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Total electron-ion recombination of Felli
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It is shown that a method for calculating unified total electron-ion recombination rates, incorporating both
the radiative and dielectronic recombination processes, can be applied to substantially complex atomic systems
where a large number of recombination channels need to be coupledain iaitio manner. Calculations are
carried out for the astrophysically important ion IFeand total and state-specific recombination rate coeffi-
cients are obtained foe+ Felv — Fel, in the close coupling approximation employing tRematrix
method. The calculations correspond to a 49-state eigenfunction expansion for ithedfe that includes
states from the ground configuratiod®and the excited configurationsl4s and 31*4p for proper treatment
of the electron correlation effects. This is an accurate and detailed atomic calculation for the recombination
rates for Fail. The present rates are up to an order of magnitude lower than the previous values obtained
through the Burgess general formula at electron temperatures where dielectronic recombination dominates.

PACS numbds): 34.80.Kw, 32.80.Dz, 32.80.Fb

[. INTRODUCTION which is the inverse process of direct photoionization, or
through the two-step dielectronic recombination:
A unified treatmenf1-3] for the total electron-ion recom- -
bination in the close coupling approximation is employed for o . e+ X
the recombination rate coefficients; of e+Ferv — Fell. e+ X = (X - X*+hv,
The treatment incoporates both the radiative and the dielec-
tronic recombinations in a consistent and unified manner. lwhere the incident electron attaches itself to the target ion in
provides the recombination rate coefficients for a wide rang@ quasibound doubly excited state, which leads eithéf)to
of temperatures for all practical purposes, compared to earutoionization, a radiationless transition to a lower state of
lier treatments valid in limited temperature ranges and whicltihe ion(usually the initial ongand the free electron, or {@)
generally treat radiative and dielectronic recombinati@®R  recombination with radiative stabilization via decay of the
and DR separately in different approximations. The presention core and the bound electron. Coupled channel calcula-
work reports detailed and accurate calculations for thdions for photoionization cross sections include both pro-
electron-ion recombination of Ar, as well as an application cesses, and hence show resonance structures due to the dou-
of the unified treatment for large complex atomic systemsly excited autoionizing states. In the close coupling
with many channels and relatively strong electron correlatiorcalculations it is important to include all states of the core
effects. ion that could contribute significantly to these resonances.
The separate RR and DR rate coefficients currently in use The electron-ion recombination rate coefficiemk(T)
were both calculated by Wood al. [4], who employed the can be obtained in terms of the photoionizaton cross sections
photoionization cross sections in the central-field and hydroas
genic approximations to obtain the RR rates. For the DR
rates they employed the Burgess general fornilausing = f‘”
oscillator strengthf6] obtained from an atomic structure cal- ar(T)= 0
culation by Abbott(referenced in Woodst al)). The accu-
racy of the Fell oscillator strengths used in the DR calcula- where ogc is the recombination cross section ai{@,T) is
tions is uncertaifJ.M. Shull(private communication. Ina  the velocity distribution function, usually chosen to be a
later work, Hahr{7] recalculated the DR rates employing an Maxwellian. orc is related to the photoionization cross sec-
improved empirical formula based on the Burgess generaion op,, through detailed balandlilne relation:
formula. Arnaud and Raymon@®] combined both these DR

(2.2

vf(v,T)oredy, (2.3

rates in their work, which reproduces rates very close to g h%? 04
those by Woodet al. [4]. TRCT IPIg APy 24
Il. THEORY Henceop,, obtained including the autoionizing resonances,

essentially provide totakg(T) incorporating both the RR
The details of the unified treatment are given in Refs.and the DR in a unified manner. However, in the unified
[2,3]. Here a brief outline of the method is presented. Thetreatment the detailedy, with resonances must be obtained
recombination of an incoming electron to the target ion mayin the close coupling approximation for a large number of

occur through radiative recombination, contributing bound stateig, of the recombined+ion sys-
tem. From the individual contributions the totak(T) is
e+ X2t =X  +hy, (2.1)  obtained as
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1d . , . . ’ bination process and the contributions are primarily in the

i 56 . 5.0 high temperature range since the incident electron must be

1 (@) 3d" "D4p °F _ sufficiently energetic so as to collisionally impact and excite

1 E the target ion to a higher state connected via a dipole transi-

| tion to the ground state. The contribution from gro(®)

10_2 3 states is obtained by calculating the collision strengths of

10 E DR, Q(DR), employing the precise theory of radiation

10° 47301’ °D E damping by Bell and Seatd®,2]. The()(DR) are obtained,

10 ' : ' : % in a self-consistent manner, in the CC approximation using

0.47 0.87 1.27 1.67 2.07 2.47 . . .

