
ASTRONOMY & ASTROPHYSICS DECEMBER I 1998, PAGE 257

SUPPLEMENT SERIES

Astron. Astrophys. Suppl. Ser. 133, 257–269 (1998)

Recombination coefficients for Ne ii lines at nebular temperatures
and densities?

R. Kisielius1, P.J. Storey1, A.R. Davey2, and L.T. Neale1

1 Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, UK
2 Department of Physics, Montana State University, Bozeman, MT 59717-3840, U.S.A.

Received May 25; accepted June 9, 1998

Abstract. We calculate total recombination coefficients
for Ne 2+ + e− and effective recombination coefficients
for the formation of selected lines of Ne ii. New pho-
toionization data are calculated which accurately map
the near threshold resonances and are used to derive re-
combination coefficients for principal quantum numbers,
n ≤ 15, including radiative and dielectronic recombina-
tion. Cascading from higher states is included, allowing
for the effects of finite electron density in a hydrogenic
approximation. The effects of population in the excited
states of the recombining ion are investigated.

Key words: atomic data — H ii regions — planetary
nebulae: general

1. Introduction

The principal means of determining elemental abundances
in nebular plasmas has, until recently, been from the mea-
surement of collisionally excited optical forbidden lines.
The emissivities of these lines are very sensitive to the
electron temperature at the temperatures typical of pho-
toionized nebulae. An alternative method of determining
abundance is to ratio the intensities of recombination lines
with those of hydrogen. Such ratios are only weakly depen-
dent on temperature. Abundances of C , N and O derived
from recombination lines are, however, larger than those
derived from forbidden lines by factors ranging from 2 to
10 (e.g. Liu et al. 1995). The origin of these differences
is at present unexplained. The prerequisite for determina-
tion of recombination line abundances is reliable recombi-
nation coefficients for atomic ions. In this paper we present
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new recombination coefficients for the formation of lines
of Ne ii.

Recombination coefficients for Ne ii ions have been
given by Péquignot et al. (1991) considering only radiative
recombination. Nussbaumer & Storey (1987) tabulated
dielectronic recombination coefficients for Ne ii obtained
from a model in which resonance states are represented
by bound-state wave functions. We follow the approach
of Storey (1994) who, for recombination to O ii, used a
unified approach to the treatment of radiative and dielec-
tronic recombination by calculating recombination coeffi-
cients directly from photoionization cross-sections for each
initial state. A new calculation of photoionization cross-
sections is carried out using the ab initio methods devel-
oped for the Opacity Project (Seaton 1987; Berrington
et al. 1985) and the Iron Project (Hummer et al. 1993),
hereafter referred to only as OP methods. These calcu-
lations employ the R-matrix formulation of the close-
coupling method, and the resulting cross-sections are ex-
pected to be of high quality. The existing photoioniza-
tion data for Ne ii states deposited in the Opacity Project
database (Cunto et al. 1993) is inadequate for our pur-
poses, as explained more fully below. Transition proba-
bilities for all low-lying bound states are also calculated
using the same method, so that the bound-bound and
bound-free radiative data used here are expected to be
significantly more accurate than those used by previous
authors.

The effects of finite electron density are also incorpo-
rated, using the methods described by Hummer & Storey
(1987) for hydrogenic ions, but the treatment is not com-
plete and the results are only applicable to plasmas of
relatively low electron density. The range of validity is dis-
cussed more fully in Sect. 4.1. The process of high temper-
ature dielectronic recombination originally described by
Burgess (1964) is not included in the present calculations,
so the results are only appropriate for relatively low elec-
tron temperatures, T ≤ 27 000 K (Nussbaumer & Storey
1983). The temperature and density range are nonetheless
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sufficient for the analysis of the spectra of nebular objects;
planetary nebulae, H ii regions and nova shells.

2. Atomic data for Ne +

2.1. The Ne + term scheme

The principal series of Ne ii is 2s22p4 (3P)nl, which
gives rise to doublet and quartet terms. Also inter-
spersed among the bound states are members of the series
2s22p4 (1D)nl and 2s22p4/(1S)nl, which only give rise to
doublet terms. The latter two series also have members
lying above the first ionization limit, which appear as res-
onances in the photoionization of the true bound states
and hence may give rise to low-temperature dielectronic
recombination.

The tables of Nussbaumer & Storey (1984), show that
this process mainly affects the two doublet terms in the
ground electronic configuration, 2s22p5 (2Do, 2Po). The
calculation of recombination coefficients and the role of
dielectronic recombination are discussed in Sect. 2.5.

We use the OP methods to calculate the bound-bound
and bound-free radiative data for Ne ii assuming LS-
coupling. Consequently, there are no radiative transitions
between quartet and doublet states. The data extend up
to principal quantum number n = 15 and to total atomic
orbital angular momentum quantum number L = 6. We
therefore partition the calculation of level populations
into several distinct regimes, according to quantum num-
bers and energy. We define E0 as the ionization energy
in the principal series of Ne + corresponding to n = 15;
(E0 = 0.0178 Ry).

We also define the principal quantum number n = nd,
such that for n < nd, the population structure is deter-
mined solely by radiative processes. Collisionally induced
transitions can be neglected. The approximations that are
used for different values of n are described fully in Storey
(1994). We give only a brief summary here.

