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Relativistic close-coupling calculations for photoionization and recombination of Ne-like Fgvii
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Relativistic and channel coupling effects in photoionization and unified electronic recombinationxwaf Fe
are demonstrated with an extensive 60-level close-coupling calculation using the BreiRaatiix method.
A multiconfiguration eigenfunction expansion up to tire 3 levels of the core ion FPeviil is employed with
five spectroscopic configurations2p®,2s2p®,2s?2p* 3s,3p,3d, and a number of correlation configura-
tions. The unifiece+ion recombination calculations fert Fexvii —Fexvi include both the nonresonant and
resonant recombinatioffradiative” and “dielectronic recombination”—RR and DR Photoionization ane
+ion recombination calculations are carried out for the total and the level-specific cross sections, including the
ground and several hundred excited bound levels ofviie(up to fine-structure levels witih=10). The
low-energy and the high-energy cross sections are compared(fy@arthree-level calculation including only
the 25%p° (P9, and 22p° (°Sy,) levels of Fexviii, and(ii) the first 60-level calculation withn>0
coupled channels. Strong channel coupling effects are demonstrated throughout the energy ranges considered,
in particular via giant photoexcitation-of-cof®EQ resonances due tb-M shell dipole transition arrays
2p®—2p*3s,3d in Fexi that enhance effective cross sections by orders of magnitude. Comparison is made
with previous theoretical and experimental works on photoionization and recombination that considered the
relatively small low-energy regiofi), and the weakeAn=0 couplings. While the simpler three-level results
describe the near-threshold photoionization and recombination, they are inadequate for practical applications
that also require the higher-energy cross sections for modeling ionization balance\of Felaboratory and
astrophysical plasmas. The present 60-level results should provide reasonably complete and accurate datasets
for both photoionization and+ion recombination of F&vii .
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[. INTRODUCTION Although the near-threshold behavior of photoionization and
] ) ) recombination cross sectiorfPradhanet al. [8]) is physi-
Laboratory, astrophysical, and theoretical studies oty interesting, it is inadequate for practical applications

Fexvil are of considerable interest as it is a prime constituyy -+ require the cross sections to be calculated up to high

ent in high-temperature plasmas responsible for strong x-ra . . . o
emission[1—3]. A number of atomic processes need to IOegnerg|es typical of the variety of conditions whédreshell

considered in detail, primarily electron-impact excitation, ONS &ré abundant. Purely photoionized plasmas, such as in H
photoionizatione+ion recombination, and radiative transi- !! '€9ions, planetary nebulas, novas, etc., are typically low
tions. Large-scale atomic calculations are in progress for afémperature, while the coronal plasmas cover a much wider
of these processes in Keil under the Iron Project and re- fange[9]. For example, the temperature of maximum abun-
lated works[4—6], in extended energy ranges suitable fordance of Fevi in the coronal ionization equilibrium is
practical applications. While electron-impact excitation is anabout 4<10° K [10]. Furthermore, in astrophysical objects
independent part of this effort, in this work we describesuch as the warm absorber ionized gas thought to surround
photoionization and thee+ion recombination of Favii.  the central black hole in active galactic nuclei, the plasma is
The coupled channel approximation, including relativistic ef-most likely to be of a composite nature since most ionization
fects for many channel systems, can be very involved owingtates of several elements are obseried.,[1]). High ac-
to many infinite series of resonance structures converging osuracy throughout the energy range of practical importance
to the various excited levels of the core ion. Whereas thés therefore essential.
relativistic and coupling effects have been studied previ- As the e+ion recombination is unified in nature, it is
ously, all such theoretical and experimental studies Ofheoretically desirable to consider the nonresonant and reso-
Fexvii_photoionization(e.g., Haqueet al. [7] and Mohan  pant processeRadiative recombinatiofRR) and dielectric
et al.[3]) have been limited to the ground state and the relazecompination(DR)] together. A unified theoretical formula-
tively small energy range spanned by core excitations withifo, has peen developdd1,13, including relativistic fine
the n=2 complex of the residual ion Bevii comprised of g4\ ctyre[14], and used to compute cross sections and rates
three fine-structure levels up to about 132 eV, i.e., for many atomic systems, such as tHeshell systems C
hy+Fexvi (25?2p®1Sy) IV-C V and Fexxiv —Fexxv of interest in x-ray spectros-
copy [15,16. The unified results may be directly compared
—etFexvil (2s°2p°?P3;,1,),252p°(*Sy).  (L.1)  with experimental results, without the need to separate RR
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TABLE |. Fine-structure energy levels for the 60CC eigenfunction expansion of the target iomiFeompared to the NIST22]. The
level energies are in rydbergs.