10 : : : , the same wave function expansion that is used for the calcu-

10 [ 54r. 5o lation of op,.

o (b) 3d”"F4p "D E In the CC approximation, the target or the core ion is
~ g E represented by am-electron system, and the total wave
S ", function expansionV' (E) of the (N+ 1)-electron system for
e 10_3 E any symmetrySL# is represented in terms of the target
° 10 3 wave functions as

10* J7 4% 4F . E

igz =0.9 1I.3‘ ' 1I.7 z|‘1 2.‘5 2.9 \Ir(E):A2 Xi 0i+; qu)j, (2.6)

10 £ (0) 3a° °s6p °P° 5 : o "

3 where y; is the target wave function in a specific state
10° E E SL;m; and g, is the wave function for theN+ 1)th electron
ok 3 in a channel labeled &L, 7;k?/;(SLw), k? being its inci-

dent kinetic energy®;’s are the correlation functions of the

10‘2;— . oo - (N+1)-electron system that account for short range correla-

A 473‘* P E tion and the orthogonality between the continuum and the

W 23 P 203 243 bound orbitals. For the present calculations agf, of the

Photon Energy (Ry) group(A) bound states, anf (DR) for the group(B) states,
a 49-state wave function expansion is emploj/&d.
FIG. 1. Partial photoionization cross sections,, of (a) In the following subsections some details of the calcula-

3d5 D4p(5F°), (b) 3d°*F4p(°D°), and (c) 3d®°Sep(5P°)  tions are presented.
states of Fai: Femn + hv— Feiv +e. The arrows in(@ and(b)
show energy positions for direct photoionization of the states leav- A. Low-n states: Photoionization cross sections

ing the cores at 8° °D and 3° *F states, respectively. Pan@) L . .
illustrates the PEC feature with the arrow pointing out the energy | € recombination rate coefficient of an electron combin-

position of the optically dipole allowedd#4p®P° state by the tar- INg With a target ion in the ground state requires the partial
get ground 8° S state. photoionization cross sectiongp, of all the recombined
states that leave the ion in the ground state. There are 239
g 5 . such bound states of Fe in the group(A) low-n bou6nd
N2 c 2 e e states (with np,=10 and /<9) that couple to the®S
(1) nzb 9j kT\/Zwmékcszo Eop(ipie)e ke, ground state (r)nﬁ:e/. The partial)photoionizgtion Cross sec-
(2.5  tions of these states are obtained from large-scale computa-
tions for Felll radiative datd10], in the CC approximation
where E=fho=€+1,, € is the photoelectron energy, and employing theR-matrix method as developed for the opacity
I, is the ionization potential. The integration overenergy  project(OP) [11] and extended for the iron projefd?2]. The
range of the photoelectron is carried out as described in Retalculated states were identified through detailed examina-
[2]. tion of quantum defects by computer caeleeviD. The com-
In principle, electron-ion recombination takes place to anputation for the recombination rate coefficients for each state
infinity of states(Fig. 1 of Ref.[2]). To each excited thresh- was calculated as explained in RE2], employing the com-
old S,L;, of the N-electron target ion there corresponds anputer COdeRECOMB.
infinite series of N+ 1)-electron statesS,L,mv/, where Some results of the cross sections are presented below,
v is the effective quantum number, to which recombinationpointing out features that are important in the final results for
can occur. In the unified treatment of electron-ion recombi-ag(T). op Of the ground state of Fe, 3d® °D, is a domi-
nation all these recombining states are considered. Th@ant contributor taxrg. However, there are excited states that
bound states of the recombined-ion system are divided make considerable contributions because of their enhanced
into two groups,(A) low-n states, wheran goes from the cross sections due to autoionizing resonances. Figure 1 pre-
ground level ton,, and (B) the highn states where sents examples of such states where partial photoionization
Nmax<N<c. The detailed photoionization cross sections in-cross sections of exciteddd ®D4p(°F°), 3d° *F4p(°D),
cluding the autoionizing resonances of all lovbound states and 3° °S6p(°P°) states of Fal are shown. The cross sec-
of group (A) are obtained in the close couplif@C) ap- tions of both stateSF° and °D° in Figs. 1a) and Xb) show
proximation. For grougB) states DR dominates the recom- extensive resonances. The arrows in these figures point
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to the threshold energies for direct photoionization of these 10 . . . '
states leaving the ion cores in stated® 8D and 3° *F of Fe 111, 3d° °D

Felv, respectvely. Owing to the strong coupling effects the

cross sections below these target states show dense features
belonging to Rydberg series of autoionizing resonances con-
verging on to the target threshold. It is clear that the reso- 1
nances(with n=10) get narrower, with diminishing back-

ground cross section, and the contributionatg gets to be
predominantly of DR type.