(1) n > nd: The rate of l-changing collisions is more
rapid than the rate of radiative decay. Populations in this
regime are taken from a purely hydrogenic calculation of
departure coefficients, bnl, using the method described by
Hummer & Storey (1987), which makes full allowance for
all collisional effects. Only states that belong to the prin-
cipal series of Ne + are included.

(2) 15 < n ≤ nd: Collisional effects are no longer im-
portant, so populations are now determined only by radia-
tive processes, but no accurate atomic data are available.
Various approximate methods are used to calculate energy
levels, radiative transition probabilities and recombination
coefficients. Only states that belong to the principal series
of Ne + are included.

(3) States with ionization energy less than or equal to
E0: All atomic terms in this energy regime are included in
the calculation of populations, irrespective of parentage.

Table 1. Comparison of calculated and experimental energies
(in Ry) for the Ne 2+ target states

Configuration Term present experimental

1s22s22p4 3P 0.00000 0.00000
1D 0.24342 0.23257
1S 0.50909 0.50512

1s22s2p5 3P 1.86189 1.86142
1P 2.63502 2.68209

1s22p6 1S 4.39958 4.36048

An energy ordered list of terms is set up and it is assumed
that their populations are determined solely by recombi-
nation and radiative cascading from all accessible higher
states.

2.2. New R-matrix calculation

We have carried out a new calculation of bound state
energies, oscillator strengths and photoionization cross-
sections for Ne ii states with n ≤ 15 using the suite of pro-
grammes developed for the Opacity Project (Seaton 1987;
Berrington et al. 1985) and the Iron Project (Hummer
et al. 1993). The Ne 2+ target state wave functions were
calculated with the general purpose atomic structure
code SUPERSTRUCTURE (Eissner et al. 1974) with
the modifications of Nussbaumer & Storey (1978). The
wave functions of the six target terms were expanded in
terms of the electron configurations 1s22s22p4, 1s22s2p5,
1s22p6, 1s22s22p33̄l, 1s22s2p43̄l, 1s22p53̄l, 1s22s22p23̄l3̄l′,
1s22s2p33̄l3̄l′, 1s22p43̄l3̄l′, where 1s, 2s and 2p are spec-
troscopic orbitals and 3̄l, 3̄l′ (l, l′ = 0, 1, 2) are correlation
orbitals. The one-electron radial functions were calculated
in adjustable Thomas-Fermi potentials, with the potential
scaling parameters λnl determined by minimising the sum
of the energies of six target states. In our case, we obtained
for the scaling parameters: λ1s = 1.45892, λ2s = 1.12996,
λ2p = 1.08051, λ3̄s = −1.01396, λ3̄p = −0.94108, λ3̄d =
−1.14250, with the negative values having the significance
detailed by Nussbaumer & Storey (1978).

In Table 1, we compare experimental target state ener-
gies with our calculated values. We use the experimental
values for the target energies to obtain the Hamiltonian
matrix of the (N + 1) electron system in our calculation
of energy levels, oscillator strengths and photoionization
cross-sections of Ne ii.

2.3. Energy levels

Experimental energy levels for Ne + have been given by
Persson (1971) for members of the series 2s22p4 (3P, 1D,
1S)nl with n ≤ 9 and l ≤ 4, although some levels are
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missing. For states where no data are given by Persson,
energies have been estimated in the following ways.

Our new calculation of energy levels includes all terms
2sp2pq (ScLc) nl (SL) with ionization energy less than
E0 and L ≤ 6, where Sc and Lc are the total angu-
lar momentum quantum numbers of the core electrons.
Energies calculated by ab initio methods have been used in
preference to quantum defect extrapolation from experi-
mentally known lower terms because they allow, albeit
approximately, for the presence of perturbations of the
principal series by members of other series. Such perturba-
tions can significantly alter energy levels and the radiative
properties of the states.

Secondly, for states with 15 < n ≤ nd, and l ≤ 5, where
calculated energies exist for lower members of the series, a
quantum defect has been calculated for the highest known
member (usually with n = 15), and this quantum defect
has been used to determine the energies of all higher terms.

Finally, if neither of the above methods can be used,
the term is assumed to have hydrogenic energy.

2.4. Bound-bound radiative data

Radiative transition probabilities are taken from three
sources:

(1) Ab initio calculation: We have computed values of
(gf) for all the bound terms with ionization energy less
than or equal to E0, and with L ≤ 6. The data are in
LS-coupling and in the electric dipole approximation, so
there are no transitions between states of different total
spin, but two-electron transitions, which involve a change
of core state are included.

(2) Coulomb approximation: For pairs of terms which
were not computed by the method described in (1), but
where one or both of the states have a non-zero quan-
tum defect, the dipole radial integrals required for the
calculation of transition probabilities are calculated using
the Coulomb approximation. Details are given in Storey
(1994).

(3) Hydrogenic approximation: For pairs of terms with
zero quantum defect hydrogenic dipole radial integrals are
calculated, either using the expressions of Gordon (1929)
in terms of hypergeometric functions, or using direct re-
cursion on the matrix elements themselves as described
by Storey & Hummer (1991). More details on determining
transition probabilities were presented by Storey (1994).

2.5. Photoionization cross-sections and recombination
coefficients

The recombination coefficient for each term SL, or or-
bital nl is calculated directly from the photoionization
cross-section for that state. As in the bound-bound case,
there are three approximations in which the photoioniza-
tion data are obtained.

