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Electron-ion recombination of Fell
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A complete treatment of electron-ion recombination esf Feinn—Fen employing a unified method is
presented. The treatment incorporates both the radiative and dielectronic recombinations in a self-consistent
manner. Total recombination rate coefficients are obtained from photoionization cross sections, and from
collision strengths for dielectronic recombination calculated using the precise theory of Bell and Seaton
Phys. B18, 1589(1989]. Large-scale computations for both of these quantities are carried out in the close
coupling approximation using tHe-matrix method with an eigenfunction expansion that includes 83 states of
Fen dominated by the groundd$, and the excited @°4s and 3°4p configurations. Both the total and
state-specific recombination rate coefficients are obtained. Comparison of the present results with the previous
ones shows considerable difference for most of the temperature regions. The present results provide accurate
and self-consistent recombination rates, in the temperature range of practical appliciitob& (K), for
ionization balance in photoionization models employing the detailed photoionization cross sections from the
Opacity Project[S1050-294{@7)00103-0

PACS numbe(s): 34.80.Kw, 32.80.Dz, 32.80.Fb, 33.80.Eh

[. INTRODUCTION [10], Fel ([11]). The recombination rates are presented for a
wide range of temperature.
Fell is a complex atomic system with strong electron cor-

relation effects that render a quantum mechanical description
difficult in terms of accurate wave functions, and conse- |l. THEORETICAL SUMMARY AND COMPUTATIONS
quently, to calculate atomic parameters with high precision.
Hence, though it is astrophysically very important, little
theoretical work has been carried dat2] for the recombi-

nation process oé+Felll—Fell. The coupled-channel ap- bined states are divided into two grougs) low-n bound

proximations that aim to treat low-energy electron-ion imer'states ranaing from the around state to excited states with

actions precisely have been applied to lighter atomig =n thgt gre treated g\]/ia hotorecombination using de-

systems, and only recently systematic calculations have begn., ~ ™max ) a photorec 9
ailed balance with photoionization in the energy range

done for a few of the iron group elements, primarily iron where both the background and resonant recombinations are
(e.g., Refs[3,4]). With respect to electron-ion recombina- 'rpportant andB) recgombination via high-lying resonances
tion, earlier investigations treat separately the processes ({)0 highn bound states of thee+ion system with

radiative recombinatiofRR) via the background electron- . g
RR) g Nmac=N=<o (i.e., DR in the energy range where background

ion continuum, and the dielectronic recombinati@R) via binati dt t binarid
autoionizing resonances, using different approximations thdtcompina ion(as Opposed 1o resonant recom ingtiae
Sneghglbly small. Typical choice o, is 10 (11 in a few

are usually valid in different energy and temperature region S .
Therefore inconsistencies and inaccuracies tend to get intr _asgﬁa Hencg th_e repombmaﬂon rgtes are obtained from the
artial photoionization cross sections of a large number of

duced into the total rates obtained from addition of the R ) : S
bound states, leaving the residual ion in the ground state, and

and the DR rates. In the two previous works on recombina > : .
tion of Fell, Woodset al. [1] obtained the RR rate coeffi- DR CO".'S'On strengths in the energy range where DR domi-
cients from photoionization cross sections in the central-field'a(€S; "e'.'thbﬁ!O\r']V th_e t.hr?Sh@IOf convergefnce gftreso—
and the hydrogenic approximatiofteese approximations do hances wi 'gh principal quantum humbleeferre o as
high-n resonances Extensive large-scale computations are

not include resonancgsand DR rate coefficients from the . ) N )
Burgess general formu(&]. Hahn[2] obtained the DR rates carried out for the atomic data for.the ion. We provide some
computational details of the atomic calculations below.

from an improved empirical formula as an extension of the . . ; . .
Calculations are carried out in the close coupling approxi-

Burgess general formula. . S
The present work reports a detailed study of electron-io ation where the target or the core ion IS repre.sented by an
-electron system, and the recombined ion by an

recombination of Fa. Both the total and state-specific

electron-ion recombination rate coefficients are obtained eml N+ 1)-€lectron system. The total wave function expansion
ploying a unified treatmenf6—8]. The treatment incorpo- Y (E) of the (N+1)-electron system for any symmetry

rates the RR and DR in a self-consistent manner in the closaL™ S represented in terms of the target wave functions as
coupling (CC) approximation. In previous works we have

applied the treatment to ions in the second and third row

elemgnts(e.g.,[&g]) and it is being extended 'to large, com- W(E)zAZ Xi 9i+2 c;®;, 2.1)

plex ions of the iron group, such as the Fe idag., Fel i ]

