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Relativistic close-coupling calculations for photoionization and recombination of Ne-like FeXVII
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Relativistic and channel coupling effects in photoionization and unified electronic recombination of FeXVII

are demonstrated with an extensive 60-level close-coupling calculation using the Breit-PauliR-matrix method.
A multiconfiguration eigenfunction expansion up to then53 levels of the core ion FeXVIII is employed with
five spectroscopic configurations 2s22p5,2s2p6,2s22p4 3s,3p,3d, and a number of correlation configura-
tions. The unifiede1 ion recombination calculations fore1FeXVIII →FeXVII include both the nonresonant and
resonant recombination~‘‘radiative’’ and ‘‘dielectronic recombination’’—RR and DR!. Photoionization ande
1 ion recombination calculations are carried out for the total and the level-specific cross sections, including the
ground and several hundred excited bound levels of FeXVII ~up to fine-structure levels withn510). The
low-energy and the high-energy cross sections are compared from~i! a three-level calculation including only
the 2s2p5 (2P1/2,3/2

o ) and 2s2p6 (2S1/2) levels of FeXVIII , and ~ii ! the first 60-level calculation withDn.0
coupled channels. Strong channel coupling effects are demonstrated throughout the energy ranges considered,
in particular via giant photoexcitation-of-core~PEC! resonances due toL-M shell dipole transition arrays
2p5→2p4 3s,3d in FeXIII 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 region~i!, and the weakerDn50 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 FeXVII in laboratory and
astrophysical plasmas. The present 60-level results should provide reasonably complete and accurate datasets
for both photoionization ande1 ion recombination of FeXVII .

DOI: 10.1103/PhysRevA.64.032719 PACS number~s!: 34.80.Kw, 32.80.Dz, 32.80.Fb
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I. INTRODUCTION

Laboratory, astrophysical, and theoretical studies
FeXVII are of considerable interest as it is a prime const
ent in high-temperature plasmas responsible for strong x
emission@1–3#. A number of atomic processes need to
considered in detail, primarily electron-impact excitatio
photoionization,e1 ion recombination, and radiative trans
tions. Large-scale atomic calculations are in progress for
of these processes in FeXVII under the Iron Project and re
lated works@4–6#, in extended energy ranges suitable f
practical applications. While electron-impact excitation is
independent part of this effort, in this work we descri
photoionization and thee1 ion recombination of FeXVII .
The coupled channel approximation, including relativistic
fects for many channel systems, can be very involved ow
to many infinite series of resonance structures converging
to the various excited levels of the core ion. Whereas
relativistic and coupling effects have been studied pre
ously, all such theoretical and experimental studies
FeXVII photoionization~e.g., Haqueet al. @7# and Mohan
et al. @3#! have been limited to the ground state and the re
tively small energy range spanned by core excitations wit
the n52 complex of the residual ion FeXVIII comprised of
three fine-structure levels up to about 132 eV, i.e.,

hn1FeXVII ~2s22p6 1S0!

→e1FeXVIII ~2s22p5 2P3/2,1/2
o !,2s2p6~2S1/2!. ~1.1!
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Although the near-threshold behavior of photoionization a
recombination cross sections~Pradhanet al. @8#! is physi-
cally interesting, it is inadequate for practical applicatio
that require the cross sections to be calculated up to h
energies typical of the variety of conditions whereL-shell
ions are abundant. Purely photoionized plasmas, such as
II regions, planetary nebulas, novas, etc., are typically l
temperature, while the coronal plasmas cover a much w
range@9#. For example, the temperature of maximum abu
dance of FeXVII in the coronal ionization equilibrium is
about 43106 K @10#. Furthermore, in astrophysical objec
such as the warm absorber ionized gas thought to surro
the central black hole in active galactic nuclei, the plasma
most likely to be of a composite nature since most ionizat
states of several elements are observed~e.g., @1#!. High ac-
curacy throughout the energy range of practical importa
is therefore essential.

As the e1 ion recombination is unified in nature, it i
theoretically desirable to consider the nonresonant and r
nant processes@radiative recombination~RR! and dielectric
recombination~DR!# together. A unified theoretical formula
tion has been developed@11,13#, including relativistic fine
structure@14#, and used to compute cross sections and ra
for many atomic systems, such as theK-shell systems C
IV–C V and FeXXIV –FeXXV of interest in x-ray spectros
copy @15,16#. The unified results may be directly compare
with experimental results, without the need to separate
©2001 The American Physical Society19-1
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TABLE I. Fine-structure energy levels for the 60CC eigenfunction expansion of the target ion FeXVIII compared to the NIST@22#. The
level energies are in rydbergs.

i Configuration Term 2J E ~Present! E ~NIST! i Configuration Term 2J E ~Present! E ~NIST!