(1) Photoionization cross-sections were computed for
all terms with ionization energy less than or equal to E0

and L ≤ 5. In general, the cross-section for each state con-
sists of a background contribution which declines mono-
tonically with increasing ejected electron energy, and reso-
nance contributions. These cross-sections can in principle
be convolved with a thermal distribution of free-electron
energies to obtain a recombination coefficient which in-
corporates both “radiative” and “dielectronic” recombi-
nation. There are two potential problems with this ap-
proach. The first is a shortcoming of the theory, in that the
photoionization cross-sections have been calculated using
first-order perturbation theory. This approach does not
give the correct behaviour of the cross-section in the vicin-
ity of a resonance whose radiative width is greater than its
autoionization width (Seaton & Storey 1976), and overes-
timates the contribution of such a resonance to the recom-
bination coefficient. This problem can only be overcome
in general by including radiative channels in the original
scattering calculation (Bell & Seaton 1985), and this can-
not yet be done for complex ions. We discuss this problem
further in Sect. 2.6 below.

The second problem is that in many cases treated in
the OP, the free-electron energy mesh on which the cross-
section was calculated was too coarse to accurately de-
scribe the narrower resonance features. The contribution
of a resonance to the recombination coefficient depends on
the area under it, which is also a measure of the oscillator
strength between the initial state and the resonance. The
width of a resonance, however, depends on the strength
of the interaction with the accessible continuum states,
and is independent of the area under it. As a result, a
resonance may contribute significantly to the recombina-
tion to a particular state, but still be very narrow. Such
resonances may be poorly described or missed altogether
by calculation on a coarse energy mesh. We discuss the
treatment of this problem further in Sect. 2.6 below.

(2) Coulomb approximation: As in the bound-bound
case, the Coulomb approximation is used for terms where
no OP data is available, but which have a non-zero
quantum defect. The calculation of photoionization cross-
section data using Coulomb functions has been described
by Burgess & Seaton (1960) and Peach (1967), whose ta-
bles are used here.

(3) For the remaining states, hydrogenic photoioniza-
tion cross-sections are used, calculated using the methods
and computer codes of Storey & Hummer (1991).

2.6. Energy mesh for Ne ii photoionization cross-sections

In many cases treated by the OP, the free electron en-
ergy mesh on which the photoionization cross-sections
are calculated, was too coarse to accurately map nar-
row resonance features. The photoionization cross-sections
for Ne ii generated by the OP were based on a quantum
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Fig. 1. Comparison of the photoionization cross-section (in Mb)
for the ground state 2s22p5 2Po of Ne ii calculated in this work
(top) and by the OP (bottom)

defect mesh with 100 points per unit increase in the ef-
fective quantum number derived from the next threshold.
Figure 1 (bottom) shows a section of the OP cross-section
from the ground state of Ne ii (Cunto et al. 1993), in which
resonance peaks are truncated by the coarse mesh.

In contrast to the OP calculations, we use a variable
step energy mesh for photoionization cross-sections that
delineates all resonances to a prescribed accuracy. The
first step is to employ quantum defect theory (Seaton
1983) to determine the positions and widths of all res-
onances in a specific energy region. Since the quantum
defect methods rely on functions that vary slowly with
electron energy, only a coarse energy mesh is required for
this step. Resonances are due to poles in the scattering
matrix S described by a matrix χ which varies slowly with
energy and contains functions pertaining to both open (o)
and closed (c) channels:

S = χoo − χoc [χcc − exp(−2πiν]
−1
χco. (1)

Diagonalization of the matrix χcc yields the complex
effective quantum numbers, ν related to the complex
quantum defect µc

µc = α+ iβ (2)

by ν = n− µc. The complex energy of the S matrix pole
ε(pole) is related to α and β by

ε(pole) = εc − (n− α)−2 −
i

2
γ, (3)

where γ = 4β (n− α)
−3

is the autoionization width of
resonance and εc is the appropriate target energy.

In the second step, we determine a new fine energy
mesh of variable step length ∆ε assuming a Lorentzian
profile for each resonance:

F (ε, γ) =

(
γ
2

)2
(ε− ε(pole))

2
+
(
γ
2

)2 . (4)

To calculate recombination coefficients, we integrate the
photoionization cross-sections using a 3-point Simpson’s
rule. If we specify the accuracy required for each three-
point integration as ∆, we can find the necessary energy
interval for a given resonance from the known error asso-
ciated with Simpson’s rule

∆ε =
90∆

F (4)(ξ)
, (5)

where F (4)(ξ) is the maximum value of the 4th derivative
of the Lorentzian function in the given interval. This leads
to an iterative procedure in which the step length and
the fourth derivative are recalculated until the integration
error over the next two points is below the specified value.
It is repeated for all the resonances and the smallest value
of ∆ε obtained is used for the next two steps.

Such detailed consideration of the energy mesh was
undertaken for the regions from the 2s22p4(3P) limit up
to 0.0178 Ry below the 2s22p4(1D) limit and from the
2s22p4(1D) limit up to 0.0178 Ry below the 2s22p4(1S)
limit, since these regions contain the main contribution to
the recombination at the temperatures of interest. The en-
ergy 0.0178 Ry corresponds to a principal quantum num-
ber of fifteen relative to the next threshold. In the region
above the 2s22p4(1S) threshold, a quantum defect mesh
was used.