The theoretical details of the unified treatment for the to-
tal electron-ion recombination rates are given in Refs.
[7,8,10. In the treatment, the infinite number of final recom-
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o . R a modified version of a program to compute bound-free cross
g Fell + hv —>Felll + e sections,sTGBF [8]. The present calculations obtain 525
10° g | (0) 30°°Das(*D) bound states that couple to the ground staté(ZD) of the
o i | E core ion Fail, of which 195 are sextets and 330 are quartets.
| However, the total number of such bound states observed is
10k 2 158, 40 sextets and 118 quartets. Partial photoionization
o cross sections of all the 525 bound states ofi Fege calcu-
10" 3 lated and included in the totalg(T).
i , L , . ] Although the 83-state eigenfunction expansion ofiFef
M 1.36 1.62 1.88 2.14 2.40 Nahar and Pradhd8] is used for most of the present com-
putations, it was found necessary to reduce the size of the
10 (b) 3d°® °D4p(°F °) expansion for computations of partial photoionization cross

sections for the quartet states of IFgvhich required far too

FIG. 1. Partial photoionization cross sectionsg, of the (a)
ground state®D and excited stateé) 3d°4s°G4p(®H°) and (c) 10
3d®5D4p(°F°) of Fel.

) 1l g much computational time on the Cray Y-MP. Some highly
gg 100 L excited even parity states, such ¥ (27th target stajeand
5 E some weakly coupled states to the ground state, such as
107 g SHP (47th target stadeare omitted in the reduced expansion;
10—21 ‘ L ‘ ‘ ] the highest state included is the 60th target state,
G 1 125 150 175 2 3d%4p(°P°) [3]. This still ensures inclusion of almost all
‘ ’ 3 contributing series of autoionizing resonances, except from
10? £ (©) 3d°4s°Gap(°H°) § the highest excited state¥° (80th stat¢ and °D° (82nd
10 g 3 statg for dipole allowed transitions from théD ground
1d° k e state. Comparison of the present partial cross sections with
107k _
107 . 10* : : - : .
10—? é r F Fell + hv —>Felll + e 3
10t T . 3 @s3da’('p ]
0.40 0.66 0.92 1.18 1.44 1.70 102 ; ;
Photon Energy (Ry) E 3

10—1 1.05 1I28 1I51 o 1I74 1I97 2.20
where y; is the target wave function in a specific state 10 T ' ; T 3
SiL;m; and 6; is the wave function for theN+ 1)th electron B (b) 3d7*P) ]
in a channel labeled &L ;7 k?l;(SLw), k? being its kinetic 10° g 3
energy. ®;'s are the correlation functions of the =, g ]
(N+1)-electron system that account for short range correla- & 0 3 E
tion and the orthogonality between the continuum and the & a ]
bound orbitals. Present work on photoionization cross sec- 10 3 3
tions op, of the group (A) bound states, and collision F ]
strengths of DRQ(DR), of the grougB) states, employs an 0 s e L Lot s 2.10
extensive eigenfunction expansion of 83 stgfdswhich in- 10 T ' ' T E
cludes important correlation effects. For example, the expan- \F _ (©) 3d°*D7p(*F °) 7
sion for Fell includes most of the dominant terms from the
ground 31°, excited 31°4s, and 31°4p configurations. Ob- 10 .
served energies for the target states are used to determine the o B ]
accurate positions of the resonances. ! 3 3
Some important features of the partial photoionization 10 E 2
cross sections and DR collision strengths relevant to their _; i Z..,Fo$ J;fw ng
respective contributions to the total recombination rate coef- 0 e 062 P Lo Lo
ficients will be illustrated blow. Photon Energy (Ry)
A. Low-n states: Partial photoionization cross sections FIG. 2. Partial photoionization cross sectiomg, of the meta-

] stable states(a) 3d’(*F), (b) 3d7(*P), and (c) excited
For the group(A) low-n bound states, the partial photo- 3465p7,(4F°) state of Fai. (c) illustrates the PEC resonances

ionization cross sectionsp, leaving the core in the ground ith the arrows pointing the energy positions for PEC’s at thresh-
state are obtained for each bound state. The autoionizingids 3d%4p(z°P°), 3d54p(z5F°,25D°,y®P°), 3d54p(y5F°,y°D®,

resonances are included where they are resolved in §i€fail x5p°), and 3154p(x®F°,x5D°) for dipole allowed transitions. The
Computations are carried out employing fRematrix codes  states within parentheses are treated as degenerate in the computa-
from the Opacity Projedt12] and the Iron Projedtl3], and tions.