1 2s22p5 2P 3 0.00000 0. 31 2s22p43d 4D 5 62.299
2 2P 1 0.94212 0.93477 32 4D 7 62.311
3 2s2p6 2S 1 9.80691 9.70228 33 4D 1 62.429 62.906
4 2s22p43s 4P 5 56.991 56.690 34 4D 3 62.341 63.050
5 2P 3 57.239 56.936 35 2s22p43p 2P 3 62.461
6 4P 1 57.671 57.502 36 2s22p43d 4F 9 62.535
7 4P 3 57.836 57.572 37 2F 7 62.629
8 2P 1 58.068 57.798 38 2s22p43p 2P 1 62.686
9 2D 5 58.609 58.000 39 2s22p43d 4P 1 62.767 62.496

10 2D 3 58.642 58.355 40 4P 3 62.905 62.625
11 2s22p43p 4P 3 59.209 41 4F 5 62.985
12 4P 5 59.238 42 2P 1 63.123
13 4P 1 59.478 43 4F 3 63.156
14 4D 7 59.525 44 2F 5 63.177 62.698
15 2D 5 59.542 45 4F 7 63.271
16 2s22p43s 2S 1 59.947 59.916 46 2D 3 63.302
17 2s22p43p 2P 1 59.982 47 4P 5 63.451 62.911
18 4D 3 60.005 48 2P 3 63.574 63.308
19 4D 1 60.012 49 2D 5 63.672 63.390
20 2D 3 60.147 50 2G 7 63.945
21 4D 5 60.281 51 2G 9 63.981
22 2P 3 60.320 52 2S 1 64.198 63.919
23 2S 1 60.465 53 2F 5 64.200
24 4S 3 60.510 54 2F 7 64.301
25 2F 5 60.851 55 2P 3 64.432 64.138
26 2F 7 61.028 56 2D 5 64.488 64.160
27 2D 3 61.165 57 2D 3 64.703 64.391
28 2D 5 61.272 58 2P 1 64.767 64.464
29 2P 3 61.761 59 2D 5 65.481 65.305
30 2P 1 61.899 60 2D 3 65.669 65.468
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and DR. In this paper we present details of the low-ene
results for FeXVII and show that not only are the unifie
cross sections and rates in good agreement with experim
but they also illustrate how the unified calculations avoid
basic inconsistency and incompleteness of photoioniza
and recombination data for the modeling of laboratory a
astrophysical plasma sources.

The present paper describes in detail the three-level
the 60-level close-coupling calculations, with a discussion
the relativistic and coupling effects and comparison with e
lier three-level theoretical and experimental data for pho
ionization and recombination. While photoionization and
combination are usually considered separately, we exemp
and emphasize the underlying physical unity, via detai
balance, between the two processes as naturally treated i
close-coupling method.

II. THEORY

Photoionization ande1 ion recombination may both b
considered usingidentical coupled channel wave-functio
expansion,
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C~E!5A(
i

x iu i1(
j

cjF j , ~2.1!

whereC represents an (N11)-electron bound or continuum
state, depending onE,0 or E.0, expressed in terms of th
N-electron residual core-ion eigenfunctions. Thex i is the
target wave function in a specific stateSiLip i or Jip i , and
u i is the wave function for the (N11)th electron in a chan-
nel labeled asSiLi(Ji)p iki

2l i(SLp or Jp), ki
2 being its inci-

dent kinetic energy.F j ’s are the correlation functions of th
(N11)-electron system that account for short-range corre
tion and the orthogonality between the continuum and
bound orbitals. TheR-matrix method@17,18#, and its relativ-
istic Breit-Pauli extension@19#, enables a solution for the
total C, with a suitable expansion over thex i . The Breit-
Pauli R-matrix ~BPRM! method has been extensively em
ployed for electron-impact excitation under the Iron Proje
@4,20#. The extension of the BPRM formulation to unifie
electronic recombination@13,16# and theoretically self-
consistent calculations of photoionization and recombinat
is sketched below.
9-2
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RELATIVISTIC CLOSE-COUPLING CALCULATIONS . . . PHYSICAL REVIEW A 64 032719
The recombination of an incoming electron to the tar
ion may occur through nonresonant, background continu
usually referred to as radiative recombination~RR!,

e1X21→hn1X1, ~2.2!