One problem that arose was that of interlopers from
higher series. In the region below a particular thresh-
old, the quantum defect method outlined above does not
give information about resonances that come from higher
thresholds, these having been eliminated by the use of con-
tracted matrices (Seaton 1983). Below the (1D) threshold
and in the range of our variable step energy mesh calcu-
lation, there are resonances arising from the (1S)3d 2P,
2S and (1S)3p 2Po states. The positions and widths of
these resonances were determined from a preliminary cal-
culation of photoionization cross-sections from a suitable
bound state. These data were then added to the list of
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resonance information used to generate the final energy
mesh for the detailed photoionization calculations.

In Fig. 1, we demonstrate the difference in resolution
between the OP cross-section (Cunto et al. 1993) and the
one calculated by our method for the ground state 2Po of
Ne ii. The OP cross section in the energy region between
the first and second ionization threshold consists of 124
points based on a quantum defect mesh whilst the latter
is based on an energy mesh of 2600 points. In the OP cross-
section, the resonances are usually described by three or
four points, and some of them are missing altogether. As
one can also see from Fig. 1, there is also a significant
difference in the peak heights of the resonances between
the two calculations.

These differences lead to a significant change in the cal-
culated area under the two cross-sections leading in turn
to a difference in the derived recombination coeffcients.
In the above case, the area under the OP curve is about
15% smaller than is obtained from our data. This differ-
ence becomes even more pronounced when we consider
only the area under particular resonances removing the
effect of the background. In the case of the low-lying reso-
nance at ε = 0.0514 Ry which is very significant in deter-
mining the recombination coefficient, the area under our
cross-section is 0.130 Mb · Ry whereas the OP data give
0.085 Mb · Ry. The importance of the correct delineation
of resonances is greatest for recombination to states whose
parent is an excited state of Ne 2+, since their photoioniza-
tion cross-sections generally have little or no background
contribution.

The unified approach suffers from a shortcoming
whereby, the cross-section in the vicinity of resonance
whose autoionization width is comparable or smaller
than its radiative width overestimates its contribution
to the recombination coefficient. To address this prob-
lem of radiative damping of resonances, we have com-
pared total radiative decay probabilities (calculated with
SUPERSTRUCTURE) with autoionization probabilities
calculated with the quantum defect methods described
above. As a result, the resonances corresponding to the
states 2s22p4(1D)nf,ng (2L, L > 3) were eliminated from
the list of resonances used to generate the energy mesh.
As a result, a coarse energy mesh was used in the vicinity
of these very narrow reonances and they were absent from
the calculated photoionization cross-section.

3. Calculation of Ne + populations

3.1. The Ne + populations

The calculation of the population structure is a two-stage
process. The first stage involves the calculation of a purely
hydrogenic model to determine the departure coefficients
bnl, related to the populations Nnl by(

Nnl

NeN+

)
=

(
Nnl

NeN+

)
S

bnl, (6)

where the subscript S refers to the value of the ratio given
by the Saha equation, and Ne and N+ are the number
densities of electrons and recombining ions respectively.
The details of the atomic rate coefficients and the numeri-
cal techniques employed in this calculation have been fully
described elsewhere (Hummer & Storey 1987, 1992).

The second stage starts from the hydrogenic results for
n > nd, and then solves for the populations of the states
from n = nd to n = 16 in descending order. The popu-
lations of states with n ≤ 15 are determined by matrix
inversion. More details are given by Storey (1994).

3.2. The Cases A and B

Baker & Menzel (1938) defined the Cases A and B with
reference to the recombination spectrum of hydrogen.
In Ne ii, there is only one low-lying term, 2s22p5 2Po.
Accordingly, two cases can be defined for Ne ii. In Case
A, all emission lines are assumed to be optically thin. In
Case B, lines terminating on the 2Po term are assumed
to be thick and no radiative decays to this state are per-
mitted when calculating the population structure. Since
the calculations are made entirely in LS-coupling, Cases
A and B differ only for the doublet series.

4. Results and discussion

4.1. Total and effective recombination coefficients

The population structure of Ne + has been calculated for
the electron temperatures Te = 1000, 2000, 3000, 5000,
7500, 10 000, 12 500, 15 000, 20 000 K, and for the electron
densities Ne = 102, 104, 105, 106 cm−3. For electron den-
sities greater than 106 cm−3, l-changing collisions would
have to be included for n < 15, which is beyond the scope
of the current approximation.

In Table 2, we give the total recombination coefficients
for Ne 2+ + e− for the above range of electron tempera-
tures and densities. Total recombination coefficients were
obtained by summing recombination coefficients to the
metastable and ground states of Ne +.

In Tables 3 and 4 are given the effective recombination
coefficients αeff(λ), for the strongest recombination lines
of Ne ii. The effective recombination coefficient is defined
such that the emissivity ε(λ), in a transition of wavelength
λ is

ε(λ) = NeN+αeff(λ)
hc

λ
[erg cm−3 s−1]. (7)

Results are not tabulated for Ne = 102 cm−3 and Ne =
105 cm−3 as the recombination coefficients are not signifi-
cantly different to those at 104 cm−3; typically they agree
within two percent. In the tables, data are given for Cases
A and B, as appropriate, but data for Case B are tabulated
only if the recombination coefficients differ by more than
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Table 2. Total recombination coefficients [10−12 cm3 s−1]

log(Ne)