1982 SULTANA N. NAHAR 55

the earlier total photoionization cross sections ofilHe] B. High-n states: Collision strengths for dielectronic
shows no significant loss of resonances and only a slightly recombination
lower background as expected from the difference of total 1o recombination of grougB) states,n, ,<n<c, is

and the partial cross sections. The contribution to DR fronyminated by DR since the number of Rydberg series of

all dipole transitions in the target expansion is included, atates belonging to the target thresholds increases asd

ex;')l'lﬁ??gcl(?rtneg.ination cross sectio are obtained from the autoionization rate decreasesias, wherev is the ef-
ORc fective quantum number of the Rydberg series. We calculate

the o, through the Milne relatior(detailed balange The the collision strengths for DR for these states employing the

recombination rate coefficients are obtained on averaging1 .
: . - eory of DR by Bell and Seatofl4,7]. Calculations are
ore(T) over the Maxwellian electron distribution, at a given carrigj out in t%e close couplingmap[}roximation using the

temperaturd’, using the cod®&ecoms[10]. The recombina- . . . .
b 9 [10] same 83-CC eigenfunction expansion that is used for the

tion rate coefficients thus obtained from the partial photoion ) A . .
ization cross sections of the lom-bound states incorporate partial photoionization cross sections. The computations of

both the RR and the DR processes and provide total photdh® PR collision strengths are carried out employing the ex-
recombination rates. Although the ground state ofife tended codesTGFDR of STGF[7]. A few details are given

3d%4s(®D), is an important contributor, it is not the domi- Pelow.
nant contributor to the recombination rates. The reason can The calculations of the DR probability fore
be explained from the detailed structures of the cross sectFelll—Fell involve nine dipole allowed transitions from
tions presented in Figs. 1 and 2, discussed below. the °D ground state out of the 83 states in the expansion.
Figure 1 presents the photoionization cross sections of th€hese transitions along with their radiative transition prob-
ground state, (@ 3d® °D4s(®D), and two dominant abilities (A values are given in Table I. TheA values
contributing  states, (b) 3d® °D4p(°F°), and (c) are taken from the 49-CC calculations of iFef values[4].
3d°4s°G4p(®H°), of Fel. The ground®D state shows ex- Some of the states for dipole allowed transi-
tensive resonances indicating high autoionization ratedions are treated as degenerate when they are closely
However, the excite@F° state shows more enhanced effec-spaced in energy. The threshold energies are taken to be
tive background cross sections than the ground state ardd®4p(z°P°) at 0.818 Ry, 8°4p(z°F°,z°D°y°P°) at
hence contributes considerably more to the recombinatiod.081 Ry, 2*4p(y°F°y°D°x°P°) at 1.127 Ry, and
rates than the ground state. The excifét? state dominates 3d°4p(x°F°,x°D°) at 1.257 Ry. Thus the value 6(DR) at
the recombination because of large and wide resonances wuarious thresholds, except at the first threshold with only one
the low-energy region. target state, corresponds to the sum of contributions from the
Figure 2 presents the photoionization cross sections ofhannels belonging to all the degenerate states at each
two metastable statggs) 3d’(*F), (b) 3d’(*P), and(c) ex-  threshold.
cited 3d® SD7p(*F°) state. Both of the metastable states are The Q(DR) for (e™,Fen) are obtained in two formgi)
dominant contributors to the recombination rates because afith detailed resonance profiles, afid averaged over the
their background cross sections. Although the autoionizingesonances. Both forms are presented in Fig. 3 where the
resonances do not continue as energy increases, for thedetted curve corresponds to the detail@dDR), and the
states the background cross sections remain high, contribusolid curve to the resonance averaged values. The common
ing significantly to the recombination rates. Figuke)dllus-  features of DR are observed in the figure: the resonances
trates the PEQphotoexcitation of coneresonances in the become denser with increasingalong a Rydberg series con-
cross sections of highly excited Rydberg bound states. Theerging to the excited statggnarked by the arrows the
PEC resonances in the photoionization cross sections reprbackground rises as the energy approaches these thresholds.
sent the inverse of the DR process and manifest themselvdhe resonance averaged solid curve peaks at the thresholds.
through excitation of the core due to a dipole allowed tran-The trapped electron flux in the closed channels below the
sition from the ground state, while the outer electron remainghresholds is released as the channels open up at the thresh-
a spectator. These resonances are wider than the Rydbeslls and DR contribution goes to zero. The peak values of
resonances and enhance the cross sections, often by orderdtu (2 (DR)) at the thresholds are given in Table I. For the
magnitude. calculation of the present total recombination rates the aver-
The PEC resonances are more prominent for excitedged()(DR), rather than the detailed, is used as it is more
states with one electron in a Rydberg state, and the energccurate for numerical integration.
behavior of the cross section deviates considerably from the Independent electron-ion scattering calculations are also
hydrogenic form usually assumed for the photoionizationcarried out for the electron impact excitation collisi@E)
cross section of such states. Figufe)Zhows the cross sec- strengths)(EIE) at the threshold energies for the dipole al-
tions of such an excited state,dB°D7p(*F°), where lowed transitions in the core ion. For Fg the same 83-state
the arrows point to the threshold energies of the PEQigenfunction expansiotas in the DR and the photoioniza-
resonances at dd4p(z°P°), 3d°4p(z°F°,z°D°y°P°), tion calculationy is employed in the CC calculations for
3d%4p(y°F°,y°D°,x°P°), and 3%4p(x°F°,x°D°), corre- Q(EIE). This provides a few checks for the values of DR
sponding to dipole allowed transitions from the groutidl  collision strengths. The convergence of tRematrix basis
state. The target states within the parentheses are narrowdgt is checked in terms of the multipole potential contribu-
spaced and are treated as degend@jteThe first three PEC tions[7]. The present theory of DR collision strengths, based
resonances are quite pronounced in the figure, while the lastn multichannel quantum defect theory, neglects the contri-
one is not so obvious due to weaker coupling. bution of higher order(nondipole multipole potentials.
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TABLE I. Transition probabilities;; and collision strengths of EIEvith IPERT=0 and 1 and of DR at
the thresholds for dipole allowed transitions iniFeFor a threshold with degenerate states, the last line
corresponds to the sum of collision strengths. Numbers in brackets represent powers of ten.

