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ABSTRACT

We present a comprehensive and self-consistent set of new atomic data for ionization balance in radi-
atively and collisionally ionized astrophysical plasmas. Complex resonant phenomena resulting in rapid
energy variation in the cross sections for photoionization and recombination require accurate and large-
scale calculations, as reported. Another new development is the consideration of the unified nature of the
recombination process in an ab initio manner, via resonances embedded in the electron-ion continua,
which have been heretofore considered as separate processes of radiative recombination and dielectronic
recombination. A single set of total electron-ion recombination rate coefficients is thereby obtained as a
function of electron temperature. The present calculations also meet the hitherto neglected, but theoreti-
cally essential, criterion of self-consistency between the rates for the inverse processes of photoionization
and recombination, ensured by describing all atomic processes with an identical set of eigenfunction
expansion within the close-coupling approximation using the R-matrix method. Photoionization cross
sections and total electron-ion recombination rate coefficients for the carbon and nitrogen isonuclear
sequences, C 1-C vi and N -N v, are presented. Ionization fractions in coronal equilibrium are also
computed. The present photoionization cross sections have been calculated using more extensive eigen-
function expansions than those in the Opacity Project. In addition to the total photoionization and
recombination data, state-specific cross sections are also obtained for a large number of excited states for

non-LTE models. Complete data sets are available electronically.
Subject headings: atomic data — atomic processes — plasmas

1. INTRODUCTION

Ionization balance is the primary feature in astrophysical
models of diffuse, nebular objects. The two most common
assumptions for the ionization conditions in the plasma are
(1) photoionization equilibrium and (2) collisional or
coronal equilibrium (Osterbrock 1989). The dominant ion-
izing process in the first case is photoionization from the
radiation field in the source, and in the second case, electron
impact ionization in usually optically thin plasmas (such as
the solar corona). Both ionization processes are sought to
be balanced by the inverse process of electron-ion recombi-
nation in the ambient medium characterized by a given
electron temperature, usually in terms of a Maxwellian dis-
tribution, and an electron density. The two sets of ioniza-
tion balance equations may be written as
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where ag(X?%; T)is the total electron-ion recombination rate
coefficient of the recombined ion of charge z, X3, to state j at
electron temperature T, C; is the rate coefficient for electron
impact ionization, and op; is the photoionization cross
section evaluated at photon frequency v and convoluted
with the isotropic radiation density J, of the source; N,
N(X=*1), and N(X?) are the densities for the free electrons,
and the recombining and recombined ions, respectively.
Implicit in these equations is the assumption that the
ionization rates on the left-hand side refer to the ground
state of the ion. This condition is predicated on the assump-
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tion that the radiative and collisional processes proceed on
faster timescales than photoionization and recombination.
Substantial departures from these equilibrium conditions
may result at high densities where some excited states are
significantly populated or in LTE. The sum on the right-
hand side extends over the infinite number of excited states
into which recombinations can take place, depending on the
temperature.

Unlike previous works, the present work seeks to satisfy
the photoionization equilibrium condition (eq. [1]) in a fun-
damentally consistent manner: the photoionization and
recombination calculations are carried out using the same
set of atomic eigenfunctions. Furthermore, as the detailed
photoionization cross sections include autoionizing reso-
nances in an ab initio manner, the electron-ion recombi-
nation rates subsume both the radiative and the dielectronic
recombination processes, which have been treated separa-
tely in previous works using different methods.

In the coronal approximation (eq. [2]) some of the pre-
vious calculations for ionization fractions are Jacobs et al.
(1980, and references therein), Shull & van Steenberg
(1982a, 1982b), Arnaud & Rothenflug (1985), and
Sutherland & Dopita (1993). In general, most of the
electron-ion recombination data employed in the earlier
works are based on radiative recombination (RR) rates (e.g.,
Aldrovandi & Pequignot 1973) derived from photoioniza-
tion cross sections that neglect the now well-established
phenomenon of autoionizing resonances (e.g., Reilman &
Manson 1979), and on dielectronic recombination (DR)
rates derived from the Burgess general formula (Burgess
1965), but incorporating the important advances made in
the treatment of DR by Jacobs et al. (1980), who showed the
effect of autoionization into excited states, and later by
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Nussbaumer & Storey (1983), who established the signifi-
cant contribution from near-threshold autoionizing reso-
nances resulting in a low-temperature bump (in addition to
the usual high-temperature rise in the DR rate). For elec-
tron impact ionization, the latest experimental and theoreti-
cal data were assessed by Bell et al. (1983) for light atoms
and ions up to the oxygen sequence, and by Lennon et al.
(1988) for the heavier elements, flourine to nickel; these
authors also provided fitting formulae to obtain the col-
lisional rate coefficients from the recommended data,
including the important effect of excitation autoionization,
which can enhance the background ionization cross sec-
tions by large factors. In the present calculations for the
coronal ionization fractions, we use the new ionization data
together with our unified electron-ion recombination rates
reported herein and in previous works by the authors (e.g.,
Nahar & Pradhan 1995, hereafter NP; Nahar 1996b).

The calculations are carried out in the close-coupling
approximation using the R-matrix method developed for
the Opacity Project and the Iron Project (Berrington et al.
1987; Hummer et al. 1993) and the extended codes (Nahar
& Pradhan 1994). These large-scale computations entail
photoionization, electron impact excitation, and recombi-
nation processes. In our previous works the calculations
were done mainly along isoelectronic sequences to facilitate
algebraic manipulations enabled by using the same target
wave function expansion for all ions in the sequence. Some
calculations were also done for important systems such as
Fe -Fe m, S n1-S m, and Si 1-Si m (Nahar 1995, 1996a,
1996b; Nahar, Bautista, & Pradhan 1997a). However, for
full ionization balance calculations all ionization stages of a
given element, i.e., along an isonuclear sequence, must be
considered since the ionic fractions depend on coupled ion-
ization stages. It is the aim of this and future works to
enable such calculations for astrophysically abundant
elements, beginning with carbon and nitrogen.

2. THEORY AND COMPUTATIONS

The theoretical details for photoionization calculations
are essentially as described by the Opacity Project Team
(1995). The details of the unified treatment for the total
electron-ion recombination are given in Nahar & Pradhan
(1994) and NP. Some of the main points are sketched in the
subsections below.

2.1. Total and Partial Photoionization Cross Sections

The calculations for the photoionization cross sections,
op, are carried out in the close coupling (CC) approx-
imation using the R-matrix method, as in the work of the
Opacity Project (OP; Seaton 1987; Berrington et al. 1987;
Seaton et al. 1994). Each atom or ion is represented in terms
of the eigenfunctions of the “core” or the “target” ion,
coupled to a “free” electron wave function. For example,
C1is represented in terms of an expansion over the target
states of C 1, which when coupled with the free electron
wave functions yield both the C 1 bound state wave func-
tions as well as the (e + C m) continuum wave functions.
The photoionization cross section, op, is then obtained via
the dipole matrix element between the bound and the con-
tinuum states. Present computations for the op; employ
larger eigenfunction expansions for most of the ions than in
the OP. The target wave functions are obtained using the
atomic structure code SUPERSTRUCTURE (Eissner,
Jones, & Nussbaumer 1974). Tables 1 and 2 present the
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TABLE 1
TARGET TERMS FOR EIGENFUNCTION EXPANSIONS OF CARBON IONS

Cu Cm Civ Cv Cwvi
@ @ (©) @) )

25%2p 2p° 2s% 1S 1s%2s 2§ 1s? s 1s 2§
252p? 4p 2s2p 3P° 1s22p 2P° 1s2s 3§ 25 2§
252p? 2D 2s2p  'P° 1s?23s 2§ 1s2p 3P° 2p ZP°
252p? 28 2p* 3P 1s%3p 2P° 1s2s 'S 35 2§
252p? 2p 2p* D 1s3d 2D 1s2p 'P° 3p ?2p°
25%3s 28 2p2 1S 1s%4s 2§  1s3s 3S 3d 2D
223p  2P° 235 S 1st4p 2P° 1s3s IS 4f 2P0

2p 480 2s3s 'S 1s?4d 2D 1s3p 3P° 4d 2D
2p3 2p° 2s3p 'P° 1s*4f 2F° 1s3d 3D 4p 2P°
2 2pe 23p SPe ... ... 1s3d 'D 4s 2§
2s3d 3D ... 1s3p 'p°
2s3d D
10-CC 12-CC 9-CC 11-CC 10-CC
OP: 10-CC 6-CC 5-CC 2-CC 5-CC
Nyng = 246 60 114 53 108

nd
E, =252p*(*P)  25*2p(*P’) 25%(1S) 15225(%S) 15%(1S)

Note—Target terms for the eigenfunction expansions of carbon ions:
the spectroscopic and correlation configurations, and the values of A
parameter are given below. For each ion, E_ is the ground state, and N4
is the total number of calculated bound states that couple to the target
ground state.

C 1.—Spectroscopic: 1s?25s22p, 1522s2p?, 1522p3. Correlation: 1522523,
15%25%3p, 1522523d, 1s22s2p3s, 1s22s2p3p, 1s22s2p3d, 1s*2p?3s, 15*2p?3p,
1522p?3d, 15%2s3d?, 15%2s3p3d, 15%2s3s3p, 1s%2s%4s, 1s22s*4p, 15*2s%4d,
1522p24s, 1s22s3s%, 1s%2p3s3p, 1s*2p3s3d. Scaling parameter, A:
1.44076(1s), 1.32788(2s), 1.19275(2p), 2.3707(3s), 2.12564(3p), — 1.00631(3d),
—0.91501(4s), —0.823(4p), —1.09317(4d).