which is the inverse process of direct photoionization,
through the two-step recombination process via autoioniz
resonances, i.e., dielectronic recombination~DR!,

e1X11→~X1!** →H e1X21

hn1X1,
~2.3!

where the incident electron is in a quasibound doubly exc
state which leads either to~i! autoionization, a radiationles
transition to a lower state of the ion and the free electron
to ~ii ! radiative stabilization predominantly via decay of t
ion core, usually to the ground state, and the bound elect

In the unified treatment the photoionization cross secti
sPI of a large number of low-n bound states—all possibl
states withn<nmax;10—are obtained in the close couplin
~CC! approximation as in the Opacity Project@5#. Coupled
channel calculations forsPI include both the background an
the resonance structures~due to the doubly excited autoion
izing states! in the cross sections. The recombination cro
sectionsRC is related tosPI through detailed balance~Milne
relation! as

TABLE II. Comparison of the present dipole oscillator strengt
~the g f values! for fine-structure transitions in FeXVIII with the
compiled NIST@23# data. See Table I for the level index.

i j NIST Present

1 3 0.242 0.222
1 4 0.021 0.018
1 6 0.015 0.012
1 8 0.104 0.079
1 9 0.242 0.191
1 16 0.019 0.014
1 43 0.096 0.085
1 52 0.975 0.879
1 55 2.300 2.344
1 57 0.516 0.511
1 59 0.193 0.190
1 60 0.011 0.008
2 3 0.107 0.100
2 8 0.116 0.095
2 10 0.196 0.167
2 16 0.079 0.055
2 52 0.169 0.159
2 55 0.399 0.373
2 57 1.855 1.579
2 60 1.794 1.831
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in Rydberg units;a is the fine-structure constant,e is the
photoelectron energy, andI is the ionization potential.

Resonant and nonresonant electronic recombination ta
place into an infinite number of bound levels of thee1 ion
system. These are divided into two groups:~a! the low-n
(n<no'10) levels, considered via detailed close-coupli
calculations for photorecombination, with highly resolve
delineation of autoionizing resonances, and~b! the high-n
(no<n<`) recombining levels via DR, neglecting the bac
ground. In previous works~e.g.,@13#! it has been shown tha
in the energy region corresponding to~b!, below threshold
for DR, the nonresonant contribution is negligible. The D
cross sections converge on to the electron-impact excita
cross section at threshold (n→`), as required by unitarity,
i.e., conservation of photon and electron fluxes. This theo
ical limit is an important check on the calculations, and e
ables a determination of field ionization of Rydberg levels
resonances contributing to DR.

Theab initio method outlined above is a theoretically an
computationally unified treatment based on the clo
coupling approximation. Recombination involves an infin
number of recombined bound states, and several infinite
ries of resonances. In principle, the unified method may
used for photoionization and/or photorecombination of ar
trarily high n,l ,J levels. However, in practice approxima
tions may be made for sufficiently high quantum numbe
Background recombination is negligible, and DR dominat
usually for nmax>10. Similarly, background~nonresonant!
cross sections may be accurately obtained using hydrog
approximation forn,l levels withn.10. But there is nothing
particular aboutnmax510, and any larger or lower value ma
be used provided the approximations are verifiably valid,
has been shown in our previous works and is done in
present calculations. For example, n5(18222)
1resonances in the present work are fully delineated us
group ~a! photorecombination calculations, and not D
Thus the use of these approximations does not result in
significant error, or loss of generality, and does not detr
from the main part of the calculations that are a unified r
resentation of the nonresonant and resonant recombina
~RR and DR!, including any interference effects between t
two. The present DR calculations use an extension of
precise theory by Bell and Seaton@12#, based on multichan-
nel quantum defect theory, that is very accurate for highn
~correspondence between photorecombination and DR is
tablished in our previous work@13#!. Finally, all close-
coupling scattering and photoionization calculations emp
a ‘‘top-up’’ procedure for high partial waves, and approxim
tions for high-n resonances below Rydberg series limits
n→` ~e.g., ‘‘Gailitis averaging’’!. Such procedures are rou
tinely implemented in large-scale calculations in the Opac
Project ~@5# and references therein! and the Iron Project
R-matrix calculations~@6#! that the unified method fore
1 ion recombination is based upon.
9-3
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FIG. 1. Photoionization cross section of th
FeXVII ground state 2s22p6(1S0): ~a! up to and
above the n53 thresholds of the core-ion
FeXVIII , 60-level close-coupling~60CC!; ~b! ex-
panded view up to the n52 thresholds
2s22p5(2P3/2,1/2

o ) and 2s2p6(2S1/2). The dashed
lines are results from the relativistic distorte
wave calculations@24#.
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III. COMPUTATIONS