At high energies the singular feature in the cross sections d
that affects the recombination rate coefficients is due to the
photoexcitation of coréPEQ resonancef3]. These occur at a
energies that excite the target ground state to an excited state—
via a dipole allowed transition, while the outer electron re- ©®
mains essentially a “spectator.” The process manifests itself 1
through wide resonances that enhance the background cross
sections by orders of magnitude. PEC resonances are pro-
nounced in the photoionization cross sections of excited
states along a Rydberg serid@sis is quite contrary to the
behavior expected from the usual hydrogenic scaling of 10"
photoionization cross sections for excited staféigure 1c)
presents cross sections of thd>®S6p(°P°) state of Fail
for which the background cross sections show smooth varia-
tion until the photon energy 1.73 Rytharked by the arroyw
when the Fev state 214p°P°, is accessible via a dipole 107 e 208 oo 22 250
transition from the ground stated3S; the associated PEC Photon Energy (Ry)
resonance there can be seen clearly. The photoionization of
the state 8°°S6p(°P°) better illustrates the PEC feature,

though fewer states of the same symmetry contribute tq FIG. 2. Total photoionization cross section of thed3°D
9 y y ground state of Fal in the 49-CC calculations. The circles corre-

spond to central-field valug43].
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Figure 2 presents thtal photoionization cross sections
of the ground stated D of Felll, also showing photoion- )
ization to all included states of the core ion IR 10]. The ~ Seaton theory for DR9,2]. In the energy region of these
partial o p, for the 5D ground state leaving Fe in the states breloyv each_ target state, the eleptron—electron scattering
ground 31° 6S state is very similar in magnitude and featuresMalriX e is partitioned into submatricesoo, Xocs Xco
to this total o, [10]. The circles in the figure correspond to Xcc, Whereo denotes the open and denotes the closed
the results from the central-field approximatifit8] which, ~ channels. Diagonalizing thg.. with the diagonalizing ma-
when extrapolated to lower energies, overestimate the croddX N, we define xc?N=Nxcc, xoc=XocN, and
section by about five times higher than the CC cross sectioRco=N"xco- From the unitarity condition of the general
(present astrophysical models employ the central-field crosscattering matrix, which includes the radiation damping, the
sections shown, and are thus likely to overestimate th&R probabilityP , for the entrance channel can be written
photoionization rates of Fie). We present Fig. 2 to empha- in terms of the matrix elements as
size that the new calculations are for both photoionization
and recqmbination of Fa, thereby providing a complete P.=G»> |3 x' N,
and consistenset of data to enable accurate calculations for Y y vy
ionization balance under photoionization equilibrium. The

1
Xy, —9(v)exp(—2miv)

ionization balance equatidri4] 1 I }
X * . 2 X, ’aN ’ ’ (28)
amd, Xy, —9(v)exp(+2miv) " vy
Nx+f W(Tp|dV:NeNx2+aR (27)

whereg(v) =exp(m°A, 17), G(v)=g(v)?—1, A, is the sum
requires the total photoionization cross section of the groun@f the radiative decay probabilities for the available decay
state, and the total recombination rate coefficient as pretoutes from a given excited state of the target ieris the
sented in this paper. effective quantum number associated with the resonance se-
ries, z is the ion charge, and the summations go over the
closed channelyy’ contributing to DR. The DR collision

B. High-n states: Collision strengths for dielectronic strengthQ (DR) is then obtained as

recombination

For the highn states (,,=n<®) of group(B) the col-
lision strengths for dielectronic recombinatioi(DR), are Q(DR)=E z
S a

. . e : (2S+1)(2L+1)PSY". (2.9
obtained in the CC approximation employing Bell and

N| =

L7
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e+FelV->Felll o
Q(’S-P) | ®

Q(DR)