T [K] Case 2 4 5 6

1000 A 7.40 7.72 8.15 9.00
B 6.06 6.33 6.70 7.45

2000 A 4.62 4.70 4.82 5.05
B 3.67 3.73 3.82 4.02

3000 A 3.56 3.60 3.65 3.75
B 2.75 2.77 2.81 2.90

5000 A 2.61 2.62 2.64 2.68
B 1.91 1.91 1.92 1.95

7500 A 2.03 2.04 2.04 2.06
B 1.41 1.41 1.41 1.43

10 000 A 1.69 1.69 1.70 1.71
B 1.14 1.13 1.13 1.14

12 500 A 1.46 1.46 1.46 1.47
B 0.95 0.95 0.95 0.95

15 000 A 1.29 1.29 1.29 1.29
B 0.82 0.82 0.82 0.82

20 000 A 1.05 1.05 1.05 1.06
B 0.65 0.65 0.64 0.65

one percent from the Case A values. Also tabulated is the
air wavelength of the multiplet, which is calculated from
the centres of gravity of the two terms involved. Most of
the multiplets listed have considerable fine-structure and
the reader is referred to Persson (1971) for a full list of fine-
structure transitions and their wavelengths, although we
tabulate the relative strengths and wavelengths of some of
the strongest transitions (see Sect. 4.2 below). Transitions
are included in the tables according to the following cri-
teria:

(1) All the components of the 3d–3p and 3p–3s tran-
sition arrays are given irrespective of intensity, including
those with 1D and 1S parentage. These transitions fall in
the visible part of the spectrum and among them are the
strongest recombination lines of Ne ii.

(2) For other transition arrays, only transitions
with effective recombination coefficients greater than
10−14 cm3 s−1 at at least one temperature are tabulated.
However, we did not include transitions having l > 2 be-
cause the LS-coupling scheme becomes inappropriate for
such transitions.

(3) Only transitions giving rise to lines with wave-
lengths greater than 91.2 nm are tabulated.

In Table 5, fit parameters and maximum deviations
from the calculated data are given for the effective recom-
bination coefficients at Ne = 104 cm−3. The coefficients
are fitted by a least-squares algorithm to the functional
form

αeff = 10−14 atf
(

1+b (1−t)+c (1−t)2+d (1−t)3
)
, (8)

where t = Te[K]/104, and a, b, c, d and f are constants.
Fitting is valid for the whole temperature range studied
for all lines except those denoted by asterisk in the last
column.

One can notice that the fits are typically accurate to
within a few tenths of one percent for all lines in the main
series, with the exception being the lines originating from
the 4p (2Po) and 3p (2Po) states. Here we have a max-
imum fitting error < 2%. The fitting of the lines from
the second and third series (denoted by an asterisk) is
valid for the temperature range Te = 2000−20 000 K, and
the fitting error is typically within 1.5% and not exceed-
ing 3.5%. For these lines, direct radiative recombination
and dielectronic recombination are of equal importance at
low temperatures. For this reason, the effective recombi-
nation coefficients have a more complex dependence on
temperature.

The value of parameter a is constrained to have the
value of 1014αeff(λ) at t = 1. An approximate fit to the
effective recombination coefficients at a different value of
Ne can be obtained by replacing a with αeff(λ, t = 1) at
that density.

4.2. Relative line strengths

To get the effective line recombination coefficient for the
transitions between the initial level SLiJi and the final
level SLfJf of the multiplet SLi−SLf , one should use the
relation

αeff (SLiJi → SLfJf) = αeff (SLi → SLf) b(Ji, Jf), (9)

where the factors b(Ji, Jf) can be calculated using the ex-
pression

b(Ji, Jf) =
(2Ji + 1)(2Jf + 1)

(2S + 1)

{
Ji Jf 1
Lf Li S

}2

, (10)

where { } is the six-j symbol defined, for example, by
Brink & Satchler (1968).

Values of αeff (SLi → SLf) may be obtained either
from Tables 3 and 4 or by using Eq. (8) and data from
Table 5. In Table 6, we tabulate the factors b(Ji, Jf) and
wavelengths of lines in the strongest multiplets of Ne ii.
The multiplets were chosen to satisfy the condition that
their effective recombination coefficients are greater than
10−13 cm3 s−1 at temperature 5000 K. Only transitions
within the 3d–3p and 3p–3s arrays having 3P parentage
fulfil this condition.

The air wavelengths of the transitions presented in
Table 6 were taken from Persson (1971).

4.3. Population of excited states of Ne 2+

In most calculations of recombination coefficients in neb-
ular plasmas it is assumed that only the ground state of
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Table 5. Fitting coefficients and maximum fitting errors (%) for effective recombination coefficients. Electron density Ne =
104 [cm−3]. Asterisks denote lines for which fitting is valid from Te = 2000 K

Transition λ[nm] Case a b c d f %

7d (4Fe) – 7p (4Do) 5790.2 A 0.279 −0.870 −0.096 −0.022 −1.5770 0.09
B 0.281 −0.893 −0.083 −0.014 −1.6000 0.05

6d (4Fe) – 6p (4Do) 3527.9 A 0.637 −0.876 −0.092 −0.022 −1.6047 0.09
B 0.641 −0.896 −0.081 −0.015 −1.6255 0.04

6d (4De) – 6p (4Po) 3435.0 A 0.344 −0.862 −0.101 −0.023 −1.5359 0.09
B 0.345 −0.887 −0.088 −0.014 −1.5606 0.05

6d (2Fe) – 6p (2Do) 3673.1 A 0.348 −0.867 −0.099 −0.024 −1.6019 0.10
B 0.355 −0.888 −0.088 −0.016 −1.6221 0.04