Transition Aji (a.u) (Q(DR)) Q(EIE)q Q(EIE),
a’De—z2°pP° 1.09 —8] 11.70 11.50 9.12
a’De—z°D° 1.70-12] ! 0.962 1.03
a’De—y5p° 1.9q - 8] ! 7.59 7.00
a’De— 25F° 1.5 —8] ! 11.09 10.11
7.69 19.64 18.14
a’De—y°DP° 1.7 —8] ! 5.72 5.40
a’De—x°P° 2.70-9] 1 0.598 5.88
a’De—y°F° 3.63-9] 1 2.63 2.54
7.51 8.95 8.52
a®De—x°D° 1.3 —8] 1 2.65 2.66
a®De— x°F° 2.89-9] ! 1.33 1.33
3.08 3.98 3.98

However, this can be compensated for through a propetials) and IPERT=1 (inclusion of multipole potentia)sindi-
choice of the size of th®-matrix boundary and the number cates the significance of the multipole potential contribu-
of terms in theR-matrix basis set. The comparison betweentions, as explained in Nahar and Pradhah For the present
the values of excitation collision strengtf{EIE) obtained case, the values df}(EIE) with IPERT=0 and 1 are pre-
using a parameter IPERI0 (exclusion of multipole poten- sented in Table |. Except for the first transition, the values of

20 T T T T LN I L O R R B R B A T T T T T 1 T
C e+ Felll -> Fe Il Q,.:CD - 2’F) 7]
5= _
= C L QD - P ]
8 10— H —
a C : 0Q,.CD-yF) -
sE. -
B QD - XF%) * ]
SR I ]
20— —
15 -
_ 1= —
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0 _ Lo ot | R =
- \|' Z°P° \JZSFJ LySF" : L E
_05 01| ca g b b g g by Ty ' [ IR N AT 17
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[k(D)I* Ry)

FIG. 3. DR collision strengt)(DR) for the recombination og+Fein—Fel: (i) detailed with resonanceglotted curvesand (ii)
resonance averagésbolid curve$. DR calculations start at effective quantum number10 of the Rydberg series of states belonging to the
thresholdgpointed by the arrowsfor dipole allowed transitions of the grourtd state of Feii. Only one state is specified at the thresholds
with degenerate statésxplained in text The filled circles are the values of excitation collision strenGitEIE); at the thresholds with
degenerate states, they represent the total suth(BfE).
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TABLE II. Total recombination rate coefficienigs(T) in units of cn? s™1, for the recombination of
e+Feln—Fel at various temperaturek (K). Numbers in brackets represent powers of ten.