FIG. 3. DR collision strength
Q(DR) for the processe+Feiv
—Fen: (i) detailed with autoion-
izing resonancegdotted curvep
and (ii) resonance averagégolid
curves. DR calculations start at
effective quantum number=10.0
and the arrow points out the di-
pole allowed core statéP°. The
filled circle corresponds to the
value, 3.47, of excitation collision
strength, Q(EIE), for the transi-
tion ¢S - 6p°,
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Averaging over the resonances of DR, the DR probabilitynoticed in the solid curve. Since the averaging of resonances

can be written as is carried out only to the ones that belong to Rydberg series
of the threshold®P°, the crookedness in the curve is due to
the interference effects of the resonances from higher thresh-

|Xa7|22 INiyf? olds, beyond®P°. These introduce a small uncertaifig] in
(P,y=G(v) E W ar. The ag values reported here correspond to resonance
Y v Xyy averaged values of)(DR), since these values are more
stable numerically. The difference between the DR rates ob-
X:YYX;/’aE. Nini*y, tained from the detailed collision strengths and the averaged
123 Re ! ones for the present ion is 8%, indicating the energy mesh is
vty G(v)+1-x,Xy y ' good enough for resolving the resonances.

The filled circle in Fig. 3 corresponds to the value of
(210  Qg(5S—°P), the collision strength for electron impact ex-

_ _ citation (EIE) of the ground statéS to the excited®P° state.
where the summation over goes through all the closed The value ofQgc(°S—°P°) is 3.47, about the same as the
channels. We are interested mainly in the channels linked to) (DR)) peak value of 3.46 mentioned above, and is ob-
the ground state of the target ion and hence in the DR crosgined independently from a close coupling scattering calcu-
sections for the transitions from excited states that are linkeghtion for the ion employing the same 49-state expansion.
radiatively to the ground state. For the ietarget, we have  Thjs provides a check to the peak value @fDR) at the

only one state, 8* °D4p(°P°), that is dipole allowed to the  threshold satisfying the conservation condition of the scatter-
ground 31° °S state. The radiative transition probability for ing flux

the transition®S—°6P° is 0.771 nsec, obtained from the OP
f value of 0.407 for this transitiofil5]. lim (Q(n;DR))= lim Q(k?EIE) (2.1

The DR collision strengths foe+Felv — Fell are ob- n— K20
tained in both forms, detailed with autoionizing resonances
and averaged over the resonances. Figure 3 presergsch that the trapped flux due to DR right below the thresh-
Q(DR) in both forms, the detailed forrfdotted curvé and  old should be equal to that released due to excitation of the
the resonance averaged fofsolid curve. The computation target. The other check that we carry out is for the effects of
for Q(DR) starts atv=10.0, as specified in the figure, where multipole potentials on th€)(DR). We calculate indepen-
the collision strength is almost zero. As the energy ap<dently, using the same wave function expansion, the values
proaches the excited threshofd° state of the target, the of Q(EIE) at the threshold with inclusion of multipole po-
autoionizing resonances of DR get narrower and densdentials and without them. A small discrepancy between the
while the background rises as seen in the figure. The sharwo values is an indicator of convergence of the wave func-
rising of (DR) near the excited threshold is clear in the tion expansion and negligible effects of these potentials on
solid curve for the averaged collision strength which peaks athe scattering quantities. A proper choice of tRematrix
3.46 exactly at the®P° state. Some small features can beboundary andR-matrix basis set can achieve this gal.
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FIG. 4. Detailed analysis of the photon spec-
trum, in the procese+ Felv — Fel, in the
small energy range from 1.71 to 1.722 Ry of the
electron corresponding to the range frams 20
to about 30 of the Rydberg series belonging to
6p°y/. The bottom panel presents toa(DR)
while the upper panels show the individual con-
tributions of the symmetriegS, °P°, °D, etc. as
specified in each panel. Timecomplexes are des-
ignated. The individual patterns are identified as
5ponp(®s), ©BP°ns,nd(®P°), 6P°np,nf(°D),
etc.

log,,[Q(DR)]

~-15 |

L , | Totd
17090 17116 17142 1.7168 17194 1.7220

k* (Ry)

—4.0 L

For the present case ok Felv) scattering, the values of cients. A few isolated structures in the patterns, such as two
Q(EIE) with and without the multipole potential contribu- down peaks in the first panel and split of cneesonance in
tions are 3.70 and 3.76. the third panel, are due to interference with some resonances

Figure 4 presents a detailed analysis of the photon Speﬁelonging to higher states, lying above thie® state, of

trum which appears as autoionizing resonance lines in Fig.