6d (4Fe) – 5p (4Do) 922.7 A 0.370 −0.876 −0.092 −0.022 −1.6053 0.09
B 0.372 −0.896 −0.081 −0.015 −1.6257 0.04

6d (4Fe) – 4p (4Do) 372.6 A 0.237 −0.876 −0.092 −0.022 −1.6049 0.09
B 0.239 −0.896 −0.081 −0.015 −1.6254 0.04

6p (4Do) – 5d (4Fe) 3760.7 A 0.277 −0.875 −0.086 −0.028 −1.5758 0.12
B 0.279 −0.901 −0.072 −0.019 −1.6016 0.04

6p (4Do) – 3s (4Pe) 104.1 A 0.306 −0.875 −0.086 −0.027 −1.5760 0.11
B 0.308 −0.901 −0.072 −0.019 −1.6015 0.04

6p (4Po) – 3s (4Pe) 104.4 A 0.357 −0.865 −0.093 −0.028 −1.5329 0.13
B 0.360 −0.894 −0.077 −0.018 −1.5621 0.04

5d (4Fe) – 5p (4Do) 1871.3 A 1.723 −0.888 −0.085 −0.020 −1.6472 0.07
B 1.731 −0.900 −0.078 −0.016 −1.6598 0.04

5d (4De) – 5p (4Do) 1963.1 A 0.275 −0.857 −0.104 −0.025 −1.5568 0.10
B 0.276 −0.881 −0.092 −0.017 −1.5798 0.05

5d (4De) – 5p (4Po) 1802.0 A 0.979 −0.857 −0.104 −0.025 −1.5568 0.10
B 0.984 −0.881 −0.092 −0.017 −1.5801 0.05

5d (4Pe) – 5p (4So) 2092.7 A 0.335 −0.843 −0.114 −0.030 −1.5583 0.11
B 0.337 −0.867 −0.101 −0.021 −1.5826 0.05

5d (2Fe) – 5p (2Do) 2004.9 A 0.879 −0.877 −0.093 −0.022 −1.6414 0.09
B 0.902 −0.891 −0.085 −0.017 −1.6545 0.04

5d (2De) – 5p (2Po) 2413.8 A 0.005 −0.820 −0.132 −0.032 −1.5478 0.11
B 0.250 −0.847 −0.119 −0.019 −1.5650 0.03

5d (4Fe) – 4p (4Do) 468.6 A 0.762 −0.888 −0.085 −0.020 −1.6474 0.07
B 0.766 −0.900 −0.078 −0.016 −1.6596 0.04

5d (4De) – 4p (4Po) 453.2 A 0.435 −0.857 −0.105 −0.025 −1.5564 0.10
B 0.437 −0.881 −0.092 −0.017 −1.5797 0.05

5d (2Fe) – 4p (2Do) 480.8 A 0.356 −0.877 −0.093 −0.022 −1.6418 0.08
B 0.365 −0.891 −0.085 −0.017 −1.6542 0.04

5p (4Do) – 5s (4Pe) 2491.6 A 0.585 −0.886 −0.080 −0.024 −1.6105 0.09
B 0.589 −0.905 −0.070 −0.018 −1.6294 0.03

5p (4Po) – 5s (4Pe) 2810.5 A 0.275 −0.863 −0.095 −0.028 −1.5455 0.12
B 0.278 −0.891 −0.079 −0.018 −1.5739 0.05

5p (2Do) – 5s (2Pe) 2577.8 A 0.226 −0.883 −0.082 −0.025 −1.6186 0.10
B 0.273 −0.896 −0.078 −0.017 −1.6246 0.03

5p (4Do) – 4d (4Fe) 1990.3 A 0.956 −0.886 −0.080 −0.024 −1.6102 0.09
B 0.963 −0.905 −0.070 −0.018 −1.6295 0.03

5p (4Do) – 4d (4De) 1782.9 A 0.203 −0.886 −0.080 −0.024 −1.6102 0.09
B 0.204 −0.905 −0.070 −0.018 −1.6296 0.03

5p (4Po) – 4d (4De) 1940.4 A 0.391 −0.863 −0.095 −0.028 −1.5458 0.12
B 0.394 −0.891 −0.079 −0.018 −1.5738 0.05

5p (4So) – 4d (4Pe) 1904.5 A 0.273 −0.858 −0.097 −0.031 −1.5536 0.11
B 0.275 −0.885 −0.082 −0.022 −1.5802 0.05

5p (2Do) – 4d (2Fe) 1923.6 A 0.367 −0.884 −0.082 −0.025 −1.6190 0.10
B 0.443 −0.896 −0.078 −0.017 −1.6250 0.03
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Table 5. continued

Transition λ[nm] Case a b c d f %

5p (4Do) – 3d (4Fe) 369.8 A 0.593 −0.886 −0.080 −0.024 −1.6101 0.09
B 0.597 −0.905 −0.070 −0.018 −1.6294 0.03

5p (4Po) – 3d (4De) 359.7 A 0.240 −0.863 −0.095 −0.028 −1.5457 0.12
B 0.242 −0.892 −0.079 −0.018 −1.5739 0.05

5p (2Do) – 3d (2Fe) 368.0 A 0.243 −0.884 −0.082 −0.025 −1.6188 0.10
B 0.294 −0.896 −0.078 −0.017 −1.6246 0.03