C mL—Spectroscopic: 152252, 1s5%2s2p, 1s22p?, 1s%2s3s, 1s22s3p,
152253d. Correlation: 1s22p3s, 1s22s4s, 1s?2s4p, 1s?2p3p. Scaling param-
eter, A: 1.4(1s), 1.4(2s), 1.127(2p), 1.2(3s), 1.1(3p), 1.1(3d), 10.6115(4s),
4.37106(4p), 4.1(4d).

C 1v.—Spectroscopic: 1s%2s, 1s?2p, 1s23s, 15?3p, 1s*3d. Correlation:
15%4s, 1s24p, 1s%4d, 1524f, 15252, 1s2p?, 15352, 1s3p?, 153d?, 152s2p, 152s3s,
1s2s3p, 1s2s3d, 1s2p3s, 1s2p3d. Scaling parameter, A: 1.30117(1s),
0.99782(2s), 0.87558(2p), 0.98747(3s), 0.86738(3p), 0.80564(3d), 0.98598(4s),
0.86603(4p), 0.79571(4d), 0.77675(4f).

C v.—Spectroscopic: 152, 1s2s, 1s2p, 1s3s, 1s3p, 1s3d. Correlation: 2s2,
2p?, 3s2, 3p?, 3d?, 2s2p, 253s, 253p, 2s3d, 2s4s, 2s4p, 2p3s, 2p3p, 2p3d, 2pds,
2p4p. Scaling parameter, A: 0.991(1s), 0.991(2s), 0.776(2p), 1.16883(3s),
0.91077(3p), 1.00746(3d), —1.59699(4s), —1.61237(4p).

C vi—Spectroscopic: 1s, 2s, 2p, 3s, 3p, 3d. Correlation: 4s, 4p, 4d, 4f.
Scaling parameter, A: 1.0(1s), 1.0(2s), 1.0(2p), 1.0(3s), 1.0(3p), 1.0(3d), 1.0(4s),
1.0(4p), 1.0(4d), 1.0(4f).

target states for the carbon and nitrogen ions in the close
coupling (CC) expansions. Also given are the spectroscopic
and correlation electronic configurations and the scaling
parameters, A, for the Thomas-Fermi-Dirac potential for
each orbital. The tables also list the size of the CC expan-
sions in the earlier OP works, showing that present work
employs larger expansions for most of the ions. This means
that present wave functions are better represented since the
correlations due to coupling of more target channels are
included.

The total cross section of a given state corresponds to the
sum of the partial photoionization cross sections into the
ground state as well as the excited states of the residual core
ion. While OP work obtained only the total cross sections,
we calculate both, the total cross section and the partial
cross section for photoionization into the ground state of
the core ion. Also, a larger number of bound states of each
ion are obtained than the OP data, with n < 10 (or 11 in
some cases) and 0 < ¢ < (n — 1). In the OP work for total
photoionization cross sections of carbon ions, a 10 state
expansion for C 1 (Luo & Pradhan 1989), six-state expan-
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TABLE 2
TARGET TERMS FOR THE EIGENFUNCTION EXPANSIONS OF NITROGEN IONS
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N Nm Niv Nv N w1 N v
0 @ 3 @ ®) (6)
2522p? 3p 25%2p 2pe 2s? s 15%2s 28 1s? s 1s 28
25%2p? ) 252p? “p 252p 3pe 1s%22p 2p° 1s2s 35 2s 28
2522p? s 2s2p? 2D 2s2p 1po 15%3s 28 1s2p P> 2p 2p°
2s2p® 5s° 252p? 28 2p? 3p 1s23p 2p° 1s2s s 3s 28
2s2p3 3pe 252p? 2p 2p? D 1s23d %D 1s2p 1pe 3p 2pe
2s2p3 3pe 2p® 480 2p? s 15%4s 28 153s 35 3 D
2s2p® 'p° 2p® 2pe 2s3s 38 1s%4p  2p° 1s3s s 4 2P
2522p3s 3pe 2p 2pe 253s 1S 1s?4d %D 1s3p 3p° 44 %D
25%2p3s ipe ... ... 2s3p tpe 1s%4f  2F° 1s3d %D 4  2p°
2s2p3 35° 2s3p 3pe .. 1s3d D 4s 28
253d 3D 1s3p ipe
. 2s3d D
10-CC 8-CC 12-CC 9-CC 11-CC 10-CC
OP: 12-CC 8-CC 6-CC 5-CC 2-CC 5-CC
Nyoy = 259 255 68 141 54 107
E, = 25°2p*(*$°) 25%2p*(*P) 2522p(*P°) 25%(1S) 1522s(%S) 152(1S)

Note.—Target terms for the eigenfunction expansions of nitrogen ions: the spectroscopic and correlation
configurations, and the values of A parameter are given below. For each ion, E, is the ground state, and Ny,
is the total number of calculated bound states that couple to the target ground state.

N n.—Spectroscopic: 2s*2p?, 2s2p3, 2s22p3s. Correlation: 2p*, 25?352, 2523p?, 2s23d?, 2s%4s?, 2s%4p?,
25%2p3p, 2522p3d, 25*2p4s, 2s2p*3s, 2s2p?3p, 2s2p?3d, 25*3s3p, 2523p3d, 25?3s4s, 2522p4p, 2p33s, 2p>3p, 2p33d.
Scaling parameter, A: 1.47637(1s), 1.27184(2s), 1.19306(2p), 1.22385(3s), 1.32(3p), —0.96476(3d), —0.74971(4s),

—0.79911(4p).

N m.—Spectroscopic: 2s22p, 2s2p?, 2p>. Correlation: 2s23s, 2s?3p, 2s23d, 2s2p3s, 2s2p3p, 2s2p3d, 2s3d>,
252p3d, 2p*3s, 2p°3p, 2p°3d. Scaling parameter, A: 1.41146(1s), 1.87569(2s), 1.71613(2p), — 1.13364(3s),

—1.08962(3p), —1.10297(3d).

N 1v.—Spectroscopic: 1s22s?, 1s22s2p, 1s22p?, 1522s3s, 1s?253p, 1s22s3d. Correlation: 1s22p3s, 1522sds,
15°254p, 15*2p3p. Scaling parameter, 1: 1.4(1s), 1.4(2s) 1.127(2p), 1.2(3s), L.1(3p), 1.1(3d), 10.6115(ds),

4.37106(4p), 4.1(4d).

N v.—Spectroscopic: 15%2s, 1s?2p, 15235, 1s23p, 1s23d. Correlation: 1s%4s, 1s24p, 1s?4d, 1524, 15252, 152p2,
153s2, 1s3p?, 1s3d?, 1s2s2p, 1s2s3s, 1s2s3p, 1s2s3d, 1s2p3s, 1s2p3d. Scaling parameter, A: 1.30117(1s),

0.99782(2s),
0.77675(4f).

0.87558(2p),

0.98747(3s), 0.86738(3p), 0.80564(3d),

0.98598(4s),  0.86603(4p), 0.79571(4d),

N viL.—Spectroscopic: 1s2, 1s2s, 152p, 153s, 1s3p, 1s3d. Correlation: 2s2, 2p?, 352, 3p?, 3d?, 2s2p, 2s3s, 253p,
2s3d, 2s4s, 2s4p, 2p3s, 2p3p, 2p3d, 2pds, 2p4p. Scaling parameter, A: 0.991(1s), 0.991(2s), 0.776(2p), 1.16883(3s),

0.91077(3p), 1.00746(3d), — 1.59699(4s), — 1.61237(4p).

N viL.—Spectroscopic: 1s, 2s, 2p, 3s, 3p, 3d. Correlation: 4s, 4p, 4d, 4f. Scaling parameter, A: 1.0(1s), 1.0(2s),
1.0(2p), 1.0(3s), 1.0(3p), 1.0(3d), 1.0(4s), 1.0(4p), 1.0(4d), 1.0(4f).

sion for C 1 (Fernley et al. 1996, hereafter F1), five-state
expansion for C m (Tully, Seaton, & Berrington 1990), two-
state expansion for C 1v (Peach, Saraph, & Seaton 1988),
and five-state expansion for C v (Fernley et al. 1987, here-
after F2) were employed. As mentioned above, we employ a
larger expansion for each carbon ion, except C 1, for which
we also use a 10 state expansion (Nahar & Pradhan 1991).

The total photoionization cross sections of the nitrogen
ions for the OP work were obtained using a 12 state eigen-
function expansion for N 1 (Burke & Lennon 1996), eight-
state eigenfunction for N 11 (Luo & Pradhan 1989), six-state
eigenfunction for N 1 (F1), five-state eigenfunction for N 1v
(Tully et al. 1990), two-state eigenfunction for N v (Peach et
al. 1988), and five-state eigenfunction for N vi1 (F2). As for
the carbon ions, present results represent correlation effects
better for N m—N vi. For N 1, we also use an eight- state
expansion (Nahar & Pradhan 1991). For N 1, we use a 10
state expansion, but the expansion includes the two low-
lying states of 2s22p3s, which were not included by Burke &
Lennon (1996).

The photoionization cross sections for the hydrogen-like
ions C vi and N viI are obtained in the hydrogenic approx-
imation using a procedure developed by Storey & Hummer
(1992). Similar data are available through TOPbase (Cunto
et al. 1993) obtained by Seaton (1996).

We resolve the Rydberg series of autoionizing resonances

in the photoionization cross sections of the ions in detail.
The resonance profiles decrease in width with their effective
quantum number as v~ 3, relative to the threshold of con-
vergence such that v(E) = z/[(E—E)]'* (in rydbergs),
where E, is the target threshold energy and E is the contin-
uum electron energy (note that the letter v is also used to
denote the photon frequency). We resolve the structures
with Av = 0.01 up to effective quantum number, v = 10.0,
i.e., at 100 energies for each interval (v, v + 1). Furthermore,
the near-threshold resonances that contribute predomi-
nantly to low-temperature recombination are resolved on a
much finer energy mesh with typically 2000 energies just
above the ionization threshold.