The structures are resolved in a very small energy range frorgO rﬁLi\ézi?/oLOWroegzgg?Q aelggrglc?nsqir?gga Jegnpr%?;%gfnéginr%
1.71 to 1.722 Ry of the electron corresponding to effectiv P y

quantum number ranging from—20 to about 30 of the Ry- e\/ery highn states just below the ground state of the recom-

db . f belonai B he b bining ion (as distinct from the higim recombination via
erg series of states belonging to tHe” state. The bottom  o5onancewelonging to excited states, i.e., DR, as described

panel corresponds to totél(DR) while the upper ones cor- a0vg. These contributions are included in the hydrogenic
respond to individual contributions of the first seven symme-pproximation; it is found necessary to calculate explicitly
tries °S, °P°, °D, etc. as specified in the panels. The patternrecombination contributions at low temperatures to states
of eachn complex, which repeats itself but gets more com-with up to n=800. Although the recombination to high-
pressed and rises slowly with increase of energy, is distincttates is dominated by DR at higher temperatures, the radia-
for the total and for each individual symmetry. The relevanttive part involving the photoionization cross section of high-
Rydberg series for each pattern has been identified through states is “topped up” with the hydrogenic recombination
guantum defects at the peaks of the resonance series andrége coefficient. For an ion with charge we have the
specified in each panel:°P°np(®S), ®P°nsnd(®P°),  z-scaled formulaag(z,T) = ar(1T/Z%), in terms of the
®P°np,nf(°D), etc. The third panel from the bottom shows recombination rate coefficient for neutral hydrogad]. We

the interference of two Rydberg serie8P°ns(®°P°) and calculate the hydrogenic recombination rate coefficients
6pond(®P°), the first resonance peaks belonging to the ag(z,T) for statesn=10-800 employing photoionization
series, which is narrower than teeseries. Such interferences cross sections of hydrogen obtained usingrbBTRAN pro-

of the series will introduce errors in the treatment of isolatedgram by Storey and Hummé¢i6], and for states1i=801 —
resonance approximation for the recombination rate coeffisc using the sum17]
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TABLE |I. Total recombination rate coefficientss(T) in units of cn? s~ 2, for e+ Felv — Feul for a
wide range of temperaturds (K). A value ofa[ —b] for ar meansax 107°.

logseT ar log;eT ar log;eT ar

1.0 4.20-10] 3.7 6.86—12] 6.4 3.08—-13]
11 3.67—10] 3.8 6.11—12] 6.5 2.23—13]
12 3.22-10] 3.9 5.54—12] 6.6 1.64—13]
13 2.872-10] 4.0 5.08—12] 6.7 1.21-13]
1.4 2.47-10] 4.1 4.66—12] 6.8 8.86— 14]
15 2.16 - 10] 42 4.26-12] 6.9 6.50 — 14]
16 1.89-10] 43 3.84—12] 7.0 4.76—14]
1.7 1.65—10] 4.4 3.43-12] 7.1 3.48—14]
1.8 1.44—10] 45 3.05—12] 7.2 2.5%5—14]
1.9 1.25—10] 4.6 2.7§-12] 7.3 1.86— 14]
2.0 1.08—10] 4.7 2.70—12] 7.4 1.36—14]
2.1 9.30-11] 4.8 2.85—12] 7.5 9.96—15]
2.2 7.99—11] 4.9 3.19-12] 7.6 7.28—15]
2.3 6.84—11] 5.0 3.58—12] 7.7 5.33—15]
2.4 5.83—11] 5.1 3.85—12] 7.8 3.90 - 15]
25 4.95—11] 5.2 3.91-12] 7.9 2.86—15]
2.6 4.19-11] 5.3 3.76—12] 8.0 2.10—15]
2.7 3.54—11] 5.4 3.47—12] 8.1 1.54—15]
2.8 2.98—11] 55 2.97-12] 8.2 1.14—15]
2.9 2.50—11] 5.6 2.50—12] 8.3 8.40— 16]
3.0 2.10-11] 5.7 2.03-12] 8.4 6.24—16]
3.1 1.77-11] 5.8 1.61—12] 8.5 4.65—16]
3.2 1.49—11] 5.9 1.26—12] 8.6 3.48—16]
33 1.26—11] 6.0 9.65— 13] 8.7 2.63—16]
3.4 1.07-11] 6.1 7.33-13] 8.8 1.99-16]
35 9.14—12] 6.2 5.57—13] 8.9 1.53—16]
3.6 7.86—12] 6.3 4.13-13] 9.0 1.1§-16]

n \3/1+n 9.0 T
M”)—“n(m T) (212 e + Fe IV —> Fe II

We find for Felll, contrary to most other iord.8], that this
top-up hydrogenic part provides significant contribution to
the total g, about 50% up tol =400 K, then decaying
slowly to 24% atT=10 000 K.