i Configuration Term 2 E(Present E (NIST) i Configuration Term 2 E(Present E (NIST)
1 2s22p° 2p 3 0.00000 0. 31 &2p*3d ‘D 5 62.299
2 2p 1 0.94212 0.93477 32 4D 7 62.311
3 2s2p® ’s 1 9.80691 9.70228 33 ‘D 1 62.429 62.906
4 2s%2p*3s 4p 5 56.991 56.690 34 4D 3 62.341 63.050
5 ’p 3 57.239 56.936 35  £2p*3p ’p 3 62.461
6 4p 1 57.671 57.502 36  2p*ad M= 9 62.535
7 4p 3 57.836 57.572 37 ’F 7 62.629
8 ’p 1 58.068 57.798 38  £2p*3p 2p 1 62.686
9 D 5 58.609 58.000 39  #2p*ad 4p 1 62.767 62.496
10 D 3 58.642 58.355 40 ‘p 3 62.905 62.625
11 2s%2p*3p 4p 3 59.209 41 iF 5 62.985
12 4p 5 59.238 42 2p 1 63.123
13 4p 1 59.478 43 4F 3 63.156
14 ‘D 7 59.525 44 ’F 5 63.177 62.698
15 D 5 59.542 45 M= 7 63.271
16 25?2p*3s 2s 1 59.947 59.916 46 ’D 3 63.302
17 2s%2p*3p ’p 1 59.982 47 4p 5 63.451 62.911
18 ‘D 3 60.005 48 ’p 3 63.574 63.308
19 ‘D 1 60.012 49 ’D 5 63.672 63.390
20 D 3 60.147 50 °G 7 63.945
21 ‘D 5 60.281 51 °G 9 63.981
22 ’p 3 60.320 52 ’s 1 64.198 63.919
23 s 1 60.465 53 ’F 5 64.200
24 ‘s 3 60.510 54 ’F 7 64.301
25 2F 5 60.851 55 ’p 3 64.432 64.138
26 2F 7 61.028 56 ’D 5 64.488 64.160
27 D 3 61.165 57 ’D 3 64.703 64.391
28 D 5 61.272 58 2p 1 64.767 64.464
29 2p 3 61.761 59 ’D 5 65.481 65.305
30 ’p 1 61.899 60 ’D 3 65.669 65.468

and DR. In this paper we present details of the low-energy
results for Fecvii and show that not only are the unified W(E)=A, xifi+ 2>, ¢;®;, 2.1
cross sections and rates in good agreement with experiment, ' !

but they also illustrate how the unified calculations avoid thg, o represents anN+ 1)-electron bound or continuum
basic inconsistency and incompleteness of photoionizatio(%

d bination data for th deli f laborat tate, depending oB<<0 or E>0, expressed in terms of the
and recombination data for thé modeling ot faboratory ant_g|ectron residual core-ion eigenfunctions. Theis the
astrophysical plasma sources.

s, _ function i > - o
The present paper describes in detail the three-level an{tgarget wave function in a specific sted.;m; or J;;, and

. . . . . . is the wave function for theN+ 1)th electron in a chan-
the 60-level close-coupling calculations, with a discussion onel labeled as,L(J;) -k-2I-(SL or Jr) K2 beind its inci-
the relativistic and coupling effects and comparison with ear—d nt kinetic en rl ! fr' 'r' th ™ o 7ITt| rllf N t? ns of th
lier three-level theoretical and experimental data for photo- N etic energyd;’s are the correlation functions of the

ionization and recombination. While photoionization and re-(.l\hL 1)-electron system that account for short-range correla-

combination are usually considered separately, we exempli:‘%on %nd l;h[el orflt}:)gona![lt.y bet}[/;/]eenl;hf cont&n&:umlatrjd the
and emphasize the underlying physical unity, via detaile ound oroitais. -matrix method 17,18, and its relativ-

balance, between the two processes as naturally treated in fpdic Brelt-_Paull e>§ten5|or[19], e_nables a solution for .the
close-coupling method. total ¥, with a suitable expansion over thg. The Breit-