5p (4Do) – 3s (4Pe) 113.6 A 0.583 −0.886 −0.080 −0.024 −1.6101 0.09
B 0.588 −0.905 −0.070 −0.018 −1.6297 0.03

5p (4Po) – 3s (4Pe) 114.2 A 0.826 −0.863 −0.095 −0.028 −1.5458 0.12
B 0.833 −0.892 −0.079 −0.018 −1.5740 0.05

5p (2Do) – 3s (2Pe) 119.5 A 0.293 −0.884 −0.082 −0.025 −1.6187 0.10
B 0.353 −0.895 −0.078 −0.018 −1.6243 0.03

5s (4Pe) – 4p (4Po) 771.8 A 0.284 −0.890 −0.073 −0.026 −1.5856 0.11
B 0.286 −0.913 −0.061 −0.019 −1.6079 0.04

5s (4Pe) – 3p (4Do) 185.0 A 0.322 −0.890 −0.073 −0.026 −1.5854 0.11
B 0.324 −0.913 −0.061 −0.019 −1.6081 0.04

5s (4Pe) – 3p (4Po) 175.0 A 0.383 −0.890 −0.073 −0.026 −1.5855 0.11
B 0.385 −0.913 −0.061 −0.019 −1.6081 0.04

4d (4Fe) – 4p (4Do) 911.3 A 5.370 −0.871 −0.097 −0.027 −1.6720 0.11
B 5.397 −0.880 −0.092 −0.023 −1.6826 0.08

4d (4De) – 4p (4Do) 962.6 A 0.866 −0.852 −0.109 −0.029 −1.6033 0.12
B 0.870 −0.871 −0.099 −0.022 −1.6221 0.06

4d (4De) – 4p (4Po) 880.2 A 3.122 −0.852 −0.109 −0.029 −1.6036 0.12
B 3.138 −0.871 −0.099 −0.022 −1.6221 0.06

4d (4Pe) – 4p (4Do) 876.9 A 0.348 −0.840 −0.116 −0.032 −1.5913 0.12
B 0.349 −0.860 −0.106 −0.025 −1.6110 0.06

4d (4Pe) – 4p (4Po) 808.0 A 0.403 −0.840 −0.116 −0.033 −1.5907 0.12
B 0.405 −0.861 −0.105 −0.025 −1.6113 0.05

4d (4Pe) – 4p (4So) 976.7 A 1.093 −0.840 −0.116 −0.032 −1.5912 0.12
B 1.099 −0.860 −0.106 −0.025 −1.6110 0.06

4d (2Fe) – 4p (2Do) 942.2 A 2.700 −0.862 −0.103 −0.028 −1.6678 0.12
B 2.800 −0.874 −0.097 −0.023 −1.6768 0.08

4d (2De) – 4p (2Do) 984.5 A 0.016 −0.776 −0.157 −0.045 −1.5519 0.16
B 0.502 −0.801 −0.146 −0.034 −1.5660 0.06

4d (2De) – 4p (2Po) 1221.2 A 0.029 −0.777 −0.157 −0.045 −1.5522 0.16
B 0.887 −0.801 −0.146 −0.034 −1.5661 0.06

4d (2Pe) – 4p (2So) 947.1 A 0.050 −0.826 −0.136 −0.021 −1.5718 0.11
B 0.531 −0.849 −0.123 −0.013 −1.5860 0.11

4d (4Fe) – 3p (4Do) 188.5 A 1.443 −0.871 −0.097 −0.027 −1.6721 0.11
B 1.450 −0.880 −0.092 −0.023 −1.6826 0.09

4d (4De) – 3p (4Po) 180.1 A 0.811 −0.853 −0.109 −0.029 −1.6039 0.12
B 0.815 −0.871 −0.099 −0.022 −1.6220 0.06

4d (4Pe) – 3p (4Do) 187.0 A 0.335 −0.840 −0.116 −0.033 −1.5907 0.12
B 0.337 −0.861 −0.105 −0.025 −1.6115 0.05

4d (4Pe) – 3p (4So) 200.2 A 0.248 −0.840 −0.116 −0.033 −1.5910 0.12
B 0.249 −0.860 −0.106 −0.025 −1.6110 0.06

4d (2Fe) – 3p (2Do) 193.8 A 0.515 −0.863 −0.103 −0.028 −1.6681 0.11
B 0.534 −0.874 −0.097 −0.023 −1.6770 0.08

4d (2De) – 3p′ (2Po) 384.5 A 0.020 −0.777 −0.157 −0.045 −1.5523 0.16
B 0.623 −0.800 −0.146 −0.034 −1.5658 0.07

4d (2Pe) – 3p′ (2Po) 373.8 A 0.026 −0.826 −0.136 −0.021 −1.5717 0.11
B 0.275 −0.849 −0.124 −0.013 −1.5858 0.11

4p (4Do) – 4s (4Pe) 1080.9 A 3.101 −0.881 −0.085 −0.027 −1.6450 0.10
B 3.120 −0.896 −0.077 −0.022 −1.6598 0.06
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Table 5. continued

Transition λ[nm] Case a b c d f %

4p (4Po) – 4s (4Pe) 1207.9 A 1.853 −0.864 −0.095 −0.029 −1.5872 0.12
B 1.865 −0.886 −0.083 −0.021 −1.6092 0.05

4p (4So) – 4s (4Pe) 960.0 A 0.244 −0.855 −0.101 −0.033 −1.5833 0.12
B 0.246 −0.877 −0.089 −0.025 −1.6052 0.06