The complete wave-function expansion entails the
fine-structure levels of FeXVIII given in Table I. These are
obtained from an optimized configuration-interaction-~CI!
type calculation using the codeSUPERSTRUCTURE@21#. The
configuration set is divided into the fivespectroscopiccon-
figurations 2s22p5,2s2p6,2s22p4 3s,3p,3d that dominate
the 60 core-level wave functions, andcorrelation configura-
tions, 2s2p5 3s,3p,3d;2p6 3s,3p,3d. Calculated FeXVIII

eigenenergies are compared with experimental data from
National Institute for Standards and Technology~NIST @22#!.
The accuracy of the eigenfunctions is also ascertained
comparing the FeXVIII oscillator strengths for dipole trans
tions with available data from NIST@23# in Table II. Photo-
ionization and recombination calculations both employ
FeXVIII eigenfunctions with the same CI. We carry out tw
sets of calculations,~i! a three-level calculation including
only then52 levels, and~ii ! the 60-level eigenfunction ex
pansion including most of then53 complex. The inner
2s-shell excitations are not considered owing to compu
tional constraints and possibly weaker couplings~only the
03271
0

he

y

e

-

allowed 2s-3p core excitations are likely to be of impor
tance, and not the 2s-3s or 2s-3d).

For the three-level case, since we calculate both photo
ization and photorecombination cross sections, we incl
many LSp symmetries to obtain 15 totalJp symmetries.
Specifically these areJ5027 for the even parity andJ50
26 for the odd parity, and theLSp symmetries used areL
5028 for both singlets and triplets in both parities. For t
60-level case, presently we only calculate photoionizat
cross section for the ground level and some selected exc
levels. Therefore, we only includeJ50 for the even (0e)
andJ51 for the odd parity (1o) at this moment. All theLSp
symmetries that contribute to these twoLSp ’s are included.
Of course, for obtaining photorecombination cross secti
we need to include an manyJp symmetries as in the three
level case.

IV. RESULTS AND DISCUSSION

The following sections present a sample of the extens
results from the two sets of calculations for photoionizati
and e1 ion recombination. The three-level calculations a
9-4
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FIG. 2. The 60CC and the 3CC cross sectio
in the region below the FeXVIII 2s2p6 2S1/2

threshold. Although there is no significant cou
pling effect below then52 threshold, then53
thresholds are strongly coupled above then52
levels ~e.g., Fig. 3!.
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compared with earlier theoretical and experimental wor
The present close-coupling calculations for the three-le
and the 60-level cases are labeled 3CC and 60CC, res
tively.

A. Photoionization

Figure 1~a! presents the BPRM photoionization cross s
tion for the ground level 2s22p6(1S0) of FeXVII from the
60CC calculation~solid line!, showing the series of reso
nances converging on to then52 thresholds 2s22p5(2P1/2

o ),
2s2p6(2S1/2), and then53 thresholds. For comparison, th
nonresonant cross sections from a relativistic distorted w
~RDW! calculation~e.g.,@24#! are also shown~dashed line!.
The resonance pattern, and the background cross sec
are essentially similar to the three-level calculations in@3,7#
in the relativistic random-phase approximation~RRPA!, with
resonances included using multichannel quantum de
theory ~MQDT!, and theLS and Breit-PauliJK-coupled
R-matrix calculations also reported by Haqueet al. @7#.
While there are no significant differences in magnitude
detail with the earlier calculations, it might be noted that t
near-threshold region spanning the three levels of then52
03271
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complex is rather simple in terms of structure and coupl
effects. Figure 1~b! shows an expanded view of this regio
with series of resonances 2s22p5(2P1/2

o )nl and the stronger
series, connected to the ground level via a dipole core tr
sition, 2s2p6(2S1/2)nl. Figure 2 shows a comparison be
tween the 60CC and the 3CC calculations, with similar re
lution, indicating that below then52 thresholds there is no
significant difference between the two.