Pauli R-matrix (BPRM) method has been extensively em-
ployed for electron-impact excitation under the Iron Project
[4,20]. The extension of the BPRM formulation to unified

Photoionization ance+ion recombination may both be electronic recombination[13,16 and theoretically self-
considered usingdentical coupled channel wave-function consistent calculations of photoionization and recombination
expansion, is sketched below.

Il. THEORY
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TABLE Il. Comparison of the present dipole oscillator strengths a? g (e+1 )2

(the gf values for fine-structure transitions in Bevii with the ORrel€)=— — op (2.9

compiled NIST[23] data. See Table I for the level index. 49 €
i i NIST Present

in Rydberg units;a is the fine-structure constang, is the

1 3 0.242 0.222 photoelectron energy, ards the ionization potential.
1 4 0.021 0.018 Resonant and nonresonant electronic recombination takes
1 6 0.015 0.012 place into an infinite number of bound levels of the ion
1 8 0.104 0.079 system. These are divided into two grougal the lown
1 9 0.242 0.191 (n=<n,~10) levels, considered via detailed close-coupling
1 16 0.019 0.014 calculations for photorecombination, with highly resolved
1 43 0.096 0.085 delineation of autoionizing resonances, i the highn
1 52 0.975 0.879 (n,=<n=c) recombining levels via DR, neglecting the back-
1 55 2.300 2.344 ground. In previous workée.g.,[13]) it has been shown that
1 57 0.516 0.511 in the energy region corresponding (), below threshold
1 59 0.193 0.190 for DR, the nonresonant contribution is negligible. The DR
1 60 0.011 0.008 cross sections converge on to the electron-impact excitation
2 3 0.107 0.100 cross section at thresholah-- ), as required by unitarity,
2 8 0.116 0.095 i.e., conservation of photon and electron fluxes. This theoret-
2 10 0.196 0.167 ical limit is an important check on the calculations, and en-
2 16 0.079 0.055 ables a determination of field ionization of Rydberg levels of
2 52 0.169 0.159 resonances contributing to DR.
2 55 0.399 0.373 Theab initio method outlined above is a theoretically and
2 57 1.855 1.579 computationally unified treatment based on the close-
2 60 1.794 1.831 coupling approximation. Recombination involves an infinite

number of recombined bound states, and several infinite se-
ries of resonances. In principle, the unified method may be

. : : used for photoionization and/or photorecombination of arbi-
The recombination of an incoming electron to the targettrarily higﬁw nl.J levels. Howevgr in practice approxima-

ion may occur through nonresonant, background continuumd b de f ficientlv hiah ; b
usually referred to as radiative recombinati®R), ons may be made Tor sufliciently igh quantum numbers.
Background recombination is negligible, and DR dominates,
usually for n,,=10. Similarly, backgroundnonresonant
- N cross sections may be accurately obtained using hydrogenic
et X —hy+X7, (2.2 approximation fon,| levels withn>10. But there is nothing
particular about,,,,= 10, and any larger or lower value may
which is the inverse process of direct photoionization, orbe used provided the approximations are verifiably valid, as
through the two-step recombination process via autoionizindpas been shown in our previous works and is done in the
resonances, i.e., dielectronic recombinatibir), present calculations. For example,n=(18-22)
+resonances in the present work are fully delineated using
group (a) photorecombination calculations, and not DR.
e+ X2+ Thus the use of these approximations does not result in any
(2.3 significant error, or loss of generality, and does not detract
from the main part of the calculations that are a unified rep-
resentation of the nonresonant and resonant recombination
where the incident electron is in a quasibound doubly excitedRR and DR, including any interference effects between the
state which leads either @) autoionization, a radiationless two. The present DR calculations use an extension of the
transition to a lower state of the ion and the free electron, oprecise theory by Bell and Seatfh?], based on multichan-
to (ii) radiative stabilization predominantly via decay of the nel quantum defect theory, that is very accurate for high
ion core, usually to the ground state, and the bound electroricorrespondence between photorecombination and DR is es-
In the unified treatment the photoionization cross sectionsablished in our previous work13]). Finally, all close-
op of a large number of lowr bound states—all possible coupling scattering and photoionization calculations employ
states withn<n,,,~ 10—are obtained in the close coupling a “top-up” procedure for high partial waves, and approxima-
(CC) approximation as in the Opacity Projd&]. Coupled tions for highn resonances below Rydberg series limits as
channel calculations farp, include both the background and n—oe (e.g., “Galilitis averaging’). Such procedures are rou-
the resonance structurédue to the doubly excited autoion- tinely implemented in large-scale calculations in the Opacity
izing statey in the cross sections. The recombination crossProject ([5] and references thergirand the Iron Project
sectionogc is related toop, through detailed balandMilne R-matrix calculations([6]) that the unified method foe
relation as +ion recombination is based upon.