[ll. RESULTS AND DISCUSSIONS

Total recombination rate coefficientsg(T) for the re-
combination proces&+Felv — Felll, are obtained over a
wide range of temperatures 1.&log;pT< 9.0, with
Alog,oT = 0.1. The values ofx(T) are given in Table | and
plotted in Fig. 5(the solid curvé The curve shows the stan-
dard pattern of the total recombination rate coefficidis
At low temperatures, a$ increases, the rate decreases until
it reaches the temperature region where DR begins to dom
nate, culminating in the highi- DR bump, whereupon the
rate decreases smoothly. However, before the RighR
bump at logeT = 5.2, there exists a small but distinct low-
T bump due to the lowr autoionizing resonances in the
near-threshold regions of the Fephotoionization cross sec-
tions.

Comparison of the presetdtal g (solid curve is made
with the RR rateqdashed curveand the DR rategchain-
dashed curveof Woodset al. [4]. Their total rates can be

-10.0 |- Total(Present) 7]
r e
2 -0 B / \§ ]
O F ) \
3 L .~
(] L . .
"’E -12.0 | \ B
L { |
/\m \
-13.0 | . ]
E N
o
% ]
) I " i
S -140 | \ ]

. ~15.0 | ’ y
i I

160 Lo
1 3 5 7 9
log,,(T) (K)

FIG. 5. Total recombination rate coefficienig(T) for the re-
combined ion Fai of the present worKsolid curveg. The dashed
curve corresponds to RR rates and the chain-dashed curve corre-
sponds to DR rates of Rdi4] and the asterisks correspond to DR
rates of Ref[7].
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TABLE Il. Recombination rate coefficient§n units of cn? s’l) at four temperaturesT =100, 1000, 5012, and 10 000 K, of the
individual dominant contributing states from quintet and septet symmetries. A valaje-df] for agr meansax 107",

100 K 1000 K 5012 K 10 000 K
State aR State aR State aR State aR
3d® “Fe4p  °D° 6.99-12] 3d° D¢ 1.99-12] 3d° SDe 1.0 —12] 3d°® D¢ 9.0 —13]
3d° “Fe5p  °D° 5.19-12] 3d°4F%4p SD° 8.64-13] 3d°“D%4p SD° 1.14-13] 3d°5%4p SP° 1.29-13]
3d° SD® 4.40-12] 3d°“4F%5p °5D° 6.20-13] 3d°°®S4p SP° 1.11-13] 3d®°“D%4p SD° 7.5 —14]

3d°“Pe4p  SP° 4.1-12] 3d°%P%4p SP° 457-13] 3d°“4F®4p SD° 1.10-13] 3d°“D%4p SF° 7.27-14]
3d° 4Pe5p  SP° 3.20-12] 3d°“4Fe4p SF° 359-13] 3d°“D%4p SF° 9.23-14] 3d°4G®4p SH® 6.99-14]
3d° 4Fe4p  SF° 299-12] 3d°“Pe5p SP° 3.57-13] 3d°“4P%4p SP° 8.77-14] 3d°“4P%4p SP° 559 -14
3d® “Fe5p  SF° 2.81-12] 3d°“F°5p SF° 3.39-13] 3d°“F°5p °D° 7.74-14] 3d*4s®De4p SP° 5.54-14]
3d° “Peep  SP° 2.80-12] 3d°“G®4p SF° 3.29-13] 3d®°®SP4f  SF° 7.00-14] 3d%4sDe®4p SF° 5.21-14]
3d®“G%4p  SF° 247-12] 3d°“P%6p °P° 2.9-13] 3d°“D%4p 5P° 6.8]-14] 3d°4G®4p S5F° 4.84-14]
3d®“D®p  °D° 1.37-12] 3d°°®S4p SP° 2.37-13] 3d°“D®5p SD° 6.74-14] 3d°“F%4p °D° 4.83-14]
3d® “Pe6p  °D° 1.13-12] 3d°“D®4p SD° 1.89-13] 3d°*G%4p SF° 6.64—14] 3d°°6s4f SF° 4.60—14]
3d° ®s%4p 5po 1.0§4-12] 3d®°6staf  SF° 1.70-13] 3d°5s°5f SF° 6.1§-14] 3d°“D®5p SD° 4.24-14]
3d®4Pe5p  °D° 1.00-12] 3d°5s5f SF° 157-13] 3d®“D%p SD° 6.07-14] 3d°“D%4p S5P° 4.24-14]
3d°4Ge5p  SF° 7.07-13] 3d°%s5p  SP° 1.37-13] 3d°“D°5p  SF° 5.17-14] 3d°®S5f  SF° 4.04 14
3d° 6s°4f S0 560—-13] 3d°“4P®6p °D° 1.24-13] 3d°“D°5p SP° 5.11-14] 3d°“‘D%p °D° 3.89-14]
3d°® 6s°5p Spo 5.04-13] 3d®°6s%6f SF° 1.24-13] 3d°“4P°5p SP° 4.99-14] 3d°“F°5p SD° 3.47-14]
3d° “Pe4p  SD° 5.0§-13] 3d°“4PS5p SD° 1.14-13] 3d®“Fe4p SF° 4.90-14] 3d°4Ge4f SP° 3.4(Q-14]
3d°® 6s°5f SFO 4.9-13] 3d°“G®5p SF° 9.69-14] 3d°5s%6f SF° 4.59-14] 3d°“D®5p SF° 3.1 -14]
3d° 6s%6f SFo 479-13] 3d°%s*6g 5G® 8.63-14] 3d°°S5p  SP° 4.34-14] 3d°“DS5p  SP° 3.07-14]
3d®“D®p  SP° 3.79-13] 3d°“D®4p SP° 7.61—14] 3d°“4F°5p SF° 4.17-14] 3d°“P%4p °D° 3.03-14]