2.2. Total and State-specific Recombination
Rate Coefficients

Recombination into bound states of the electron-ion
system is divided into two groups according to nSLn with
(A) low-n states, n < n,, and (B) high-n states, n, < n < 0.
The S, L, and = refer to the total spin, orbital angular
momentum, and parity of the state(s).

For electron-ion recombination to the low-n bound
states of group A, the recombination cross sections, ogc,
and the rate coefficients, oy, are obtained from the detailed
partial photoionization cross sections, opg), through the
Milne relation. Recombination rate coefficients of individ-
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TABLE 3
CoMPARISON OF DR AND EXCITATION COLLISION STRENGTHS

Q(EIE) Q(EIE)
Target State (Q(DR)> ipert =0 ipert = 1 Target State (Q(DR)> ipert =0 ipert = 1
C1(C m: 25s?2p 2P°)
252p? 2D 6.03 5.93 5.72 252p? 28 293 293 3.06
252p? 2p 4.89 5.44 5.44 25%3s 28 0.850 0.850 0.607
C 1 (C m: 252 1S)
2s2p 1pe 3.15 3.15 3.34 2s3p ipe 0.099 0.092 0.085
C i (C 1v: 15225 28)
2p 2pe 8.71 8.66 8.50 3p 2pe 0.483 0.533 0.533
4p 2p° 0.118 0.186 0.186
Cw (Cv: 152 15)
1s2p 1p 0.028 0.028 0.028 1s3p tpe 0.0079 0.0079 0.0073
Cv (Cvr: 1s 25)
2p 2pe 0.100 0.099 0.098 3p 2pe 0.018 0.018 0.018
4p 2p° 0.0062 0.0056 0.0050 e e .
N1 (N u: 2p? 3P)
2s2p3 3p° 3.56 3.56 344 2s2p® 3pe 2.66 2.66 2.72
2p3s 3p° 0.871 0.901 0.909 252p3 35° 1.38 1.38 1.34
N1 (N m: 2522p 2P°)
252p* 2D S.11 5.09 5.83 252p? 28 2.07 2.07 2.01
2s2p? 2p 9.35 9.29 8.84
N (N 1v: 252 1S)
2s2p 1pe 295 295 295 2s3p tpe 0.051 0.051 0.047
Niv (N v: 1s22s 28)
2p 2pe 6.95 6.99 6.42 3p 2pe 0.181 0.173 0.173
4p 2pe 0.088 0.066 0.083 ... ... ... ...
N v (N vi: 152 15)
2p 1p° 0.0228 0.0228 0.0228 3p tpe 0.0058 0.0058 0.056
N vi (N vir: 1s 25)
2p 2p° 0.055 0.054 0.054 3p 2pe 0.013 0.012 0.011
4p 2p° 0.0018 0.0015 0.0020 .. ... .. ...

Note.—Comparison of DR collision strength, {<Q(DR)), and excitation collision strength, Q(EIE), at the thresholds
for dipole allowed transitions from the ground state in the target. The target ground state is within the parentheses.

ual states are then obtained by averaging the recombination
cross sections over the Maxwellian electron distribution at
a given temperature (NP). The sum of these individual rates
provides the contributions of the low-n bound states to the
total recombination rates, i.e.,

Nbna g; 2
7 9; kTc® /2nm3 kT

X I EZO-PI(ga ja G)e_S/deG (3)
0

ag(T; n < ng) =

(NP), where E = hv = € + I, € is the photoelectron energy,
Ip is the ionization potential, g; and g; are the statistical
weight factors of the recombining and recombined ions,
respectively, and the sum is over partial recombination
rates of bound states j extending over the total number of
bound states N,,4. As the cross sections include the detailed
structures of autoionizing resonances, the total corresponds

to the inclusion of RR and DR in a unified and ab initio
manner for recombination to low-n states. A new program
RECOMB is employed for these computations.

For the group B states (n, < n < o0), in which recombi-
nation is dominated by DR, the theory of DR developed by
Bell & Seaton (1985; see also Nahar & Pradhan 1994;
Nahar 1996b) is applied to compute the DR rate coeffi-
cients. The collision strengths for DR, Q(DR), are obtained
in the close coupling (CC) approximation using the same
eigenfunction expansions that are used for the photoioniza-
tion cross sections. An extension of the asymptotic wave
function code, STGF, from the R-matrix package of codes is
used for the DR calculations (the extended code is named
STGFDR). The transition probabilities for the dipole
allowed transitions in the target ions are obtained from the
oscillator strengths calculated with the same CC expan-
sions. The convergence of the R-matrix basis set, consistent
with the R-matrix boundary, was checked by calculating
the electron impact excitation (EIE) collision strengths,
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Q(EIE), independently at the threshold energies, with
(ipert = 1) and without (ipert = 0) the inclusion of per-
turbative multipole potential contributions in the asymp-
totic part of the wave functions (Nahar & Pradhan 1994;
ipert is the switching parameter in the code to turn on or off
the multipole potential contributions). These values are
given in Table 3 showing nearly complete agreement
between the two sets of Q(EIE) values. The convergence of
the CC expansions is also checked with respect to the
partial wave contributions to Q(EIE).

The contributions from the high-n states to the total ag
are obtained from the resonance averaged -collision
strength, ¢Q(DR)), although we calculate both the detailed
and resonance averaged forms of the collision strength. The
“background” recombination (RR-type) for the high-n
states (11 < n < o0) is negligibly small, except at very low
temperatures. However, we include it in the total recombi-
nation rate coefficients at all temperatures in the hydrogenic
approximation and refer to it as “top-up” (Nahar 1996b).
The rapid rise in o toward very low temperatures is due to
low-energy recombination to the infinite number of these
high-n states.

3. RESULTS AND DISCUSSION

3.1. Total and Partial Photoionization Cross Sections
The total photoionization cross sections for ionization

102 C T — T T m
. (@) C I (2s%2p°3P) ]
10 g |
r ]
g 10‘7 I B 1 ol
~ 0.84 0.94 1.04 1.14 1.24 1.34
£ 10 ¢ — r — .
© F (b) C 11 (2s%2p 2P°) i
10 ¢ 3
10 E i
10“ I 1 I I

175 2.25 2.75 3.25 3.75 4.25
Photon Energy (Ry)
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into the ground and the excited states of the core ion have
been calculated for a large number of bound states. The
ground state total photoionization cross sections of C1-C v
are shown in Figures la-le and for N 1-N vI in Figures
2a-2f. The total photoionization cross sections of C I, N 1
(Nahar & Pradhan 1991), and C 1 (Nahar & Pradhan 1994)
are as obtained earlier by the authors in the cited papers. As
the present work includes larger CC expansions for most of
the ions than in the OP work, more resonance structures
result from the Rydberg series of autoionizing states belong-
ing to the target states as well as from the photoexcitation
of core (PEC) or target states (e.g., Nahar & Pradhan 1994).
The resonances as well as some resultant background
enhancement in the photoionization cross sections, ap;, can
be seen in Figures 1 and 2.

Figure 3 presents a comparison of the total photoioniza-
tion cross sections of the ground #S° state of N 1, with the
experimentally measured values of Samson & Angel (1990)
and with the OP cross sections of Burke & Lennon (1996).
The first detailed work on the photoionization cross sec-
tions of the ground state of N 1 was carried out by Le
Dourneuf, Lan, & Zeippen (1976, 1979; not shown here, as
these are close to those of Burke & Lennon 1996). The
agreement with the experimental values (Samson & Angel
1990) is within 15% or better in most of the energy range
shown, as well as for the detailed resonance structures
(possibly within experimental uncertainties).
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We calculate the partial photoionization cross sections,
opi(g), for photoionization into the ground state of the
residual ion, as they are needed for the calculations of the
recombination rate coefficients, az. The total number of
calculated bound states, N,,4, that couple to the core
ground state and for which partial cross sections are
obtained are listed in Table 1. The number of bound states
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FiG. 3—Comparison of the present total photoionization cross sec-
tions (solid line) for the ground state of N 1, “S°, with the OP cross sections
(dotted line) and the experimental values of Samson & Angel (1990; filled
circles).

obtained in this work is larger than in the OP data (as in
TOPbase) because of consideration of more target states

and partial waves. The partial photoionization cross sec-
tions for a few ions, C 1, C 1, and N 11, have been reported
earlier (Nahar 1995, 1996a).

We examine in some detail the structures of ap(g) for a
number of excited states of both carbon and nitrogen ions
that affect the recombination rate coefficients. Figure 4 pre-
sents ap(g) of three excited states of C m that dominate the
recombination at different temperatures. 2s5g(3G) is a
highly excited state; however, its extensive resonance struc-
tures (Fig. 4a) at higher energies, with high peak values,
contribute significantly in the high-temperature region. The
opg) of state 2s2p(®P°) in Figure 4b shows that although
there are no prominent autoionizing resonances, its effective
background cross section is large and decays slowly with
energy. This state is one of the dominant contributors to the
recombination rates over a wide temperature range. The
state 2s2p(*P°) is one of the dominant ones at lower tem-
peratures (up to about 1000 K) because of the resonance
structures in the near-threshold region (Fig. 4c). Usually the
ground state is one of the dominant contributors to the
recombination rates, but depending on the temperature, the
excited states can be more prominent.