1. Channel coupling effects

The situation is considerably more complicated above
n52 complex. Although the ground-level photoionizatio
cross section of FeXVII is not hugely affected by then53
complexes of resonances@Fig. 1~a!#, the excited level cross
sections are, as seen in Figs. 3~a!–3~c!. This is of consider-
able importance ine1 ion recombination work where photo
recombination to group~a! levels is considered explicitly
The dense and detailed resonance structures converging
the 57n53 levels, and in between, would enhance the
fective photoionization and recombination cross sections
rates far above the background. It might be noted that
resonances in cross sections below then52, in the energy
9-5
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FIG. 3. The 60CC photoionization cross se
tions of the first three excited levels of theJ
50, even parity symmetry, with extensive seri
of resonances converging on to then53 thresh-
olds. The n52 resonance strengths are mu
weaker.
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range covered by the three-level calculations shown in F
1 and 2, are much smaller than in the 60CC cross secti
This implies, in particular, that resonant recombination in
then53 series of resonances converging on to a large n
ber of excited states will be important fore1 ion recombina-
tion, discussed in Sec. IV A 2.

As the above results show, the three-level calculation
the present and earlier works~e.g.,@7,3#! are inadequate fo
the entire energy range of interest in practical applicati
for photoionization and recombination. Also, a three-le
calculation gives little indication of the complexity of th
cross sections, particularly for the excited states, since it c
ers onlyDn50 core excitations and couplings that are
sponsible for resonances. TheDn.0 couplings can be much
stronger and give rise to more extensive resonances as in
3. It is clear that although FeXVII is a highly charged ion the
electron correlation effects are not weak in excited-st
photoionization, or in the near-threshold region. Fina
FeXVII is a closed-shell system where simpler approxim
tions ~e.g., Haqueet al. @7#! can be readily applied withou
explicit consideration of detailed multiplet and fine structu
that is more involved in open-shell systems. Thus photoi
ization of other highly charged ions may not be amenable
03271
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the approximations described in@7#. In fact the atomic struc-
ture of open-shell Fe ions isoelectronic with the third row
the Periodic Table present considerable difficulties owing
strong coupling effects up to several hundred fine-struct
levels. Such is the case in a number of scattering calculat
carried out under the Iron Project for open-shell Fe ions w
extensive resonance structures@6#.

2. Photoexcitation-of-core (PEC) resonances

Giant resonances manifest themselves at photon freq
cies associated with strong dipole transitions in the core
These are a particularly important example of the coupl
effects and are called photoexcitation-of-core~PEC! reso-
nances~e.g.,@26,27#!. The PEC resonances have the follow
ing properties:~i! they are at the photon frequency of th
dipole transition in the core,~ii ! they are present in photo
ionization cross sections of the entire Rydberg series
bound levels of thee1 ion system,~iii ! their width and
height are orders of magnitude larger than individual Ry
berg resonances, and~iv! they are related to the inverse res
nant recombination process DR~discussed in Sec. IV A 3!.
9-6
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FIG. 4. Photoexcitation-of-
core ~PEC! resonances in photo
ionization of the 2p5np(3P0) Ry-
dberg series of levels of FeXVII .
The giant PEC resonance featu
at approximately 63 Ry corre
sponds to strong dipole excitation
in the transition arrays
2p5-2p43s,3d within the
FeXVIII core ~60CC results!.
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The PEC features are most evident in photoionization cr
sections, as a function of photon energy, of several mem
of a Rydberg series of bound levels where, in analogy w
the DR process, the outer electron is weakly bound and m
be considered a ‘‘spectator,’’ interacting but weakly with t
core excitation~s!. Figure 4 shows the large PEC feature
the 60CC photoionization cross sections of the se
2p5np 3P0 ,n53210 levels of FeXVII . The PEC resonance
in Fig. 4 are associated with not just one dipole transiti
but several transitions belonging to the transition arr
2p522p43s,3d at about 63 Ry corresponding to all suc
levels included in the 60CC expansion of the core-
FeXVIII @Eq. ~1.1! and Table I!#. The PEC resonances rise a
order of magnitude above the background, and are m
wider than all other resonances. The different threshold i
ization energies in Fig. 4 approach 0 asn→`.
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3. Radiation damping of autoionizing resonances