Sum: 4.31-11] 7.0§ —-12] 2.3§-12] 1.89-12]
Total= 1.04 —10] 2.1 —11] 6.8 —12] 5.04 -12]
% contribution= 40% 34% 35% 37%

3d° 6s°5f FO 6.9 -13] 3d°°6s5f TR0 2.14-13] 3d°°®SM4p  7P° 1.14-13] 3d®°%s4p P° 2.29-13]
3d°® 6s%6f F° 509-13] 3d°°%s6f 'F° 1.59-13] 3d°6s%4f F° 9.67-14] 3d°6s%4f F° 1.63-13]
3d5 6s°4f TFO 449-13] 3d®6saf  TF° 1.4Q-13] 3d°5s5f  7F° 9.09-14] 3d%4sD®4p TP° 1.49-13]
3d°® ®s°6g G® 3.99-13] 3d°°®s6g ‘G® 1.24-13] 3d*4sD®4p 'F° 7.09-14] 3d*4s’De4p F° 1.0 -13]
3d%4s®D®4p 'F° 3.93-13] 3d*4sD®4p F° 1.24-13] 3d°°s6f F° 6.63—14] 3d°°s5f  TF° 5,94 —14]
3d°® 6s%4p Po 377-13] 3d°%s%4p 'P° 1.14-13] 3d*4s®D®4p 'P° 5.09-14] 3d°6s°6f TF° 4.371-14]
3d° 6s°7f F° 3.67-13] 3d°6sf7f  F° 1.193-13] 3d°%S%6g 'G® 4.79-14] 3d° 67 TF° 3.13-14]
3d°® 6s°7g G® 351-13] 3d°°fsf7g  'G® 1.0d-13] 3d°8s°7f  TF° 4.74-14] 3d°%S%6g 'G® 2.97-14]
3d°® 6s°5g G® 3.4-13] 3d°°s5g ‘G 1.0d-13] 3d°6s7g  G® 4.29-14] 3d*4s’De4p 'D° 2.81—14]
3d°® 6s%5p Po 293-13] 3d°8s5p  TP° 9.14-14] 3d°°s5g  'Ge 4.14-14] 3d®6s5p PO 2.71-14]
3d° 6s°8g 'Ge 2.89-13] 3d°°s8g 'G® 8.84-14] 3d°6s5p TP 3.99-14] 3d°55°7g  'G® 2.67—14]
3d° 6s°gf Fo 2.69-13] 3d°°6s8f TF° 8.19-14] 3d°°s8g ‘G® 3.47-14] 3d°6s5g 'G® 2.5 —14]
3d® 6s°8h TH° 2.47-13] 3d°6s*8h TH° 7.27—14] 3d°°s8f F° 3.44-14] 3d°°s8f TR 2.27-14]
3d° 6s5°7h TH° 2.39-13] 3d°%s*7h  "H° 7.1§-14] 3d°6sf9g 'G® 2.80—14] 3d°%s°8g 'G® 2.19-14]
3d°® 6s°9g 'G® 2.37-13] 3d°°fsf9g ‘G 7.1§-14] 3d°%s°8h 'H° 2.6d-14] 3d°°®S4s 'S® 1.79-14]
3d°8s°9h  7H° 2.20-13] 3d°°s*oh "H° 6.64—14] 3d°%S*7h  TH® 2.64-14] 3d°°%S%9g 'G® 1.73-14]
3d°® 6s°9f PO 1.99-13] 3d®°%sf9f  TF° 6.09-14] 3d°6sof TF° 2.5d-14] 3d°6Sf9f F° 1.69-—14]
3d® ®s®10h  7H° 1.91-13] 3d®°®sf10h H° 5.7d-14] 3d®°6sP9h TH° 2.47-14] 3d°5S%6p 'P° 1.67—14]
3d®®sf10g  'G® 1.89-13] 3d°°®sf10g ‘G® 5.7d-14] 3d°6S%6p TP° 2.4(0-14] 3d°5s°8h TH® 1.5 -—14]
3d° ®s%6p Po 1.87-13] 3d°%s*6p 'P° 5.69-14] 3d°53%4s 7S® 2.39-14] 3d°6s*7h  TH° 1.5 -14]