log;eT ar logoT ar logoT ar

1.0 1.23—-10] 3.1 6.20—12] 5.2 3.34—12]
1.1 1.07—10] 3.2 5.57—12] 5.3 2.87—12]
1.2 9.34—11] 3.3 5.07—12] 5.4 2.31-12]
1.3 8.13—11] 3.4 4.68—12] 5.5 1.84-12]
1.4 7.06—11] 35 4.41-12] 5.6 1.43—12]
1.5 6.13—11] 3.6 4.25—12] 5.7 1.10—-12]
1.6 5.37—11] 3.7 4.18-12] 5.8 8.26— 13]
1.7 4.67—11] 3.8 4.14—-12] 5.9 6.19—13]
1.8 3.9§—11] 3.9 4.11-12] 6.0 4.58—13]
1.9 3.45—11] 4.0 4.07—12] 6.1 3.37-13]
2.0 2.97—11] 4.1 3.85—12] 6.2 2.47—13]
2.1 2.56—11] 4.2 3.63—12] 6.3 1.77—13]
2.2 2.21—-11] 4.3 3.42-12] 6.4 1.29-13]
2.3 1.90-11] 4.4 3.31-12] 6.5 9.34—14]
2.4 1.63—11] 4.5 3.3§—12] 6.6 6.74— 14]
2.5 1.40-11] 4.6 3.61—12] 6.7 4.87—14]
2.6 1.21-11] 4.7 3.93-12] 6.8 3.51-14]
2.7 1.04—11] 4.8 4.1§-12] 6.9 2.54—14]
2.8 9.03—12] 4.9 4.26—12] 7.0 1.83—14]
2.9 7.91-12] 5.0 4.13-12]

3.0 6.97—12] 5.1 3.80—12]

Q(EIE) with IPERT=0 and 1 agree with each other in less For the higha group (B) states, recombination via the

than 10%, indicating an adequate convergence is achievednonresonant background is negligible at high energies and
Another check is carried out through comparison of thetemperatures, but is considerable for low electron energies at

value of (QQ(DR)) with that of Q(EIE) (with IPERT=0) at  very low temperatures. As we aim to calculate taalion

each threshold. Agreement between the two numbers indrecombination rate coefficients valid in all temperature

cates conservation of flux, such that the trapped electron flukanges, we include this contribution in the totak(T)

due to resonances below a threshold equals that released dineough a “top-up” scheme using hydrogenic approximation

to excitation at the threshold energy. The filled circles in Fig.for the highn photoionization cross sections, as explained in

3 represent the excitation collision strengQ$EIE) at the  Nahar[10].

excited thresholdgthe values are given in Table. At

thresholds with degenerate states the surf) (EIE) values . RESULTS AND DISCUSSIONS

for the states are compared to the valu€ddDR). As seen in o o )
Table I, the agreement between the value¢@®¢DR)) and Total recomblna_tlon rate coefficientsg(T) are obt_alned
Q(EIE) at the first threshold indicates that conservation confOr the recombination processtFelil —Feil, employing a
dition of the flux is satisfied. However, at the other thresh-Unified treatment for a wide range of temperatures,
olds, differences can be seen between the peak values &f 109107 <7. Values ofag(T) are obtained at a fine tem-
(Q(DR)) and of Q(EIE), the largest difference being at the Perature mesh olog,cT=0.1 for easy interpolation at any
second threshold. Several points can be made to explain tigMPerature. The numerical valuesa(T) are provided in
differences Q) (DR) and Q (EIE) are obtained from two dif- Tab_le. Il and are plotted in Fig. @he solid curve Thg curve
ferent approaches, with coupling ofosedchannels for the exhibits the general pattern of the total electron-ion recom-
former case and afpenchannels for the latter case. With the bination rate coefficientsrg(T), as discussed in previous
exception of the first threshold, each threshold correspond&orks[8]: at low temperature the rate is high owing to back-
to a few degenerate states. Such treatment of degeneracy cgivund continuum recombination to many higtstates, de-
affect the strength of interference among the coupling chanereasing with temperature to a minimum value just before
nels, particularly for a complex ion such asiFwith a large  resonant recombinatio(DR) becomes dominant and gives
number of associated channels, more than for comparativelyse to the hight DR bump, which for Fe lies at about
smaller ions[9], leading to a large difference between thelog,o(T)=4.8 K. After the highT bump, the recombination
two numbers. The existence of resonances in the EIE collirate decreases smoothly. In addition to the prominent high-
sion strengths very close to the threshold energy refium T DR bump, theag(Fell) also exhibits a slight lowF bump
any of the degenerate statesill also cause differences be- (seen for many other iori8]) owing to low-energy autoion-
tween the two collision strengths for DR and EIE at thatizing resonances in the cross sections leading to recombina-
threshold. tion to the lown bound states. The present recombination
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9.5 At rates, but still higher than the present values.
e + Fe III —> Fe II ] '!'hese are detailed calculations for electron-ion recombi-
~10.0 ] nation of Fel. The values ofag(T) should be accurate to
i ) ] within 10—30 % for most of the temperature range of prac-
Cros [ \Jotal(Present) ~ tical importance, up to an excitation temperature of over
~ 10° K corresponding to the highest target state in the CC
o —11.0 [ expansion. The estimate of accuracy is based on the general
@ accuracy of the CC method for photoionization cross sec-
mg -11.5 [ tions and electron scattering and DR collision strengths. The
el principal result of this work is that at astrophysical tempera-
5 -120 [ tures relevant to Fe, around 10 K, the dominant recombi-
ReJ nations are through low-energy resonances and background,
5 -125 [ i.e., low-T DR and RR, where the present rates should be
9 accurate and differ considerably from the approximate data
-13.0 [ heretofore available.
The high-temperature rate3 % 10° K), although not of
-135 [ much practical importance, are given for completeness, but
are more uncertain due to possible recombinations via bound
—14.0 states formed with the omitted target statesi¥®& and
1 2 3 4 5 6 7 highep. The number of such states in near-neutral systems is
log,,(T) (K) not large as these entail two excited bound electrons, one in