The excited state photoionization cross sections may
differ considerably from the simple hydrogenic forms
usually assumed. The reason is that in addition to the infin-
ite series of relatively narrow resonances, large resonances
may also exist because of the PEC for the excited states.
PEC resonances occur close to the energies of dipole tran-
sitions in the core ion and are essentially the inverse of the
DR process. They manifest themselves strongly in the
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F1G. 4—Partial photoionization cross sections of the excited states of
Cm: (a) 3G, (b) 3P°, and (c) ' P°, which provide the dominant contributions
to the total recombination rate coefficients.

photoionization of excited bound states along a Rydberg
series. The outer Rydberg electron remains a “spectator,”
weakly interacting with the core ion, while the incident
photon excites the core. Figure 5 presents the op(g) of six
excited states of N 11 from the Rydberg series, 2s*np(>P°),
2 < n < 8, including the ground state 2s22p(2P°). The PEC
positions (shown by arrows) are at energies corresponding
to the dipole transitions from the ground state 1s?2s2(*S) of
the core ion N 1v, to the two excited odd parity states, z 1 P°
and y 'P°. The PECs become more distinct with increasing
n, and may attenuate the background cross section by
orders of magnitude at higher energies.

3.2. State-specific and Total Recombination
Rate Coefficients

Table 4 presents the state-specific, partial recombination
rate coefficients of dominant bound states of group A for a
few ions, C m, N 1, and N 1 at four temperatures: log,,
T = 2.0, 3.0, 3.7, and 4.0. (State-specific rate coefficients for
all ions are available electronically.) These are listed in
order of their percentage contributions to the total ag(7T) at
these temperatures. Their sums show that a limited number
of states usually dominate the recombination rates. Also,
the number, the order, and the amount of contribution of
the individual bound states vary with temperature depend-
ing on the positions of autoionizing resonances in the cross
sections. The ground state may not necessarily be the domi-
nant contributor at all temperatures. The individual, state-
specific, recombination rates of the low-n bound states of
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F1G. 5—Partial photoionization cross sections of the series of Rydberg
bound states, 2s%np(*P°), 2 < n < 8 of N 1, illustrating the photoexcitation-
of-core (PEC) resonances. The arrows (top) indicate the energies of states
for dipole allowed transitions corresponding to the PECs.

group A should be close to their total recombination rate
coefficients for T < 10* K. With kT < 1 eV, the incident
electron energies lie well below the first excited target
threshold of the target ions (at higher temperatures the
state-specific DR must also be included; this is not con-
sidered in the present work). The state-specific rates may
also be applicable for calculating the recombination rates
for lines, ag(g, i — j), a measure of the line intensity for the
transition i — j.

For the high-n contributions to the total recombination
rate coefficients, the DR collision strengths, Q(DR), are
obtained for both cases: (1) delineating the autoionizing
resonances in detail, and (2) averaging over the resonances.
Figure 6 shows an example of Q(DR) for (e~, N n) in the
region below the first target threshold, 3D, for the dipole
allowed transition from the ground state 3P: the detailed
(dotted line) and the resonance averaged (solid line). A
common feature can be observed: as the effective quantum
number increases, the DR resonances get narrower and
denser, dominating the recombination process as they
approach the excited threshold. The pattern is more distinct
in the solid line for the resonance-averaged collision
strength (Q(DR)), which starts with a very low value but
rises sharply (approximately as v3) as it peaks at the thresh-
old. The peak values of the (Q(DR)) at the four excited
target thresholds of N 1 for dipole allowed transitions as
well as for the other ions are given in Table 3.

The filled circle in Figure 6 corresponds to the value of
Q(EIE) at the threshold *D°. The peak values of (Q(DR)) at
the thresholds are compared with the Q(EIE) values
(ipert = 0). An important feature of the unified approach is



TABLE 4

STATE-SPECIFIC RECOMBINATION RATE COEFFICIENTS

100 K 1000 K 5012 K 10,000 K
State oR State og State og State og

Cm
15225 28°2p 1pe 1.54E—10 1s%2s 282p pe 123E—11 1s2p2P°3d  3F° 411E—12 1s%2p 2P°3d  3F° 232E—12
15225 28°4p tpe 323E—11 1s%25282p  3P° 323E—12 1s%2p? pe 292E—12 1s%2p? pe  1.83E—12
1s22p 2P°3p 3D 236E—11 152252 2S°4p  'P° 3.12E—12 1s%2p? 3pe 273E—12  1s%2p? 3pe 1.52E—12
15%2s 28°2p 3pe 1.01E—11 1s22p2P°3d  3F° 3.05E—12 1s*252§%2p  3P° 148E—12 1s?2s252p  3P° 1.07E—12
1s%2p 2P°3d 1pe 554E—12 1s2p2P°3p  3D° 291E—12 1s%2s 2§8°2p 1pe 144E—12  1s%2s 28°2p tpe 649E—13
1s22p? p° 4.67TE—12 1s%2p? Ipe 236E—12 1s*2p2P°3d 'F° 8.11E—13 15225 25°4f 1F°  4.88E—13
1s22p 2P°3d 3F° 462E—12  1s22p? 3pe 170E—12  1s22s 2S°4f 1F°e 740E—13 1s2p 2P°3d  'F° 4.44E—13
15225 2S°4d 3pe 378E—12 1s%2s528°3d  3D° 122E—12 1s%2528°3d  3D° S547E—13 1s22s25°3d  3D° 3.61E—13
15225 28°5f 1pe 300E—12 1s*2s28%4d  3D° 121E—12 1s2p 2P°3d  'D° 532E—13 1s*2p 2P°3d  'D° 3.43E—13
1s22p 2P°3s lpe 281E—12 1s2p2P°3d  'F° 1.10E—12 1s%25s2S4d  3D° 486E—13 152252 1ge  3.12E-13
15225 28°3p 3pe 233E—12 1s225s28°3p  3P° 741E—13 1s%2s? 1§e  392E—13 1s%2s28%4d  3D° 292E—13
15225 28°3d 3D 228E—12  1s%2s% iS¢ 449E—13 1s%2p2P°3p  3D° 3.82E—13 1s2s28°3p  3P° 233E—13
1s%2p 2P°3d 1pe 1.6TE—12  1s%2s 28°5f LFe 428E—13  1s%2s 28°5f 1Fe  3.67E—13  1s22s 28°5f 1Fe  224E—13
15%2s 28°5p pe 141E—12 1s2p2P°3s  'P° 4.12E—13 1s%2s 2S%4p pe 349E—13 15225 28°5f 3F°  197E—13
152252 iS¢ 137E—12 1s2p2P°3p  'D° 3.14E—13 1s%2s 25°3p 3p° 333E—13  1s22p 2P°3p  'D° 1.94E—13
15225 28°6p pe 127E—12  1s%2s 2S°4f 3F° 306E—13 1s22p 2P°3p  'D° 320E—13 1s2p2P°3p 3D° 1.89E—13
1s22p? 3pe 1.14E—12 1s%2s28%4p  3P° 223E—13 1s*2p 2P°3d  3P° 260E—13 1s?2s25°4d  'D° 1.78E—13
15225 2S°4f 3F° 1.04E—12 15225 28°3p 1pe 206E—13  1s%2s 28°5f 3F° 245E—13 1s22p 2P°3d  *P° 1.72E—13
15225 28°Tp pe 714E—13 1s%2528°5d  3D° 1.72E—13 1s®2p 2P°3p 35 240E—13  1s22s 2S°4f 3F°  1.69E—13
1s2p 2P°3p pe  6.85E—13  1s%2s 25°3s 38 1.67TE—13 15225 28°5p lpe 237E—13 1s%2s 28°5p lpe  1.57E—13
SUmM ..ooviieiieinns 2.58E—10 3.57E—11 1.89E—11 1.13E—11
Total ...oevvvvneanennn. 3.23E—10 497E—11 248E—11 1.53E—11
Contribution (%)...... 80.0% 72.0% 76.0% 74.0%

N1
2522p® 48 785E—13  2s22p 2p°  4.02E—13 2s22p® 2p° 295E—13 25%2p3 2p°  2.03E—13
2522p3 2p°  6.10E—13  2s22p3 4s° 252E—13  2s%2p® 4s°  121E—13 25%2p® 4s°  9.35E—14
2522p3 2p° 359E—13  2s%2p3 2p° 117E—13  2s22p3 2p° 734E—14 2s%2p3 2pe 557E—14
2522p2 3P°3p “D° 1.04E—13 252p2 3P¢3p “4D° 3.11E—14 2s22p2 'D°3p 2D° 1.52E—14 2s*2p2 'D?3p 2D° 8.33E—15
2522p2 3P°3d 4F°  1.02E—13 2s%2p2 3P¢3d *F° 3.02E—14 2s22p23P3p “D° 1.11E—14 2s%2p23P°3p “D° 6.58E—15
2522p2 3P°3d “D°  6.34E—14 25%2p2 3P¢3d *D° 187E—14 2s2p23P°3d *F¢ 108E—14 2s%2p2 3P°3d *F° 6.30E—15
2522p2 3P°4d “Fc  605E—14 2s?2p23P%4d “*F° 180E—14 2s22p2 'D?3p 2F° B8.5TE—15 2s%2p2'D3p 2F° 5.03E—15
2522p2 3P°3p 4p° 557E—14 2s2p2 'D°3p 2D° 1.77E—14 2s%2p2 3P°3d “*D° 6.61E—15 2s2p* 4P° 4.61E—15
2522p2 3P°3d 2Fc  483E—14 2s22p23P°3p “P° 1.65E—14 2s*2p2 3P°4d “F° 6.51E—15 25%2p2 *P?4d *F° 3.80E—15
2522p2 3P°3d 4pe 397E—14 252p2 3P3d 2F° 143E—14 2s22p23P%3p “P° 585E—15 2s%2p2 3P°3d “D° 3.79E—15
2522p2 3P°4d “De 396E—14 2s%2p2 3P¢3d “*P° 117E—14 2 2Fc  507E—15 2s22p2°3P3p “*P° 343E—15
2522p2 3Pe4f “G° 394E—14 252p23P%4d “*D° 1.17E—14 2s%2p2 3P°4d *D° 415E—15 2s*2p2 3Pe3d 2F° 293E—15
2522p2 3P°4p “p° 363E—14 2522p2 3P4f 4G° 1.08E—14 2s22p2 3P4p 2D° 413E—15 2s%2p2 3P°3p 2D° 2.57E—15
2522p2 3P°5d 4F°  354E—14 25%2p2 3P¢dp *D° 106E—14 2s22p2 P°3d *P¢ 4.13E—15 2s*2p2 3P°4d *D® 2.38E—15
2522p2 3Pe5f 4G° 345E—14 25%2p23P°5d  “F° 106E—14 2s22p23P°93p 2D° 3.95E—15 2s%2p2 3P°3d “P* 2.35E—15
2522p2 3P°3d 2pe 296E—14 2s22p2 3P°5f  4G° 9.50E—15 2s%2p2 3P°5d  “F°  3.82E—15 2s%2p2 3P¢4p 2D° 228E—15
2522p2 3P°4d 2F°  292E—14 25?2p23P°3d 2D° 8.69E—15 2s%2p2 3P°4p “*D° 3.6TE—15 2s*2p2 3P°5d “F° 223E—15
2522p2 3Pe4f “F°  288E—14 25?2p23P°4d 2F° 8.66E—15 2s2p* 4pe  352E—15 2s%2p2 3Pe3s  “P°  2.19E—15
2522p2 3Pe5f 4F°  257TE—14 252p2 'D°3p 2F° 8.66E—15 2s22p2 3P4f *G° 320E—15 2s%2p2 3P°4p “D° 2.10E—15
2522p2 3P°6f 4G° 251E—14  25%2p23P¢3p 2D° 8.12E—15 2s%2p2 3P°4d 2F¢ 3.09E—15 2s*2p2 3P°4d 2F° 1.78E—15
Sum ...ooeiiiiinnnnnn. 2.55E—12 1.02E—12 5.92E—13 4.15E—13
Total ....ovvvvvnannnnnn. 7.38E—12 1.89E—12 8.10E—13 528E—13
Contribution (%)...... 35.0% 54.0% 73.0% 79.0%