Sum: 6.40—12] 1.9 —-12] 9.53 —-13] 1.09 -12]
Total= 1.04 —10] 2.1 —11] 6.8 —12] 5.0 -12]
% contribution= 6% 9% 14% 21%
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estimated from the sum of the two rates. Their [dwates, should be equal to the total state-specific recombination rate
valid over a smalll range, underestimate the recombinationcoefficient to the individual states at the temperatures con-
rate significantly, most likely due to the fact that they did notsidered, since the high-DR contribution does not dominate
include any resonance contributions at low energies. Theiantil about log,,T~4.7. Table 1l shows that the quintets con-
DR rates(calculated using the Burgess general formula butribute more toag than the septets.

possibly inaccurate oscillator strengthare considerably
higher, and overestimate the recombination rate by almost an
order of magnitude near the high temperature peak. The as-
terisks in the figure are the DR rate coefficients by Hgfin The total recombination rate coefficients for the recom-
Fel is one of the ions in the gap regions for which he didbined ion Fan are obtained in the close coupling approxi-
not have any available data for the empirical formula. Hencenation employing a unified treatment. To our knowledge this
he deduced the formula from empirical predictions com-is the first detailed calculation for the recombination rate
menting that these values should be tested by new and incoefficients of Feil. Present results differ considerably from
proved calculations. His values agree with those of Woodshe currently used values obtained by Woetlsl. [4]. Their

et al. RR rates at low temperatures underestimate the recombina-

Based on the accuracy of the close coupling approximation rate, but the huge difference appears at higher tempera-
tions for the photoionization cross sections and DR collisiortures where their DR rates are up to an order of magnitude
strengths, the accuracy of the presem{T) values should higher than the present rates close to the high temperature
be within 10% for most of the temperature range. At verypeak. Present calculations are also an application of the uni-
low temperaturesT<100 K, the uncertainty may be higher fied treatment to a complex atomic system from the iron
than 10% as the resolution of the near-threshold resonancesoup, involving large eigenfunction expansions for the re-
in the photoionization cross sections is crucial. The uncereombining ion to account for the strong electron correlation
tainty may also be higher in the very high temperature rangeffects and coupling. Similar calculations are now in
where inner-shell ionization may be important but is notprogress for Feand Fel. To our knowledge, there exists no
taken into account in the present work. other detailed calculations for Fe recombination rates.

We also present the state-specific, partial recombination
rate coefficients for some individual lowstates at four tem-
peratures: logyT = 2.0, 3.0, 3.7, and 4.0, in Table Il. These
are the dominant contributors from the quintet and septet | would like to thank Professor Anil K. Pradhan for con-
symmetries to the totakg. Their relative contributions to tributions(supported by NSF Grant No. PHY-9421898his
agr, however, change with temperature because of the varywork was supported by NASA Grants No. NAGW-3315 and
ing contribution from autoionizing resonances drp; with No. NAS-32643. The computational work was carried out on
photon energy. As explained in R¢L8], the rates in Table Il the Cray YMP at the Ohio Supercomputer Center.

IV. CONCLUSION
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