in Table | for completeness.

theory and experiment for Bax has been discussed in Ref.

[10]. Our MCDF results have been found to agree with ex- V. SUMMARY

periment and with the MCBP predictions while the results

from earlier theoretical work8,9] have poor agreement with  We have calculated the total DR rate coefficients ¥8j,

experiment. 3P, 3Py, 1D,, and!s, states in Mgv, Sivii, Six, and Fe
XIX ions including contributions from £-2p, 2pq»
IV. RATE FORMULA FOR PLASMA MODELING —2p3p, 2¢—3¢’, and Is—2p excitations. As in the case of

_ _ o B-like ions[22], we find that accurate resonance energies for
We have fitted our theoretical total DR rate coefficints for An=0 DR are critical to obtain reliable DR rate coefficients.

ground state using the formufa3] We also find that the fine-structure excitation channels are
very important in predicting the behavior of the low-
apr(T)=T 32> ce E/KT, (7)  temperature DR rate coefficients for all ions covered in this
i study.

wherec; and E; are the strength parameter and the energy
parameter, respectively, for thi¢h fitting function compo-
nent. The best fit values are listed in Table I. For Mghe This work was performed under the auspices of the U.S.
fit is good to better than 1% for=0.03 eV. For 0.004T Department of Energy by the University of California
<0.03 eV, the fit is better than 4%. For 8il, the fit is Lawrence Livermore National Laboratory under Contract
within 3% for T<0.35 eV and is better than 5% for 0.01 No. W-7405-ENG-48.
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