N m
252 18°2p 2p° 193E—11 252 18°3p 2p° 6.63E—12 252 18°3p 2p° 491E—12  2s2p? 2pe  4.55E—12
252p? 2pe 508E—12 2s®15°2p 2p°  64TE—12 2s2p? 2pe 435E—12 25?2 15°3p 2p° 249E—12
252 15°4d 2p° 1.65E—12 2s2p? 2pe 1L73E—12 252 'S°2p 2pe 287E—12 2s®'S°2p 2pe 2.10E—12
2s2 15e4f 2F°  123E—12 2s%'S°4d 2pe  516E—13 2s2p? 28¢  509E—13 2s? 15°3d 2pe  7.07E—13
252 15°4p 2p° 117TE—12 2s* 'S%4p 2p° 413E—13 25 'S°4d 2pe  2.64E—13  2s2p? 28¢  585E—13
252 18°5f 2F°  114E—12 252 'S°4f 2F°  389E—13 2s%p 3P°3p 2pe 241E—13  2s2p? 2pe  3.84E—13
252 15°3d 2pe 113E—12 2s2 'S°5f 2F°  359E—13 25 1§°3d 2pe  232E—13 2s%p 3P°3p 2pe  2.11E—13
252 18°5d 2pe 1L11E—12 2s? '5°5d 2pe  346E—13 2s%p *P°3d 2p° 213E—13 2s® 'S°4d 2pe  1.84E—13
252 18°6f 2F°  872E—13 252 15°3d 2pe 337E—13 2s%p 'P°3s 2pe 1.82E—13  2s%p 3P°3d 2pe  1.79E—13
252 183p 2p°  826E—13 2s?p 'P°3s 2p° 294E—13  2s2p? 2pe  174E—13 252 15°4p 2p°  1.21E—13
2s% 15°6d 2pe  727E—13 252 1S°%6f 2F° 272E—13 25?2 15°4p 2p°  172E—13 252 1S°4f 2F°  1.05E—13
252 186y 2G°  6.84E—13 252 '5°d 2pe  228E—13 22 15°4f 2F°  1.63E—13 252 15°5f 2F°  9.87E—14
2s2 187 2F°  639E—13 252 18°5p 2p° 226E—13 252 18°5f 2F°  1.52E—13
2s% 18°7g 2G° 6.06E—13 2s* 15%yg 2Ge 2.09E—13 25 '5°5d 2p¢  1.46E—13
252 18°5p 2p°  6.01E—13 252 1S5°7f 2F°  199E—13 2s%p 3P°3d 2F°  1.24E—13
252 18°5g 2G° 590E—13 2s%p 3P°3d 2F° 195E—13 2p? 2p°  1.23E-—13
2s% 18¢7d 2p° 498E—13 252 'S8Ty 2Ge  185E—13 252 '5°%f 2F°  1.14E—13
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TABLE 4—Continued

100 K 1000 K 5012 K 10,000 K

State og State og State og State og
252 1589 2G° 498E—13 2s% !S°5g 2G° 1.80E—13 2s% 'S5°d 2D¢  9.63E—14
252 15°8f 2F°  472E—13 2s%1S8°7d 2D 1.56E—13 25 18°5p 2p°  9.28E—14
2s? 1S°8h 2H° 415E—13 25*> 'S8y 2G° 1.53E—13  25* 'S°If 2F°  8.33E-—14
Sum ....ooiiiiiin, 392E—11 1.95E—11 1.52E—11 1.17E—11
Total ......oevenennnne. 9.59E—11 3.16E—11 191E—11 146E—11
Contribution (%)...... 41.0% 62.0% 80.0% 80.0%

Norte.—State-specific recombination rate coefficients (in units of cm® s~ 1) of the top 20 individual states of C m, N 1, and N 1 in order of their

contributions to the total oy at temperatures T = 100, 1000, 5012, and 10,000 K.

the conservation of flux, photons and electrons, between
DR and EIE. The conservation condition is satisfied since
all radiative and autoionization channels are coupled and
therefore at the threshold(s) <€A(DR)) should match Q(EIE).
We invoke this theoretical criterion as a test of the numeri-
cal accuracy of the rather complex calculations involving a
large number of coupled channels. We compare the two sets
of values for each ion in Table 3. The agreement between
the numbers within a few percent indicates conservation of
flux such that the flux trapped in the resonances below
thresholds due to DR equals that released (scattered) at the
thresholds due to EIE. The equality between the two colli-
sion strengths at the threshold may not hold in complicated
cases with closely spaced energy levels and overlapping
Rydberg series of resonances (a discussion is given in NP).
The total recombination rate coefficients, ag(T), are com-
puted over a wide range of temperatures, 1 < log,, (T) <9,
at a fine temperature mesh, AT = 0.1, for easy inter-
polation. The values are given in Table 5 for the carbon ions
and in Table 6 for nitrogen ions. agx(T) for C1, C o, N 11
(Nahar 1996a) are also presented here for completeness.
Comparison of the present ag(T) values with the previous
works are made in Figures 7 and 8. The solid lines are the
present total recombination rate coefficients, while the
dashed lines correspond to the RR rates of Aldrovandi &
Pequignot (1973), dotted lines to the low-temperature DR
rates by Nussbaumer & Storey (1983), and the dot-dashed

e e B
Qee(P- DY)

e+NII->NI

Q(DR)

Q(DR)

L
829 .83 831 832 .833 834 835 836 .837 .838 839 84
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Fi1G. 6.—Collision strengths for DR to N 1: detailed Q(DR) with reso-
nances (dotted line), and averaged over resonances (solid line) in the region
below and at the first excited threshold, 3D°, for dipole allowed transition
from the ground state 3P. The filled circle represents the calculated excita-
tion collision strength, Qg at the 3D° threshold.

lines to the high-temperature DR rates by Shull & van
Steenberg (1982a, 1982b) (fitted from the work by Jacobs et
al. 1978). The filled circles are calculated DR rates for C 1 in
Figure 7a by Badnell (1987), for C 1v in Figure 7c by
Badnell, Pindzola, & Griffin (1990), and for N m1 in Figure
8c by Badnell (1987, 1988). Our results confirm the existence
of low-temperature DR “bumps” in C 11 (Fig. 7a), C m (Fig.
7b), N 1 (Fig. 8a), and the small “shoulder” in N 1 (Fig. 8b)
as obtained by Nussbaumer & Storey (1983). However,
present results differ from those of Nussbaumer & Storey
(1983) for N m and N v1 in terms of position and magnitude
of these low-T DR bumps. The isolated resonance approx-
imations employed by Nussbaumer & Storey (1983) and
Badnell for N m show agreement with each other. We note
that for C 1v the present rates at high temperatures lie
between the two earlier sets of results; however, the present
values of ay yield ionization fractions for C 1v in almost
exact agreement with Arnaud & Rothenflug (1985), as
shown in Figure 9.

An important atomic effect that decreases the contribu-
tion to DR is autoionization into excited states of the target
ion, first discussed by Jacobs et al. (1978). It is included in
the present CC work more precisely, since all electron-ion
channels are coupled, in contrast to previous works using
the distorted wave approximation, which couples only the
initial and the final ones. As shown in the detailed experi-
mental and theoretical cross sections given in Nabhar,
Zhang, & Pradhan (1997b), the contribution to DR from
transitions other than the first one (usually referred to as the
“resonance transition,” although that is a misnomer) is
small because of radiationless decay into the excited
autoionization channels. The consequent reduction in DR
has been shown to be large in cases in which a large number
of target states are coupled, e.g., Fe 1 (Nahar 1997).