Radiation damping of resonances has been addresse
many previous works. It was pointed out in Ref.@25# that it
is likely to be of practical importance only for H-like an
He-like core ions, when the core radiative transition rates
of the same order as the autoionization rates, typica
1013214 sec21, but not for other ionic systems. FeXVII was
explicitly mentioned in@25# as the next possible candida
~other than H-like and He-like ions! for an investigation of
the radiation damping effectsin toto. We discuss here the
radiation damping involving the resonances associated w
the n52 levels in the context of low-energy recombinatio
and leave the discussion on then53 resonances in future
when the much more extensive photorecombination calc
tions with the 60CC target are presented. It might be no
9-7
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FIG. 5. Ground-level photoionization cros
sections~a! without radiation damping~NRD! of
resonances, and~b! with radiation damping~RD!,
showing a negligible effect up to then516 com-
plex ~highern complexes are not resolved!.
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however, that although the radiative decay rates of thn
53 levels are higher, they also have additional autoioni
tion modes of decay into excitedn52 levels.

The associated core transition rates in FeXVIII for
2s12p6(2S1/2) to 2s22p5(2P3/2

o ) and 2s22p5(2P1/2
o ) are

9.1331010 and 3.3131010 sec21, respectively. Figure 5
shows an enhanced view of the radiatively damped~RD! and
undamped~NRD! resonances in photoionization of FeXVII

up to resonances complexes withn516. The PR calculations
in the unified formulation generally employ cross sections
to n510 only. No significant effect is discernible betwee
Figs. 5~a! and 5~b!, and it is concluded that radiation dam
ing of resonances inn complexes up ton510 @e.g., group
~a!# is not likely to affect any practical applications of th
computed photoionization and recombination cross secti
That is not to say that resonances with sufficiently highn and
l will not be damped significantly~or completely!; since the
autoionization rates decrease asn23, they must. However,
such resonances are extremely narrow~not, for example, evi-
dent in Fig. 5!, and do not affect effective photoionization o
recombination cross sections. Therefore it is unlikely t
radiation damping of group~a! resonances~an integral part
of the unified e1 ion recombination calculations! in any
03271
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other ionic system up to the iron-peak elements will be i
portant, since the dipole transition probabilities of resona
transitions in all ions up to Fe ions are less than or equa
those in FeXVIII , of the order of 1012 sec21, with the already
noted exception of H-like and He-like ions@25#.

B. Electron-ion recombination

Salient features of thee1FeXVIII →FeXVII recombina-
tion are described within the unified formulation, and wi
reference to experimental data from the ion storage ring
Heidelberg, Germany@28#.

1. Comparison with experiment

Both the unified cross sections and experimental meas
ments naturally measure the combined nonresonant and
nant~RR and DR! contributions toe1 ion recombination and
should in principle be compared directly. Figure 6 from R
@8# shows a comparison of the present unified cross sect
as computed in detail, and averaged over a Gaussian func
for comparison with experiment, together with the expe
9-8
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FIG. 6. Unified e1FeXVIII →FeXVII recom-
bination cross sections~upper panel! with de-
tailed resonance complexes below then52
thresholds of FeXVIII ; Gaussian averaged over
20-meV full width at half maximum~middle
panel!; experimental data from ion storage rin
measurements@28# ~bottom panel!.
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mental cross sections@28#. The agreement is generally ver
good over the entire range, and in both the detail and
magnitude of resonances. This includes the dominant
contribution below the2S1/2 threshold connected via a dipo
transition; in this range the background nonresonant con
bution ~RR! is small. On the other hand, the weaker series
resonances2P1/2nl lie in the near-threshold region dom
nated by the nonresonant contribution that rises steepl
E→0, and is therefore not a major contributor to thee
1 ion recombination rate~discussed below!. Thus the unified
theoretical~and experimental! results shown in Fig. 6 display
the three related, but discernible, types of contributions
total e1FeXVIII →FeXVII recombination cross section: th
overlapping nonresonant~RR! contribution and the DR con
tribution from the2P1/2

o nl series, and the mainly DR contr
bution from the2S1/2nl series.