an excited target state and one in a Rydberg state belonging
to that state. Also, the contribution of these highly excited
to RR rates and chain-dashed curve to DR rates by Webdb[1], Ss?t{?\tes o high-temperature r.ate.s Is small because the DR col-
the asterisks to DR rates by Haf], and the dotted curve to DR lision strengths decrease with increasing energyraralito-
rates by Arnaud and Raymoidé]. ionization into lower coupled excited states, weaker PEC
resonances, and exponential Maxwellian damping. We fur-
rates together with the total photoionization cross sections dher note that with a large target expansion, the background
the ground state of Fe [3] provide a complete and self- cross sections of comparatively highly excited states show
consistent set of data for accurate calculations of ionizatiomelatively little resonance structure long before the highest
balance under photoionization equilibrium. target threshold; for example, the PEC’s decrease in height
The presentg(T) for Fen differs considerably from the and width considerably after only the first few thresholds.
earlier rates. Comparison of the presdntal ar (solid Hence the extrapolation as described in Réf.should rep-
curve in Fig. 4 is made with the earlier RR ratédashed resent a good approximation for the background and the un-
curve and the DR ratesdot-dashed curyeof Woodset al.  certainty introduced by not including the resonances due to
[1], and DR rateqasterisk of Hahn[2]. The two earlier target states beyond the highest target threshold may not
rates for RR and DR can be summed to get an estimate of tHeave affected the rates considerably. Nonetheless, for more
total rates. The lowF values of Woodset al,, valid over a  highly ionized ions than Fe there may well be a significant
small T range, underestimate the recombination rate significontribution from highly excited target states.
cantly, up to a factor of 5. One reason for this is that their Table Ill presents the state-specific, partial recombination
work does not include any resonance contributions at lowate coefficients of dominant bound states of the sextet and
energies. Their DR rates at highobtained using Burgess’s quartet symmetries of grougA), at four temperatures:
general formula[5] (BGF) are considerably higher. BGF log;oT=2.0, 3.0, 3.7, and 4.0. They are listed in order of
does not take account of the extensive radiative and autoiortheir percentage contributions to the totak(T) at these
ization couplings and interference effects between channelemperatures. Both the order and the amount of contributions
of all relevant excited states, principally autoionization intoof the states vary with temperature because of resonance
lower excited stategas noted by Jacobst al. [15]), and is  structures in the photoionization cross sections for these
therefore not likely to be accurate for the complicated case oftates, as discussed in Sec. Il. The rates presented should be
Feu where such coupling effects are strong. The presengqual to the total state-specific recombination rate coefficient
rates atT>10° K may be higher due to contributions from at the specified temperatures since the highR contribu-
higher target states not included in the CC expansion, antion does not dominate until about 16 000 K. There may be
resulting bound states, but should still be considerably lowesome uncertainty in the rates at very low temperatures where
than the BGF. The DR rate coefficier(@sterisks by Hahn  they are sensitive to both the position and the resolution of
[2] are much lower than the present valgsme uncertainty the near-threshold resonances.
is introduced from reading off the two values from the It may be noted that the present large-scale computational
curves in Ref[2]). Fell is one of the ions for which accurate work has yielded partial and total photoionization cross sec-
atomic data were not available for Hahn’s empirical formula.tions for all of the 525 low-lying §=<10) bound states of
Arnaud and Raymonfll6] generated another fitting formula Feil. The complete work on photoionization and recombina-
for the DR rates(dotted curve by scaling the values of tion of Fell required an estimated 225 CPU hours on the
Woodset al.and of Hahn; their values lie in between the two Cray Y-MP.

FIG. 4. Total recombination rate coefficientgg(T) (solid
curve for Feu of the present work. The dashed curve correspond
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TABLE IlI. State selective recombination rate coefficiefits units of cn? s’l) at four temperature§;= 100, 1000, 5012, and 10 000
K, of the first 20 dominant contributing states from sextet and quartet symmetries. An asterisk indicates that the state cannot be indentified.
A value ofa[ —b] for ag meansax 10 °.