3.3. Ionization Fractions

The ionization fractions in coronal equilibrium are com-
puted by solving a set of coupled equations for all ioniza-
tion stages as in equation (2). Electron impact ionization
rates given by Bell et al. (1983) are used, together with the
new total ag(T). Figures 9 and 10 show the present ionic
fractions (solid lines) compared to the previous work by
Arnaud & Rothenflug (1985) (dashed lines). The results of
Arnaud & Rothenflug (1985) agree well with those given
recently by Sutherland & Dopita (1993). Although the
general agreement is good, as seen in the figures, significant
differences can be noticed near the peak values and in the
extent of ionization as a function of temperature where
rapid variations occur. In addition, the largest differences
are in the peak values for Be-like and H-like ions. We have



TABLE 5

ToTAL RECOMBINATION RATE COEFFICIENTS FOR CARBON IONS

ag(T)

log,, T C1 Co Cm Civ Cv Cwvi

10...... 3.61E—11 1.63E—10  9.01E—10  6.03E—10 1.05E—09 1.60E—09
11...... 3.15E—11 1.42E—10 8.12E—10 529E—10  9.25E—10 1.41E—09
12...... 275E—11 125E—10  735E—10  4.65E—10 8.13E—10 1.24E—09
13...... 2.40E—11 1.09E—10 6.68E—10  4.07E—10 7.14E—10 1.09E—09
14...... 2.10E—11 9.56E—11 6.09E—10 3.56E—10 628E—10  9.60E—10
1.5...... 1.83E—11 835E—11 5.57TE—10 3.12E—10 551E—10  844E—10
16...... 1.59E—11 7.30E—11 509E—10 272E—10 4.83E—10 741E-10
1.7...... 1.39E—11 6.38E—11 462E—10  238E—10 423E—10  6.50E—10
18...... 121E—-11 5.56E—11 416E—10 207E—10 3.70E—10  571E—10
19...... 1.05SE—11 4.86E—11 3.70E—10 1.81E—10 324E—10  5.00E—10
20...... 9.13E—12  424E-11 323E—10 1.58E—10  283E—10  4.38E—10
21...... 794E—12 3.70E—11 2.78E—10 1.37TE—10 247E—10  3.83E—10
22...... 6.89E—12 322E-11 2.35E—10 1.20E—10  216E—10  3.35E—10
23...... 599E—12  281E-11 1.96E—10 1.04E—10 1.88E—10  2.93E—10
24...... 520E—12  245E-11 1.61IE—10  9.03E—11 1.64E—10  2.56E—10
25...... 451E—12  213E-11 1.32E—10  7.86E—11 143E—10 224E-10
26...... 391E—12 1.85E—11 107TE—10  6.82E—11 1.25E—10 1.95E—10
27...... 3.39E—12 1.61E—11 8.69E—11 591E—11 1.09E—10 1.70E—10
28...... 294E—12 141E—11 7.09E—11 513E—11 9.46E—11 1.48E—10
29...... 2.55E—12 1.26E—11 5.86E—11 445E—11 822E—11 1.29E—10
30...... 221E—12 1.16E—11 497E—11 3.85E—11 7.15E—11 1.13E—10
31...... 191E—12 1.12E—11 437E—11 3.33E—11 6.21E—11 9.80E—11
32...... 1.66E—12 1.12E—11 397E—11 2.89E—11 539E—11 8.53E—11
33...... 1.44E—12 1.13E—11 3.69E—11 2.50E—11 4.67E—11 742E—11
34...... 1.26E—12 1.12E—11 343E-11 2.16E—11 4.05E—11 6.44E—11
35...... 1.10E—12 1.08E—11 3.15E—11 1.87E—11 3.51E—11 5.60E—11
36...... 9.72E—13 1.00E—11 2.83E—11 1.61E—11 3.03E—11 4.86E—11
37...... 8.67TE—13 9.03E—12 248E—11 1.39E—11 2.63E—11 421E—-11
38...... 7.85E—13 791E—12  213E-11 1.20E—11 227E—11 3.65E—11
39...... 7.25E—13 6.86E—12 1.80E—11 1.03E—11 1.96E—11 3.16E—11
40...... 6.90E—13 6.02E—12 1.53E—11 8.83E—12 1.69E—11 2.73E—11
41...... 7.05E—13 5.49E—12 1.38E—11 7.55E—12 145E—11 2.36E—11
42...... 8.50E—13 5.40E—12 142E—11 6.44E—12 1.25E—11 2.04E—11
43...... 130E—12  6.02E—12 1.73E—-11 548E—12 1.07E—11 1.76E—11
44...... 226E—12  786E—12  228E—11 465E—12  9.23E—12 1.52E—11
45...... 3.84E—12 1.14E—-11 291E—11 3.94E—12 792E—12 1.31E—-11
46...... 590E—12 1.63E—11 3.46E—11 333E—12 6.78E—12 1.13E—-11
47...... 802E—12  217E-—11 3.77E—11 2.80E—12 580E—12  9.67E—12
48...... 972E—12  262E-11 3.79E—11 235E—12  495E-—12 8.30E—12
49...... 1.07E—11 2.88E—11 3.58E—11 197E—12  422E—-12  712E—12
50...... 1.08E—11 291E—11 320E—11 1.65E—12 360E—12  6.09E—12
51...... 1.01E—11 2.74E—11 2.74E—11 1.38E—12 306E—12  521E—12
52...... 9.03E—12  245E—11 227E—-11 1.14E—12 260E—12  445E—12
53...... 769E—12  2.08E—11 1.83E—11 9.50E—13 220E—12  3.79E—12
54...... 6.32E—12 1.71E-11 145E—11 7.86E—13 1.86E—12  323E—12
55...... 5.05E—12 137E—-11 1.13E—11 6.52E—13 1.57E—12  2.74E—12
56...... 395E—12 1.06E—11 8.65E—12 5.59E—13 1.34E—12  232E-12
57...... 3.04E—12 8.14E—12 6.56E—12 541E—13 1.19E—12 1.96E—12
58...... 231E—12 613E—12  492E—12  649E—13 1.19E—12 1.66E—12
59...... 175E—12  4.56E—12 366E—12  9.10E—13 1.42E—12 1.40E—12
60...... 1.32E—12 336E—12  271E—12 1.29E—12 1.90E—12 1.17E—12
61...... 9.93E—13 246E—12 1.99E—12 1.68E—12  253E—12  9.81E—13
62...... 7.53E—13 1.79E—12 1.46E—12 1.98E—12 312E—12  8.19E-—13
63...... 5.74E—13 1.30E—12 1.06E—12  2.13E—12 353E—12  6.81E—13
64...... 4.36E—13 9.36E—13 7.72E—13 212E—12 3.6TE—12 5.64E—13
65...... 3.35E—13 6.73E—13 5.60E—13 1.96E—12 354E—12  4.65E—13
66...... 2.59E—13 4.79E—13 407E—13 1.73E—12 322E—12  382E—13
6.7...... 2.00E—13 343E—13 296E—13 145E—-12  279E—12 3.12E—13
68...... 1.55E—13 245E—13 2.10E—13 1.18E—12  232E—12  254E-13
69...... 1.20E—13 1.75E—13 1.52E—13 9.34E—13 1.87E—12  2.05E—13
70...... 9.28E—14 1.25E—13 1.10E—13 7.22E—13 147E—12 1.65E—13
71...... 715E—14  888E—14  797E—14 549E—13 1.13E—12 1.32E—13
72...... 549E—14  6.33E—14 578E—14  4.12E—13 8.59E—13 1.05E—13
73...... 420E—14  451E—14  419E—14 3.05E—13 6.43E—13 825E—14
74...... 321E—14  321E-—14 304E—14  224E—13 4.77E—13 647E—14
75...... 244E—14  220E—14  221E-—14 1.64E—13 3.51E—13 5.05E—14
76...... 1.85E—14 1.63E—14 1.61E—14 1.18E—13 2.57TE—13 3.92E—14
17...... 1.39E—14 1.16E—14 1.17E—14 8.51E—14 1.87E—13 3.01E—14
78...... 1.05E—14 828E—15 8.48E—15 6.13E—14 1.33E—13 231E—14
79...... 7.89E—15 591E—15 6.17TE—15 440E—14  9.64E—14 1.76E—14
80...... 591E—15  422E-15 449E—15 314E—14  695E—14 1.33E—14
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TABLE 5—Continued

ag(T)

log,, T C1 Co Cm Civ Cv Cwvi

81...... 442E—15 3.02E—15 327E—15 225E—14  498E—14 1.01E—14
82...... 3.30E—15 2.16E—15 2.39E—15 1.61E—14 357TE—14  7.56E—15
83...... 2.46E—15 1.55E—15 1.74E—15 1.15E—14  2.56E—14 5.65E—15
84...... 1.83E—15 1.12E—15 1.28E—15 8.17E—15 1.84E—14  421E—-15
85...... 1.36E—15 8.05E—16  9.36E—16 5.82E—15 1.32E—14  3.12E-15
86...... 1.01E—15 583E—16  689E—16  4.15E—15 943E—15  230E-—15
87...... 753E—16  4.24E—16 509E—16  296E—15 6.76E—15 1.69E—15
88...... 5.60E—16 3.10E—16 377E—-16  2.11E-15 4.84E—15 1.24E—15
89...... 417E—16  228E—16  281E—16 1.50E—15 348E—15  9.11E—16
90...... 3.10E—16 1.69E—16  2.11E—16 1.07E—15 2.50E—15 6.63E—16

Note.—Total recombination rate coefficients, agx(T) (in units of cm® s~!) for the carbon ions,
C1-C vy, in the temperature range of 1.0 < log, , (T) < 9.0.

used the hydrogenic photoionization code by Storey &
Hummer (1992) to compute the H-like data and have found
nearly perfect agreement with their hydrogenic recombi-
nation rates in the low-density regime; thus, we expect the
present data for C vi and N vi to be accurate. Tables 7 and
8 give the numerical values of the coronal ionization frac-
tions.