VRS )%
e+ X=X - hv+X*,
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IIl. COMPUTATIONS allowed %-3p core excitations are likely to be of impor-
dance, and not the23s or 2s-3d).

For the three-level case, since we calculate both photoion-
ization and photorecombination cross sections, we include
many LS7 symmetries to obtain 15 totalm symmetries.
Specifically these ar@=0—7 for the even parity and=0
—6 for the odd parity, and theSw symmetries used ate
) . X =0-28 for both singlets and triplets in both parities. For the
the 60 cores-level wave fu6r1ct|ons, andrrelationconfigura- - gg_jevel case, presently we only calculate photoionization
tions, 252p°3s,3p,3d;2p”3s,3p,3d. Calculated Favil o5 section for the ground level and some selected excited
eigenenergies are compared with experimental data from thg,g|s. Therefore, we only includé=0 for the even (6)

National Institute for Standards and TechnoldyST [22]).  andJ=1 for the odd parity (2) at this moment. All thé S
The accuracy of the eigenfunctions is also ascertained byymmetries that contribute to these tw&a’s are included.
comparing the Fevii oscillator strengths for dipole transi- Of course, for obtaining photorecombination cross sections

tions with available data from NIS[23] in Table Il. Photo- e need to include an marlr symmetries as in the three-
ionization and recombination calculations both employ theevel case.

Fexviil eigenfunctions with the same CI. We carry out two
sets of calculations(i) a three-level calculation including
only then=2 levels, andii) the 60-level eigenfunction ex-
pansion including most of the=3 complex. The inner The following sections present a sample of the extensive
2s-shell excitations are not considered owing to computa+esults from the two sets of calculations for photoionization
tional constraints and possibly weaker couplingsly the  and e+ion recombination. The three-level calculations are

The complete wave-function expansion entails the 6
fine-structure levels of Pevill given in Table |. These are
obtained from an optimized configuration-interactidi@!)
type calculation using the cod®PERSTRUCTURE?21]. The
configuration set is divided into the fiv@ectroscopicon-
figurations 222p°,2s2p®,2s?2p*3s,3p,3d that dominate

IV. RESULTS AND DISCUSSION
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compared with earlier theoretical and experimental workscomplex is rather simple in terms of structure and coupling
The present close-coupling calculations for the three-leveéffects. Figure (b) shows an expanded view of this region
e_md the 60-level cases are labeled 3CC and 60CC, respegith series of resonance$2p5(2 2/2)n| and the stronger
tively. series, connected to the ground level via a dipole core tran-
sition, 2s2p8(?S,,,)nl. Figure 2 shows a comparison be-
A. Photoionization tween the 60CC and the 3CC calculations, with similar reso-

Figure 1a) presents the BPRM photoionization cross Sec_Iutlon, indicating that below the=2 thresholds there is no

tion for the ground level 82p8('S,) of Fexvi from the significant difference between the two.
60CC calculation(solid line), showing the series of reso-
nances converging on to time=2 thresholds 822p°(*PY,,),
2s2p®(?S,),), and then=3 thresholds. For comparison, the ~ The situation is considerably more complicated above the
nonresonant cross sections from a relativistic distorted wav8=2 complex. Although the ground-level photoionization
(RDW) calculation(e.g.,[24]) are also showridashed ling cross section of Fevil is not hugely affected by the=3