100 K 1000 K 5012 K 10 000 K
State aR State aR State aR State aR

3d°°De4p SD° 2.6§—-13] 3d°°D®4s®D®  1.6§-13] 3d°4s°G®4p SH° 1.20-13] 3d%4s°G®4p ®H° 1.99-13]
3d®5D®4p °F° 2.4 —13] 3d°3p? °D® 1.19-13] 3d%4s°G®4p 6G° 1.09-13] 3d°4s°G®4p 6G° 1.6 —13]
3d%°De4f SHO 1.03-13] 3d®5D®4p ®D° 8.1 —14] 3d°4s°S%4p ®P°  9.90—14] 3d°4s°G®4p °F° 1.30-13]
3d®5De4p 6p° 1.00—-13] 3d®°D®4p 6F°  7.59-14] 3d°°D®s ®D® 9.41—14] 3d°4s°S°4p 6P°  8.74—14]
3d®5De5p F° 1.00 —13] 3d%4s’S%4p 6P°  4.43-14] 3d%4s°Ge4p °F° 7.89—14] 3d®°De4p 6F° 7.0 —14]
3d®5De5p 6p° 9.94-14] 3d®°D®4p 6P°  4.3§-14] 3d°4p? *D° 6.7 —14] 3d®5D®4p D° 6.7 — 14]
3d®5De4f 6GO 9.14 —14] 3d%4s’S°4d °D® 3.59—14] 3d®5D®4p 6D° 529 —14] 3d°4s°Pe4p ®D° 6.09 —14]
3d®°5pe5f fH° 9.13-14] 3d®°D°5d °D®  3.49-14] 3d°®°D®4p SF° 5.0 —14] 3d°4s°D®4p °F° 5.8 —14]
3d°°De6p SF° 8.17—14] 3d°4s°S%4p SP° 3.24-14] 3d®°D®4p ép° 3.57—14] 3d°°D®4s D® 5.84 —14]
3d®°De5f 6G° 7.8 —14] 3d®5De4f SH° 3.1 -14] 3d%°4s’S4p 6P°  3.29-14] 3d°4p? °D° 3.9 — 14]
3d%4s5s%4p SP°  7.09-14] 3d®°D°5p ®D° 3.1 —14] 3d%4s’S%4d 6D 2.39-14] 3d®°De4p 6p° 3.2 —14]
3d%°Deaf SF° 6.93—14] 3d°°D°®5p 6F°  3.04 —14] 3d°°D°®5p SF° 2.09-14] 3d°4s°D®4p °D° 2.89-14]
3d®°De6f SH° 6.74 —14] 3d°4s'S%5p 6P°  2.99-14] 3d°°De5d ®D® 1.90—14] 3d°®5D®5p 6D° 2.64 —14]
3d®5D®6p 6D° 6.59 —14] 3d®5D°%4f 6G°  2.79-14] 3d°4s°P®4p ®D° 1.89-14] 3d®5De5p EF° 2.6 —14]
3d®5Desf SF° 6.0 —14] 3d®5D°5f 6H°  2.7d—14] 3d%°4s’S%5p 6P° 1.7 —14] 3d°4s'SP4p 6P°  2.54 —14]
3d%°De6f 6G° 5.7 —14] 3d°°D®6p °F°  2.59-14] 3d°®°D®5p °D° 1.74—14] 3d%4s°P®4p ®P° 2.39—14]
3d°°Deé4s 5D° 557—14] 3d®°DS5f 6G°  2.40—14] 3d°4s°D®4p ®F° 1.59-14] 3d°°D°5p P° 2.2 —14]
3d%4s5G®4p SF°  5.45-—14] 3d®°De4f 6F° 2.11—-14] 3d®°De4f SH° 1.20—-14] 3d°4s°D®%4p 6P°  2.07-—14]
3d®5De7p SF° 5.17—14] 3d®°D°®6f SH°  2.09—14] 3d°4sP®4p 6P° 1.17-14] 3d°4s’S°4d °D®  1.74-14]
3d®5Desd 6G® 5.1 —14] 3d®5D®%6p 6D°  2.0J—14] 3d®°De4f 6G° 1.09 —14] 3d°4s°P®4p 83°  1.47-14]

Sum= 1.87—12] 9.1 —13] 9.0 —13] 1.171-12]
Total= 2.97-11] 6.97-12] 4.19-12] 4.00-12]
% contribution= 6% 13% 22% 29%
3d” “Fe 9.09 —13] 3d” “F¢ 3.1§-13] 3d” “F¢ 2.37—-13] 3d” “F¢ 2.27-13]
3d®3G®4p “F° 4.70-13] 3d7 4Pe 1.00 —13] 3d°4s? *F® 1.57-13] 3d°4s? *F® 1.9 -13]
3d” 4pe 3.19-13] 3d®°D®4p “D°  7.79-14] 3d®°D®4p ‘D° 5.97—14] 3d°4s°G®4p “F° 7.47-14]
3d®5D®4p “D° 2.79-13] 3d®3G®4p “F°  6.801—14] 3d’ *P® 590 —14] 3d®5D®4p *F° 5.97 —14]