4. CONCLUDING REMARKS

The two main data sets computed are the total photoion-
ization cross sections and electron-ion recombination rate
coefficients. The state-specific data may also be useful for
specialized non-LTE calculations. The details of the atomic
physics work have been discussed in several previous works
cited. Here we discuss features relevant to the application of
these data sets to astrophysical and laboratory plasmas.
Ionization fractions in collisional equilibrium (coronal
approximation) are also calculated to illustrate differences
with previous works. We describe the computed data sets
below.

1. The photoionization cross sections contain a consider-
able amount of structure, tabulated at a fine mesh in photon
energy, which in the case of ionization by a radiation source
can be readily averaged over. However, except in the ideal-
ized blackbody case, we do not recommend preaveraged fits
over the cross sections, neglecting the correspondence
between the autoionizing resonances and specific features of
the radiation field, such as from a star of given spectral type.
As only the total ground state photoionization cross sec-
tions are usually of interest in evaluating the left-hand side
of equation (1), the users may wish to scan these cross sec-
tions prior to averaging. A simple test would be to obtain
running averages of the following kind:

E+AE[2

1
CGE) =17 f o "EE

with different AE values to ascertain the effect on the photo-
ionization rates. We have found that it is sometimes neces-
sary to take account of the broad near-threshold resonances
explicitly. While the present total photoionization cross sec-
tions of the ground states are generally in good agreement
with the OP data, such as in TOPbase (Cunto et al. 1993),
there are differences in terms of slightly better accuracy,
more resonance structure, and perhaps most importantly,
complete consistency between the present photoionization
and recombination data.

2. The total electron-ion recombination rates have a
general pattern that is now well established (e.g., NP), as
shown in Figures 7 and 8 for C and N ions. Starting with
high values at low-T dominated by recombination of low-
energy electrons into very high n states, the ag(T) decrease
but may exhibit low-T bump(s) due to recombinations via
near-threshold autoionizing resonances. The ag(T) reaches
a minimum before being enhanced by high-T DR of high-
energy electrons, falling off toward still higher temperatures
because of the Maxwellian factor.

3. The overall uncertainty in the electron-ion recombi-
nation data is estimated to be 10%—-20%, based on detailed
comparison of photorecombination cross sections with
experimentally measured values in storage rings and ion
traps for several ions showing general agreement at that
level or better. These calculations and comparisons are
described by Nahar et al. (1997b) for electron recombi-
nation with C vi, O v, and C v, and by Zhang & Pradhan
(1997) for Ar x1v and Fe xxv. Relativistic effects are also
included theoretically, and it is found that for the lighter
elements there is good agreement in overall magnitude of
cross sections with the nonrelativistic results, although fine
structure leads to more detailed features. The effect on rate
coefficients, of primary concern herein, should be negligible.

4. The comparison of the present ionization fractions
with the previous works shows good agreement in general.
However, some significant differences are found in the peak
values and near temperatures where rapid variations occur.

5. Photoionization and recombination work on oxygen
ions, and some iron ions, is in progress.

All photoionization and recombination data are
available electronically from the first author
at nahar@payne.mps.ohio-state.edu. TOPbase may be
accessed via Telnet as: (1) in the US, IP: 128.183.101.54 or
topbase.gsfc.nasa.gov, login: topbase, pw: Seaton+ ; (2) in
Europe (at CDS), IP: 130.79.128.5, login: topbase, pw:
Seaton +.

The work has been supported partially by NASA grants
NAGW-3315 (LTSA) and NAS-32643, and NSF grant
PHY-9421898. The computational work was carried out on
the Cray Y-MP at the Ohio Supercomputer Center.



TABLE 6
ToTAL RECOMBINATION RATE COEFFICIENTS FOR NITROGEN IONS

ag(T)

log,, T N1 Nn Nm Niv Nv Nwv N v

10...... 3.06E—11 1.61IE—10 3.65E—10 6.50E—10  9.71E—10 1.53E—09 2.20E—09
1. 2.66E—11 141E—10  3.20E—10 571E—10 8.54E—10 1.35E—09 1.94E—-09
12...... 231E—11 123E—10  2.81E—10 502E—10  7.49E—10 1.19E—09 1.71E—09
13...... 201E—11 1.08E—10 246E—10 440E—10  6.58E—10 1.05E—09 1.51E—09
14...... 1.75E—11 9.43E—11 215E—10  3.86E—10 577TE—10  9.21E—10 1.33E—09
1.5...... 1.52E—11 824E—11 1.88E—10 3.38E—10 5.06E—10 8.09E—10 1.17E—09
16...... 1.32E—-11 7.20E—11 1.65E—10 296E—10  443E—10 7.10E—10 1.03E—09
1.7...... 1.14E—11 6.29E—11 144E—10  2.59E—10 3.87E—10 623E—10  9.02E—10
18...... 9.87E—12 549E—11 1.26E—10  2.26E—10 3.38E—10 546E—10  7.94E—10
19...... 854E—12  4.80E—11 1.10E—10 198E—10 296E—10 478E—10  6.95E—10
20...... 738E—12  4.18E-—11 9.59E—11 1.73E—10  258E—10 4.18E—10  6.10E—10
21...... 638E—12  3.64E—11 8.36E—11 1.51E—10  225E—10 366E—10  5.34E—10
22...... 550E—12  3.17E—11 7.29E—11 1.31E—10 1.96E—10 320E—10  4.68E—10
23...... 475E—12  2.77E—11 6.36E—11 1.15E—10 1.71IE—10  279E—10  4.09E—10
24...... 409E—12  241E—11 5.54E—11 9.98E—11 149E—10 244E—10  3.58E—10
25...... 354E—12  2.09E—11 4.85E—11 8.72E—11 129E—10  213E—-10  3.13E-—-10
26...... 3.07E—12 1.82E—11 4.28E—11 7.63E—11 1.12E—10 1.85E—10  2.73E—10
27...... 2.69E—12 1.58E—11 3.84E—11 6.72E—11 9.76E—11 1.62E—10  2.38E—10
28...... 2.37E—-12 1.38E—11 3.53E—11 5.99E—11 847E—11 141E—10  2.08E-—10
29...... 2.11E—12 1.20E—11 332E—11 539E—11 7.34E—11 1.22E—10 1.81E—10
30...... 1.89E—12 1.04E—11 3.16E—11 4.90E—11 6.37E—11 1.06E—10 1.58E—10
31...... 1.60E—12  9.02E—12 3.00E—11 445E—11 5.52E—11 9.26E—11 1.38E—10
32...... 1.50E—12  7.84E—12  283E-—11 4.05E—11 4.78E—11 8.04E—11 1.20E—10
33...... 134E—12  6.83E—12  265E—11 3.70E—11 4.13E—11 6.98E—11 1.04E—10
34...... 1.19E—12 598E—12  247E-11 340E—11 3.58E—11 6.06E—11 9.07E—11
35...... 105E—12  527E—12  229E-11 3.18E—11 3.09E—11 525E—11 7.89E—11
36...... 9.26E—13 469E—12  2.10E—11 3.00E—11 2.66E—11 4.55E—11 6.85E—11
37...... 8.10E—13 421E—12 191E—-11 2.86E—11 230E—11 3.94E—11 5.95E—11
38...... 7.05E—13 3.79E—12 1.73E—11 2770E—11 1.98E—11 3.40E—11 5.16E—11
39...... 6.11E—13 342E—12 1.58E—11 2.51E—11 1.70E—11 294E—11 4.46E—11
40...... 528E—13 3.08E—12 1.46E—11 229E—11 146E—11 2.54E—11 3.88E—11
41...... 4.62E—13 2.77E—12 1.36E—11 2.08E—11 1.25E—11 2.19E—11 335E—11
42...... 432E—13  254E—12 127E—-11 1.96E—11 1.07E—11 1.89E—11 2.90E—11
43...... 493E—13  249E—12 1.19E—11 2.05E—11 9.14E—12 1.63E—11 2.50E—11
44...... 740E—13  290E—12 1.18E—11 245E—11 7.79E—12 140E—11 2.16E—11
45...... 127E—12  420E—12 1.32E—11 3.12E—11 6.62E—12 1.20E—11 1.86E—11
46...... 211E—12  6.73E—12 1.69E—11 3.88E—11 5.61E—12 1.03E—11 1.61E—11
47...... 3.16E—12 1.04E—11 228E—11 4.52E—11 4.76E—12 8.82E—12 1.38E—11
48...... 422E—12 145E—11 296E—11 4.86E—11 4.02E—12 7.55E—12 1.19E—11
49...... 507E—12 1.81E—11 3.55E—11 4.84E—11 3.38E—12 6.45E—12 1.02E—11
50...... 555E—12  2.05E—11 3.89E—11 4.54E—11 2.85E—12 5.50E—12 8.76E—12
51...... 560E—12  211E—11 3.94E—11 4.03E—11 239E—12  4.69E—12 749E—12
52...... 529E—12  203E—11 3.73E—11 344E—11 2.00E—12 399E—12 641E—12
53...... 472E—12 1.83E—11 3.34E—11 2.85E—11 1.67TE—12 339E—12 5.48E—12
54...... 4.04E—12 1.57E—11 2.85E—11 2.30E—11 139E—12  2.87E—12  467E—12
55...... 333E—12 1.30E—11 2.35E—11 1.82E—11 115E—12  243E—12  398E—12
56...... 2.66E—12 1.04E—11 1.88E—11 142E—11 9.54E—13 205E—12  3.38E—12
57...... 2.08E—12 8.17E—12 147E—11 1.10E—11 797E—13 1.73E—12 287E—12
58...... 1.60E—12  6.26E—12 1.13E-11 8.36E—12 7.01E—13 148E—12  243E—12
59...... 121E—12  472E—12 8.53E—12 6.30E—12 711E—13 131E—12  2.05E-12
60...... 9.01E—13 352E—12  636E—12  472E—12 8.68E—13 1.29E—12 1.73E—12
61...... 6.68E—13 259E—12  470E—12 351E—12 1.17E—12 145E—12 145E—12
62...... 491E—13 1.90E—12 345E—12  2.59E—12 1.54E—12 1.79E—12 1.22E—12
63...... 3.60E—13 138E—12  252E—12 191E—12 1.87E—12  219E—12 1.02E—12
64...... 2.57E—13 1.00E—12 1.83E—12 140E—12  208E—12  253E—12 8.46E—13
65...... 1.86E—13 7.16E—13 1.32E—12 1.02E—12  213E-12 272E-12  7.02E—13
66...... 1.34E—13 5.14E—13 9.55E—13 747E—13 204E—12  2.72E—12 5.80E—13
6.7...... 9.64dE—14  3.69E—13 6.88E—13 5.46E—13 1.83E—12  256E—12  477E—13
68...... 693E—14  2.64E—13 4.88E—13 4.00E—13 1.57TE—12  227E-12 391E—13
69...... 498E—14 1.88E—13 3.50E—13 293E—13 1.30E—12 1.94E—12 3.17E—13
70...... 3.57E—14 1.34E—13 2.51E—13 2.09E—13 1.04E—12 1.60E—12  2.58E—13
71...... 256E—14  9.59E—14 1.79E—13 1.53E—13 8.14E—13 127E—12  2.07E-13
72...... 1.83E—14  6.84E—14 1.28E—13 1.12E—13 6.24E—13 9.95E—13 1.66E—13
73...... 1.32E—14  487E—14  9.13E—14  819E—14 4.72E-—13 7.64E—13 1.32E—13
74...... 943E—15 347TE—14  6.53E—14  6.00E—14 3.52E—13 5.78E—13 1.04E—13
75...... 67TE—15 247E—14  466E—14  440E—14  261E—13 4.33E—13 821E—14
76...... 4.86E—15 1.76E—14  3.33E—14 3.23E—14 1.91E—13 321E—13 6.41E—14
77...... 3.50E—15 1.26E—14  238E—14  237E—14 1.40E—13 2.37TE—13 499E—14
78...... 2.52E—15 897E—15 1.70E—14 1.74E—14 1.00E—13 1.74E—13 3.85E—14
79...... 1.82E—15 6.40E—15 1.22E—14 128E—14  7.27E-—14 1.24E—13 295E—14
80...... 131E—15  457E-15 8.71E—15 9.40E—15 525E—14  9.00E—14  226E—14
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TABLE 6—Continued