The resonance pattern, and the background cross sectiomgmplexes of resonancéBig. 1(a)], the excited level cross

are essentially similar to the three-level calculation§3iY] sections are, as seen in Fig$a)3-3(c). This is of consider-

in the relativistic random-phase approximati®@RPA), with  able importance ir+ion recombination work where photo-
resonances included using multichannel quantum defececombination to grouga) levels is considered explicitly.
theory (MQDT), and theLS and Breit-PauliJK-coupled The dense and detailed resonance structures converging on to
R-matrix calculations also reported by Haqetal. [7]. the 57n=3 levels, and in between, would enhance the ef-
While there are no significant differences in magnitude orfective photoionization and recombination cross sections and
detail with the earlier calculations, it might be noted that therates far above the background. It might be noted that the
near-threshold region spanning the three levels ofrthe resonances in cross sections below the2, in the energy

1. Channel coupling effects
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range covered by the three-level calculations shown in Figghe approximations described[ii]. In fact the atomic struc-

1 and 2, are much smaller than in the 60CC cross sectionture of open-shell Fe ions isoelectronic with the third row of
This implies, in particular, that resonant recombination intothe Periodic Table present considerable difficulties owing to
then=3 series of resonances converging on to a large numstrong coupling effects up to several hundred fine-structure
ber of excited states will be important fer-ion recombina-  |evels. Such is the case in a number of scattering calculations

tion, discussed in Sec. IVA2. ~carried out under the Iron Project for open-shell Fe ions with
As the above results show, the three-level calculations ixtensive resonance structufé€s.

the present and earlier works.g.,[7,3]) are inadequate for
the entire energy range of interest in practical applications o
for photoionization and recombination. Also, a three-level 2. Photoexcitation-of-core (PEC) resonances

calculation gives little indication of the complexity of the ) )
cross sections, particularly for the excited states, since it coy- Clant resonances manifest themselves at photon frequen-

ers onlyAn=0 core excitations and couplings that are re-Cies associated With strong dipole transitions in the core i.on.
sponsible for resonances. Th@>0 couplings can be much These are a particularly important example of the coupling
stronger and give rise to more extensive resonances as in Figffects and are called photoexcitation-of-cdREQ reso-

3. It is clear that although Bevil is a highly charged ion the Nances(e.g.,[26,27)). The PEC resonances have the follow-
electron correlation effects are not weak in excited-staténg properties:(i) they are at the photon frequency of the
photoionization, or in the near-threshold region. Finally,dipole transition in the corelji) they are present in photo-
Fexvil is a closed-shell system where simpler approximadonization cross sections of the entire Rydberg series of
tions (e.g., Haqueet al. [7]) can be readily applied without bound levels of thee+ion system,(iii) their width and
explicit consideration of detailed multiplet and fine structureheight are orders of magnitude larger than individual Ryd-
that is more involved in open-shell systems. Thus photoionberg resonances, aifig) they are related to the inverse reso-
ization of other highly charged ions may not be amenable teant recombination process Di@iscussed in Sec. IV A)3
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The PEC features are most evident in photoionization cross 3. Radiation damping of autoionizing resonances

sections, as a function of photon energy, of several members Radiation damping of resonances has been addressed in

of a Rydberg series of bound levels where, in analogy wit : : . ;
the DR process, the outer electron is weakly bound and m;}nany previous works. It was pointed out in REZ5] that it

e consdred 3 spcitr meracing utwesky v he 2 08 PcIER oorrie ot o ke )
core excitatiols). Figure 4 shows the large PEC feature in ’ SN .
the 60CC photoionization cross sections of the serie§)f gr_]i sarrl? order as the au_t0|(_)n|zat|on rates, typically
2p°np3P,,n=3—10 levels of Fevil . The PEC resonances 10t sec -, but not for other ionic systems. kgl was

in Fig. 4 are associated with not just one dipole transition€xPlicitly mentioned in25] as the next possible candidate

but several transitions belonging to the transition arraydother than H-like and He-like iopgor an investigation of
2p5—2p*3s,3d at about 63 Ry corresponding to all such the radiation damping effecti® toto. We discuss here the
levels included in the 60CC expansion of the core-ionfadiation damping involving the resonances associated with
Fexviil [Eq.(1.1) and Table J]. The PEC resonances rise an then=2 levels in the context of low-energy recombination,
order of magnitude above the background, and are muc@nd leave the discussion on the=3 resonances in future
wider than all other resonances. The different threshold ionwhen the much more extensive photorecombination calcula-
ization energies in Fig. 4 approach 0 ras-. tions with the 60CC target are presented. It might be noted,
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however, that although the radiative decay rates of rthe other ionic system up to the iron-peak elements will be im-