3d®3G®4p 4G° 2.54—-13] 3d®°D®%p “F°  6.24—-14] 3d°3F%4p *G° 5.89—14] 3d®5D®%4p “D° 5.69 — 14]
3d®5D®4p 4F° 1.97-13] 3d®°D®4p 4P°  4.17-14] 3d°°D®4p *F° 5.83—14] 3d°4s°D®4p F° 5.41-14]
3d%°De4p 4p° 1.37—-13] 3d®3G®4p *G°  3.67—14] 3d°3Fe%4p “F° 5.71—14] 3d°3pPe4p “D° 5.29 —14]
3d®3Ge5p “F° 9.44—14] 3d®5D°5p “F°  2.64—14] 3d®°Pe4p ‘D° 4.4—14] 3d%4s°Ge4p “H° 5.29—14]
3d®5De5p “D° 9.0 —14] 3d®5D°®5p “D°  2.59-14] 3d°4s°D®4p *F° 4.27-14] 3d7 *pe 4.89 —14]
3d®5De5p “F° 8.771—14] 3d%4s® “D® 2.20—14] 3d®°H®4d *H® 3.44—14] 3d®°F®4s 4Fe 4.89 —14]
3d®5De4f 4HO 7.00—14] 3d®5De4f 4H°  2.13-14] 3d°3Fe4p *D° 3.3 —14] 3d®°Fe4p G° 4.59 —14]
3d%°5De4f 4G° 6.00—14] 3d®%H®4d *H®  1.84-14] 3d°°D®4p *P° 3.37-14] 3d°®%Fe4p G° 4.49 — 14

3d°°De4d 4G® 6.00 —14] 3d°4s? “Fe 1.8 —14] 3d°4s°D®4p *D° 3.37-14] 3d®SFe4p “F° 4.34 —14]
3d®3He4p 4G° 5.99—-14] 3d%5D®4d “G®  1.87-14] 3d®3H®4p “G° 3.29-14] 3d®°H®4s *H® 4.33 —14]
* 4o 5.90—14] 3d°5D®4f 4G° 1.80—14] 3d%4s°G®4p “F° 3.20—14] 3d%4s°D®%4p “D° 3.99—14]

3d°°Desf 4GP 5.79—14] 3d®°D®%6p “F°  1.64—14] 3d®°D®4s “D® 3.19-14] 3d°°D®4s “D® 3.8 —14]
3d®5D®6p “F° 5.23—14] 3d°°H°®5d “H®  1.63—14] 3d°®°He5d “H® 3.09—14] 3d®3H®4p 4G° 3.59 —14]
3d®5De5d ‘G® 5.17-14] 3d®°De5f “G°  1.64—14] 3d°%F®4s *F® 3.00—14] 3d®3G®4s *G® 3.37-14]
3d°3pe4s 4pe 5.10 —14] 3d®3pe4s “p® 1.6 —14] 3d°3D®4s “D® 2.99-14] 3d°3%Fe4p “D° 3.04 —14]
3d®°5De4f 4F° 4.69—14] 3d°°De5d “G®  1.59-14] 3d°3D®4p *F° 2.59—14] 3d®5D®4p 4pP° 2.77—14]

Sum= 3.3§ -12] 9.57 —13] 1.171-12] 1.29-12]
Total= 2.97—-11] 6.97 —-12] 4,14 -12] 4.0 -12]
% contribution= 11% 14% 27% 31%
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IV. CONCLUSION photoionization models using the Opacity Project photoion-

Total and state-specific recombination rate coefficients fo}zatlon cross sections, which differ considerably from earlier

the recombined ion Fie are obtained in the close coupling works. , . . .

N i . For further information regarding the state-selective re-
approximation employing a unified treatment. Present work L -

; . . . combination rate coefficients of all the lowbound states of

represents a detailed study for the electron-ion recomblnatlolge” see Ref[17]
for Fell. The total rates differ considerably from the cur- ' '
rently used .values h_|gher in the Iow—temperature region, and ACKNOWLEDGMENTS
are lower in the high-temperature region. Based on the
atomic data for the photoionization cross sections and DR | would like to thank Professor Anil K. Pradhan for con-
collision strengths, the total rates should be accurate to 10tibutions(supported by NSF grant for the Iron Project Grant
30 %, except possibly at high temperatutbsyond 16 K) No. PHY-9421898 This work was supported by NASA
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