ag(T)

log,, T N1 Nuo N m Niv Nv Nwvi N v

81...... 9.54E—16 327E—-15 6.24E—15 6.91E—15 3.77E—14 6.52E—14 1.71E—14
82...... 6.95E—16 2.34E—15 448E—15 5.08E—15 271E—14 4.69E—14 129E—14
83...... 5.09E—16 1.68E—15 3.22E—15 3.73E—15 195E—14 3.38E—14 9.73E—15
84...... 3.75E—16 1.21E—15 232E—15 2.75E—15 1.40E—14 244E—14 7.28E—15
85...... 2.78E—16 8.73E—16 1.67E—15 2.03E—15 1.00E — 14 1.76E—14 S43E—15
86...... 2.07E—16 6.33E—16 1.21E—15 1.50E—15 7.16E—15 127E—14 4.03E—15
87...... 1.56E—16 4.60E—16 8.82E—16 1.11E—15 5.13E—15 9.11E—-15 298E—15
88...... 1.19E—16 3.36E—16 6.44E—16 821E—16 3.68E—15 6.56E—15 2.20E—15
89...... 9.14E—17 2.48E—16 473E—16 6.11E—16 2.64E—15 473E—15 1.61E—15
90...... 711E—-17 1.83E—16 349E—16 4.56E—16 1.89E—15 341E-15 1.18E—15

Note.—Total recombination rate coefficients, ox(T) (in units of cm® s~ ) for the nitrogen ions, N -N vi1, in the
temperature range of 1.0 < log,, (T) < 9.0.

TABLE 7 TABLE 8
IoN1zATION FRACTIONS OF CARBON IONS IoNIZATION FRACTIONS OF NITROGEN IONS
NX"")/N(X) NX"")/N(X)

log,, T CI Cn Cm Civ Cv Cwvi C v loggoT N1 No Nm Niv. Nv Nwvi Nvo Nvm
35...... 35......

36...... 36......

37...... 0.00 7.50 37......

38...... 0.00 5.07 38...... 0.00 745

39...... 0.00 312 e . . 39...... 0.00 495

40...... 0.01 1.57 e e e 40...... 0.00 295

41...... 0.17 0.50 7.01 41...... 002 137 ...

42...... 0.69 0.10 4.56 . e e . 42...... 025 035 6.65

43...... 1.25 0.03 2.90 e e e e 43...... 0.89 006 4.37 e

44...... 1.66 0.02 1.70 9.20 e e e 44...... 146 002 279 984

45...... 2.03 0.07 0.86 6.46 e e . 45...... 186 002 166 6.74

46...... 247 0.25 0.36 442 e e e 46...... 221 007 087 445 ...

47...... 3.03 0.57 0.14 2.94 7.05 e e 47...... 263 023 038 280 9.00

48...... 3.63 0.95 0.06 1.83 4.46 e e 48...... 318 055 016 165 624 ...

49...... 4.25 1.35 0.07 0.98 242 e e 49...... 382 098 012 0.87 413 802

50...... 5.01 1.90 0.27 0.47 0.93 e e 50...... 458 153 026 038 257 5.06

51...... 6.21 2.90 0.96 0.55 0.22 e e 51...... 546 220 057 016 145 282

52...... 7.69 4.18 1.96 1.04 0.05 e e 52...... 647 300 1.05 018 073 1.18

53...... 9.09 5.39 291 1.55 0.01 8.39 e 53...... 785 418 193 0.67 059 029 e

54...... e 6.46 3.74 1.99 0.00 6.23 e 54...... 9.59 573 320 159 098 0.06 9.96

55...... e 7.39 445 2.37 0.00 4.49 e 55...... .. 122 444 251 145 002 754

56...... e 821 5.06 2.68 0.00 3.07 7.85 56...... ... 855 553 332 187 001 560 e
57...... . 8.89 5.54 2.89 0.01 1.94 5.33 57...... ... 972 648 402 223 000 403 9.62
58...... e 9.44 5.89 3.00 0.04 1.10 335 58...... . ... 730 461 251 000 275 6.85
59...... e 9.93 6.21 3.09 0.14 0.57 1.90 59...... e ... 798 506 270 001 173 4.62
60...... . . 6.59 327 0.37 0.34 0.93 60...... . e 853 541 280 005 098 2.88
6.1...... e e 7.16 3.65 0.77 0.40 0.36 6.1...... . ... 906 576 292 017 052 1.61
62...... e e 791 4.22 1.34 0.68 0.13 62...... e ... 969 620 316 042 034 0.77
63...... . - 8.72 4.86 1.95 1.04 0.05 63...... e e e 6.81 358 085 043 0.31
64...... e e 9.51 5.48 2.52 1.37 0.02 64...... e e 7.56 415 139 0.70 0.12
6.5...... e e e 6.08 3.04 1.68 0.01 6.5...... e e e 834 476 195 1.02 0.05
66...... - - e 6.64 3.51 1.94 0.01 66...... e . 910 535 248 132 0.02
6.7...... e e e 7.17 3.94 2.17 e 6.7...... e e 982 592 296 159 0.01
6.8...... e e e 7.67 4.34 2.38 e 68...... e e ... 646 341 1383 0.01
69...... 8.15 4.70 2.56 69...... 698 3.81 205
70...... 8.61 5.05 2.73 70...... 747 418 224
71...... 9.05 5.37 2.89 71...... 794 453 241
72...... e e e 9.48 5.67 3.03 e 72...... e . 839 486 257

73...... 9.89 5.96 3.16 73...... 883 517 271

74...... 6.24 329 74...... 9.25 546 285

Norte.—lonization fractions, N(X"*)/N(X), of carbon ions in the Note.—lonization fractions, N(X"*)/N(X), of nitrogen ions in the

coronal approximation. coronal approximation.
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Fi1G. 7—Total recombination rate coefficients, ax(T), of (a) C 1, (b) C 1, (c) C 1v, and (d) C v from the present work (solid lines). The dashed lines represent
the RR rates calculated by Aldrovandi & Pequignot (1973), the dotted lines represent low-temperature DR by Nussbaumer & Storey (1983), and the
dot-dashed lines represent fits for high-temperature DR by Shull & Steenberg 1982a, 1982b. The filled circles are calculated DR rates for C 1 by Badnell
(1987) and for C 1v by Badnell et al. (1990).
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log,[ag] (cm®sec™)

log[ag] (cm?sec™)

log,,T (K) log,,T (K)

F1G. 8.—Same as Fig. 7, except for (a) N1, () N 11, (¢) N 11, (d) N 1v, (¢) N v, and (f) N v1. The filled circles are calculated values by Badnell (1987, 1988).
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Fi1G. 9.—Ilonization fractions, [N(X?)/N(X)](T), of carbon ions: present
work, using the present electron-ion recombination rates (solid lines), and
Arnaud & Rothenflug (1985; dashed lines). N(X) is the total carbon abun-
dance.

FiG. 10—Ionization fractions, [N(X?)/N(X)I(T), of nitrogen ions:
present work, using the present electron-ion recombination rates (solid
lines), and Arnaud & Rothenflug (1985; dashed lines). N(X) is the total
nitrogen abundance.
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