=3 levels are higher, they also have additional autoionizaportant, since the dipole transition probabilities of resonance

tion modes of decay into excitet=2 levels. transitions in all ions up to Fe ions are less than or equal to
The associated core transition rates inx¥e for  those in Feviil, of the order of 18 sec !, with the already

2s'2p8(%S,,) to 2s%2p5(?PY,) and x?2p%(?P%,) are noted exception of H-like and He-like iof&5].

9.13x10'° and 3.3 10 sec?, respectively. Figure 5

shows an enhanced view of the radiatively dam(®d) and

undampedNRD) resonances in photoionization of Fel B. Electron-ion recombination

up to resonances complexes witfr 16. The PR calculations Salient features of the+ Fexvil —Fexvil recombina-

in the unified formulation generally employ cross sections LIF{ion are described within the unified formulation, and with

to n=10 only. No significant effect is discernible between . : :
. L - reference to experimental data from the ion storage ring at
Figs. 5a) and 3b), and it is concluded that radiation damp- Heidelberg, Germanf28].

ing of resonances im complexes up t;=10 [e.g., group
(@] is not likely to affect any practical applications of the

computed photoionization and recombination cross sections. 1. Comparison with experiment
That is not to say that resonances with sufficiently mgind
I will not be damped significantlyor completely; since the Both the unified cross sections and experimental measure-

autoionization rates decrease s, they must. However, ments naturally measure the combined nonresonant and reso-
such resonances are extremely nartoat, for example, evi- nant(RR and DR contributions tce+ ion recombination and
dent in Fig. 5, and do not affect effective photoionization or should in principle be compared directly. Figure 6 from Ref.
recombination cross sections. Therefore it is unlikely tha{8] shows a comparison of the present unified cross sections
radiation damping of groua) resonancesan integral part as computed in detail, and averaged over a Gaussian function
of the unified e+ion recombination calculationsin any  for comparison with experiment, together with the experi-
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mental cross sectiori8]. The agreement is generally very tion[28]. The blended resonance features in the experimental
good over the entire range, and in both the detail and thelata are fitted to a beam response function to eliminate the
magnitude of resonances. This includes the dominant DRackground, and their energies are determined approximately
contribution below the’S, , threshold connected via a dipole according ton and!, using nonrelativisti¢-dependent quan-
transition; in this range the background nonresonant contritym defects in the Rydberg formula. Howeweis not a good
bution (RR) is small. On the other hand, the weaker series Obuantum number and the numberlofesonances within an
resonances’Py;nl lie in the near-threshold region domi- 1_complex is not exactly known. The theoretical resonances
nated by the nonresonant contribution that rises steeply &g, the other hand are uniquely identified with the intermedi-

E—0, and is therefore not a major contributor to the ; ; ; ;
S S . . ate coupling spectroscopic designati@L(J;)nlJw. There-
+ion recombination ratédiscussed belowThus the unified () .o 2 1.1 correspondence between thelexperimental mea-

theoretica(@nd experimentafesults shown in Fig. 6 display surements and relativistic cross sections cannot be

the three related, but discernible_, types of contrib_utions Qstablished. Further, since the background contribution, al-
total e+ Fexvill —Fexvil recombination cross section: the though dominant at low energies &0 (Fig. 6), is not

?Y; r{‘f"pp:{‘g n?t? rEISD%naTRR) _contrlbduf[ﬁn ant_j TheD[F)aR cotn_- considered, a direct comparison with the unified cross sec-
ribution from the =, Nl series, and the mainly contr- tions and the experimental d&t28] is not possible.