2. Resonance strengths and rate coefficients

The experimental data in Fig. 6 do not precisely deline
or identify the resonances, and the background contribu
~RR-type! is not ascertained from the measurements, po
bly owing to a contribution from charge transfer recombin
03271
e
R

i-
f

as

o

e
n
i-
-

tion @28#. The blended resonance features in the experime
data are fitted to a beam response function to eliminate
background, and their energies are determined approxima
according ton and l , using nonrelativisticl -dependent quan
tum defects in the Rydberg formula. However,l is not a good
quantum number and the number ofl resonances within an
n-complex is not exactly known. The theoretical resonan
on the other hand are uniquely identified with the interme
ate coupling spectroscopic designation (SiLiJi)nlJp. There-
fore a 1–1 correspondence between the experimental m
surements and relativistic cross sections cannot
established. Further, since the background contribution,
though dominant at low energies asE→0 ~Fig. 6!, is not
considered, a direct comparison with the unified cross s
tions and the experimental data@28# is not possible.

Nonetheless, forn-complexes where the background co
tribution is small compared to the resonant part, we m
compare the average ‘‘resonance strengths’’@28#, although
these are not exactly defined~see@29# for a definition of the
resonance oscillator strength in terms of the integra
d f /de, the differential oscillator strength per unit energy!.
Figures 7~b!–7~d! show a detailed view at high resolution o
the first three2S1/2nl@J# complexes, withn56,7,8. In order
9-9
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to ensure complete resolution of resonances an energy m
of up to 1027 eV was used before numerical integration. T
integrated, and summed, resonance strengths for thn
56,7,8 complexes are 1201.2, 421.8, and 221.1 cm2 eV,
compared to experimental values of 1240.2, 412.0, and 2
@28#. The present value forn57 complex is higher than
reported in Ref.@8# as it is recalculated with higher resolu
tion. The value for then58 complex has been comple
mented by the contributions fromJ.7 symmetries,Jp
58o and 9e; without which the value is 200.5 cm2 eV. Al-
though the theoretical resonance strengths were checke
have converged with respect to the energy mesh, they s
to be somewhat systematically lower than the reported
perimental data~the theoretical MCBP and the MCDF value
in @28# also showed the same trend!.

Figure 7~a! is rather different in that it shows the muc
narrower 2P1/2

o nl resonances with highn518222. While it
is not apparent from the figure, nor from the experimen
data in Fig. 6~bottom most panel!, there are 2985 resonance
found in the small 0–5-eV range just above the ionizat
threshold of FeXVII . The number of resonances reflec

FIG. 7. Resolved resonance complexes (SiLiJinlJp) in the uni-
fied recombination cross sections:~a! 2P1/2

o nl, ~b! 2S1/26l , ~c!
2S1/27l , ~d!2S1/28l . The lowest resonance group in then56 com-
plex lies below the2P1/2

o threshold among high-n 2P1/2
o nl reso-

nances and is not shown. The complexity of resonance structur
barely apparent from~a!, and even less so from the experimen
data in Fig. 6~lowest panel!; 2985 resonances have been resolved
the 0–5-eV range shown in~a!.
03271
sh

.9

to
em
x-

l

n

the large number of high-n near-degenerate resonanc
(;2n2) converging on to the various series limits. The set
(Eo ,Ga ,G r) for all these resonances have been compu
The integrated resonance strengths for then518, 19, and 20
complexes are 2290.9, 521.6, 290.1 cm2 eV, compared to ex-
perimental values@28# of 2452.8, 605.7, and 336.5, respe
tively. Again, we find the integrated values to be up to ab
10% lower than measured, although here the uncertain
are greater than for the lower-n 2S1/2nl resonances in Figs
7~b!–7~d!, since they may not have been completely resolv
and because the integration energy ranges are very clo
spaced. Also, the precise range of angular momenta (l ,J) in
the ion storage rings is not known@28# andJ<7 may not be
quite sufficient for better agreement. A detailed comparis
of resonances beyond this level is neither feasible nor ne
sary at this time. Although not all resonances are experim
tally identified, the theoretical cross sections, resona
strengths, and rates~see below! can be compared, as show
to within experimental and theoretical uncertainties.

Finally we evaluate quantities of practical interest, t
Maxwellian-averaged unifiede1 ion recombination rate co
efficientsaR(T) shown in Fig. 8. These are compared wi

is
l
n

FIG. 8. Unified recombination rate coefficientaR(T) ~solid line!
with sRC including only then52 resonances~as in the experimen-
tal data@28#!, and the sum of the experimental DR rate coefficie
1 nonresonant background~RR-type! contribution extracted from
the present calculations~dashed line!. The maximum difference is
;20%.
9-10
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the sum of the available experimental DR rate coefficie
@28#, and the background RR-type contribution extrac
from the present theoretical cross sections. The agreeme
of the order of 20%, the estimated uncertainty in both
experimental and theoretical datasets. However, we bel
that the agreement could be slightly better since the theo
ical results might be somewhat enhanced if the fewJp sym-
metries withJ.7, for resonances withn<10, are also in-
cluded. These were omitted to reduce the complexity
calculations~except to gauge their effect on the completen
of then58 complex mentioned above!, and since their reso
nant contribution is small.