bution from the?S,;nl series. Nonetheless, fon-complexes where the background con-
tribution is small compared to the resonant part, we may
2. Resonance strengths and rate coefficients compare the average “resonance strengtf&g], although
these are not exactly definésee[29] for a definition of the
The experimental data in Fig. 6 do not precisely delineat#esonance oscillator strength in terms of the integrated
or identify the resonances, and the background contributiod f/de, the differential oscillator strength per unit energy
(RR-type is not ascertained from the measurements, possiFigures Th)—7(d) show a detailed view at high resolution of
bly owing to a contribution from charge transfer recombina-the first three?S,; ,nI[J] complexes, witm=6,7,8. In order
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FIG. 7. Resolved resonance complex&g.(J;nlJ) in the uni- FIG. 8. Unified recombination rate coefficiemk(T) (solid line)

fied recombination cross sectiong@) 2P9,nl, (b) 2861, (©)  with o including only then=2 resonanceas in the experimen-
251/27_', (d)?Sy,81. The lowest resonance group in the=6 com-  tal data[28]), and the sum of the experimental DR rate coefficient
plex lies below the?P{, threshold among high- 2P$,nl reso-  + nonresonant backgroun®R-type contribution extracted from

nances and is not shown. The complexity of resonance structures ifie present calculationiglashed ling The maximum difference is
barely apparent fronga), and even less so from the experimental ~20%.

data in Fig. 6(lowest panel 2985 resonances have been resolved in
the 0-5-eV range shown i@).

the large number of high- near-degenerate resonances

to ensure complete resolution of resonances an energy meéh 2n°) converging on to the various series limits. The set of
of up to 10 7 eV was used before numerical integration. The(Eo,I'a,I';) for all these resonances have been computed.
integrated, and summed, resonance strengths for nthe The integrated resonance strengths forrtkel8, 19, and 20
=6,7,8 complexes are 1201.2, 421.8, and 221.1%ely  complexes are 2290.9, 521.6, 290.1%@W, compared to ex-
compared to experimental values of 1240.2, 412.0, and 253 8erimental value$28] of 2452.8, 605.7, and 336.5, respec-
[28]. The present value fon=7 complex is higher than tively. Again, we find the integrated values to be up to about
reported in Ref[8] as it is recalculated with higher resolu- 10% lower than measured, although here the uncertainties
tion. The value for then=8 complex has been comple- are greater than for the lower-?S,,nl resonances in Figs.
mented by the contributions frod>7 symmetries,Jm 7(b)-7(d), since they may not have been completely resolved
=8° and &; without which the value is 200.5 ¢neV. Al-  and because the integration energy ranges are very closely
though the theoretical resonance strengths were checked $paced. Also, the precise range of angular momdn® (n
have converged with respect to the energy mesh, they seethe ion storage rings is not knoW@8] andJ<7 may not be
to be somewhat systematically lower than the reported exquite sufficient for better agreement. A detailed comparison
perimental datéthe theoretical MCBP and the MCDF values of resonances beyond this level is neither feasible nor neces-
in [28] also showed the same trend sary at this time. Although not all resonances are experimen-
Figure a) is rather different in that it shows the much tally identified, the theoretical cross sections, resonance
narrowerP$,nl resonances with high=18—22. While it ~ strengths, and ratdsee below can be compared, as shown,
is not apparent from the figure, nor from the experimentalo within experimental and theoretical uncertainties.
data in Fig. 6(bottom most panglthere are 2985 resonances  Finally we evaluate quantities of practical interest, the
found in the small 0-5-eV range just above the ionizationMaxwellian-averaged unified+ ion recombination rate co-
threshold of Fexvii. The number of resonances reflectsefficientsag(T) shown in Fig. 8. These are compared with
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TABLE IIl. Comparison of the present energies and the NIST C. Bound states and transition probabilities of Fexvi
values(Ry) for selected fine-structure levels of Feai .

In addition to photoionization and recombination the

Level Present NIST . .

BPRM calculations also enable unprecedented quantities of
25°2p® ' 0.0000 0.0000 accurate bound-state and transition probability datasets in in-
2s°2p°3p °Py 56.6532 56.5155 termediate couplinge.g.,[30]). The accuracy of these results
25°2p°3p 'S 58.0986 57.8897 is comparable to the most elaborate configuration-interaction
25°2p°3s'P} 53.5708 53.4300 atomic structure calculations since the wave function in Eq.
2s%2p°3s°PY 54.4475 54.3139 (2.1) entails a large configuration expansion, with each chan-
2s°2p°3d °PY 59.1231 58.9810 nel as a bound configuration of tiee-ion system forE<0
2s%2p°3d °D? 59.8763 59.7080 and symmetryd . These calculations are in progress for all
2s°2p°3d 'P} 60.8849 60.6000 fine-structure levels of Fevii up to n=10, and associated
2s2p®3p 1Py 65.7990 65.6010 E1 A andf values. Table Il provides a brief sample of the
252p®3p 3PY 66.1216 65.9230 bound-level energies computed for some of the levels of in-
2s%2p°4s P 72.0294 71.8600 terest in this work. Together with the electron-impact excita-
25%2p%4s 3P 72.9394 72.7400 tion collision strengths for Fevii in progress[31], these
2s22p°4d 3P? 74.1757 73.9400 results should help complete the radiative and collisional
2522p®4d °D9 74.4979 74.3000 data for Fexvii needed for most plasma modeling applica-
2s%2p%4d P 75.3539 75.1700 tions.

V. CONCLUSION

the sum of the available experimental DR rate coefficients

[28], and the background RR-type contribution extracted The most extensive relativistic close-coupling calcula-
from the present theoretical cross sections. The agreementggns for photoionization and recombination of an atomic
of the order of 20%, the estimated uncertainty in both thespecies are reported for the astrophysically important ion
experimental and theoretical datasets. However, we belieVegxy . Based on this work we may note the following con-
that the agreement could be slightly better since the theoregysions: (i) self-consistent datasets may be obtained for
ical results might be somewhat enhanced if the Sewsym-  photoionization and recombination within the close-coupling
metries withJ>7, for resonances with<10, are also in-  formulation,(ii) the coupling to thex=3 thresholds strongly
cluded. These were omitted to reduce the complexity ofmanifests itself in excited-state photoionization; resonances
calculationgexcept to gauge their effect on the completenesgnhance the effective cross sections by orders of magnitude
of then=8 complex mentioned aboyeand since their reso- particularly below thresholds coupled via dipole
nant contribution is small. photoexcitation-of-core levelsjii) unified e+ion recombi-
nation cross sections are in good agreement with experimen-
tal data in terms of both detailed resonance strengths and
rates; the resonances have been delineated at very high reso-
lution with considerably more structure than experimentally
observed(in principle all quantum-mechanically allowed
Thus far only the low-energdn=0 resonances due to resonances in intermediate coupling may be obtajred it
then=2 levels of Fexvii have been considered. However, is necessary to consider the highe+3 levels in high-
as demonstrated in this work, the high-energy recombinatioenergy recombination that would dominate the DR part of
cross sections due to the=3 levels are much larger and the e+Fexvil —Fexvil recombination at temperatures
will be more important at high temperatures close to theclose to maximum abundance of ¥ei in coronal (colli-
temperature of maximum abundance ofidve in collisional ~ Siona) equilibrium, and(v) it is necessary to account for not
equilibrium, aroundr = 4—5x 10 K. This would especially ~Only relativistic fine structure but also the strong coupling
be the case owing to the huge PEC resonances shown in FigMmong those levels in order to accurately reproduce the re-
4 that in fact correspond to the peak values of DR due toults for photoionization and recombination over the entire

resonances converging on to the series limits of strong dipol[earlge of practical interest.
An=1 transitions. Therefore, in addition to the DR bump
corresponding to them=2 resonances in the totalg(T)
shown in Fig. 8, we expect a much larger bump at higher
temperatures from the=3 resonances. However, the 60CC  Wwe would like to thank Dr. Werner Eissner for several
calculations are orders of magnitude more expensive iontributions and Mr. Guoxin Chen for assistance with the
terms of computational and other resources and, althougtalculations. This work was supported in part by the NSF
they are in progress, would require a considerable amount aind NASA. The computational work was carried out at the
time to be completed. Ohio Supercomputer Center in Columbus, Ohio.

3. An=1 resonances and high-energy recombination
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