3. DnÄ1 resonances and high-energy recombination

Thus far only the low-energyDn50 resonances due t
the n52 levels of FeXVIII have been considered. Howeve
as demonstrated in this work, the high-energy recombina
cross sections due to then53 levels are much larger an
will be more important at high temperatures close to
temperature of maximum abundance of FeXVII in collisional
equilibrium, aroundT54253106 K. This would especially
be the case owing to the huge PEC resonances shown in
4 that in fact correspond to the peak values of DR due
resonances converging on to the series limits of strong dip
Dn51 transitions. Therefore, in addition to the DR bum
corresponding to then52 resonances in the totalaR(T)
shown in Fig. 8, we expect a much larger bump at hig
temperatures from then53 resonances. However, the 60C
calculations are orders of magnitude more expensive
terms of computational and other resources and, altho
they are in progress, would require a considerable amoun
time to be completed.

TABLE III. Comparison of the present energies and the NI
values~Ry! for selected fine-structure levels of FeXVII .

Level Present NIST

2s22p6 1S0 0.0000 0.0000
2s22p53p 3P0 56.6532 56.5155
2s22p53p 1S0 58.0986 57.8897
2s22p53s 1P1

o 53.5708 53.4300
2s22p53s 3P1

o 54.4475 54.3139
2s22p53d 3P1

o 59.1231 58.9810
2s22p53d 3D1

o 59.8763 59.7080
2s22p53d 1P1

o 60.8849 60.6000
2s2p63p 1P1

o 65.7990 65.6010
2s2p63p 3P1

o 66.1216 65.9230
2s22p54s 1P1

o 72.0294 71.8600
2s22p54s 3P1

o 72.9394 72.7400
2s22p54d 3P1

o 74.1757 73.9400
2s22p54d 3D1

o 74.4979 74.3000
2s22p54d 1P1

o 75.3539 75.1700
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C. Bound states and transition probabilities of FeXVII

In addition to photoionization and recombination th
BPRM calculations also enable unprecedented quantitie
accurate bound-state and transition probability datasets in
termediate coupling~e.g.,@30#!. The accuracy of these resul
is comparable to the most elaborate configuration-interac
atomic structure calculations since the wave function in E
~2.1! entails a large configuration expansion, with each ch
nel as a bound configuration of thee1 ion system forE,0
and symmetryJp. These calculations are in progress for
fine-structure levels of FeXVII up to n510, and associated
E1 A and f values. Table III provides a brief sample of th
bound-level energies computed for some of the levels of
terest in this work. Together with the electron-impact exci
tion collision strengths for FeXVII in progress@31#, these
results should help complete the radiative and collisio
data for FeXVII needed for most plasma modeling applic
tions.

V. CONCLUSION

The most extensive relativistic close-coupling calcu
tions for photoionization and recombination of an atom
species are reported for the astrophysically important
FeXVII . Based on this work we may note the following co
clusions: ~i! self-consistent datasets may be obtained
photoionization and recombination within the close-coupli
formulation,~ii ! the coupling to then53 thresholds strongly
manifests itself in excited-state photoionization; resonan
enhance the effective cross sections by orders of magni
particularly below thresholds coupled via dipo
photoexcitation-of-core levels,~iii ! unified e1 ion recombi-
nation cross sections are in good agreement with experim
tal data in terms of both detailed resonance strengths
rates; the resonances have been delineated at very high
lution with considerably more structure than experimenta
observed~in principle all quantum-mechanically allowe
resonances in intermediate coupling may be obtained!, ~iv! it
is necessary to consider the highern53 levels in high-
energy recombination that would dominate the DR part
the e1FeXVIII →FeXVII recombination at temperature
close to maximum abundance of FeXVII in coronal ~colli-
sional! equilibrium, and~v! it is necessary to account for no
only relativistic fine structure but also the strong coupli
among those levels in order to accurately reproduce the
sults for photoionization and recombination over the en
range of practical interest.
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