4p (2Do) – 4s (2Pe) 1150.7 A 1.339 −0.875 −0.089 −0.028 −1.6508 0.11
B 1.690 −0.877 −0.091 −0.023 −1.6430 0.05

4p (2Po) – 4s (2Pe) 938.2 A 0.102 −0.531 −0.200 −0.080 −0.9693 1.67
B 0.532 −0.770 −0.150 −0.040 −1.4455 0.07

4p (2So) – 4s (2Pe) 1106.6 A 0.032 −0.890 −0.063 −0.028 −1.5327 0.17
B 0.247 −0.859 −0.113 −0.012 −1.5707 0.12

4p (4Do) – 3d (4Fe) 905.2 A 3.217 −0.881 −0.085 −0.027 −1.6449 0.11
B 3.236 −0.895 −0.077 −0.022 −1.6593 0.06

4p (4Do) – 3d (4De) 815.5 A 0.660 −0.881 −0.085 −0.027 −1.6448 0.10
B 0.664 −0.895 −0.077 −0.022 −1.6592 0.07

4p (4Do) – 3d (4Pe) 957.3 A 1.301 −0.881 −0.085 −0.027 −1.6449 0.10
B 1.309 −0.895 −0.077 −0.022 −1.6596 0.06

4p (4Po) – 3d (4De) 885.8 A 1.543 −0.864 −0.095 −0.029 −1.5870 0.12
B 1.553 −0.887 −0.083 −0.021 −1.6094 0.05

4p (4So) – 3d (4Pe) 861.2 A 1.112 −0.855 −0.101 −0.032 −1.5837 0.12
B 1.119 −0.877 −0.089 −0.024 −1.6054 0.05

4p (2Do) – 3d (2Fe) 880.0 A 1.336 −0.875 −0.089 −0.028 −1.6508 0.11
B 1.686 −0.877 −0.091 −0.023 −1.6430 0.06

4p (2Do) – 3d (2De) 843.7 A 0.265 −0.875 −0.089 −0.028 −1.6508 0.11
B 0.335 −0.877 −0.091 −0.023 −1.6431 0.06

4p (2Po) – 3d (2De) 723.5 A 0.062 −0.531 −0.200 −0.080 −0.9693 1.67
B 0.319 −0.769 −0.150 −0.040 −1.4455 0.07

4p (2So) – 3d (2Pe) 912.5 A 0.058 −0.890 −0.063 −0.028 −1.5326 0.17
B 0.457 −0.859 −0.113 −0.012 −1.5706 0.12

4p (4Do) – 3s (4Pe) 138.8 A 0.519 −0.881 −0.085 −0.027 −1.6450 0.10
B 0.522 −0.895 −0.077 −0.022 −1.6592 0.06

4p (4Po) – 3s (4Pe) 140.7 A 1.590 −0.864 −0.095 −0.029 −1.5873 0.11
B 1.601 −0.886 −0.083 −0.021 −1.6092 0.05

4p (2Do) – 3s (2Pe) 147.3 A 0.386 −0.876 −0.089 −0.028 −1.6510 0.12
B 0.487 −0.877 −0.091 −0.023 −1.6428 0.06

4p (2Po) – 3s′ (2De) 209.3 A 0.094 −0.531 −0.200 −0.080 −0.9693 1.67
B 0.486 −0.769 −0.150 −0.040 −1.4454 0.07

4s (4Pe) – 3p (4Do) 304.4 A 2.126 −0.881 −0.083 −0.028 −1.6390 0.11
B 2.139 −0.898 −0.074 −0.022 −1.6559 0.06

4s (4Pe) – 3p (4Po) 278.4 A 4.461 −0.881 −0.083 −0.028 −1.6391 0.10
B 4.489 −0.897 −0.074 −0.022 −1.6556 0.06

4s (2Pe) – 3p (2Do) 309.5 A 0.244 −0.831 −0.108 −0.043 −1.5646 0.19
B 1.487 −0.841 −0.113 −0.028 −1.5650 0.03

4s (2Pe) – 3p (2Po) 341.1 A 0.203 −0.831 −0.108 −0.043 −1.5648 0.19
B 1.235 −0.840 −0.113 −0.029 −1.5647 0.04

3d (4Fe) – 3p (4Do) 322.0 A 22.958 −0.871 −0.098 −0.030 −1.7892 0.13
B 23.110 −0.870 −0.098 −0.031 −1.7909 0.14

3d (4De) – 3p (4Do) 335.2 A 3.610 −0.872 −0.097 −0.027 −1.7496 0.11
B 3.634 −0.876 −0.094 −0.026 −1.7557 0.11

3d (4De) – 3p (4Po) 303.9 A 13.271 −0.872 −0.098 −0.027 −1.7492 0.11
B 13.356 −0.876 −0.095 −0.026 −1.7553 0.11

3d (4Pe) – 3p (4Do) 315.9 A 1.785 −0.859 −0.104 −0.030 −1.6920 0.11
B 1.796 −0.869 −0.098 −0.026 −1.7036 0.08

3d (4Pe) – 3p (4Po) 288.0 A 1.680 −0.859 −0.104 −0.030 −1.6921 0.11
B 1.690 −0.869 −0.098 −0.026 −1.7036 0.08
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Table 5. continued

Transition λ[nm] Case a b c d f %

3d (4Pe) – 3p (4So) 355.9 A 4.965 −0.859 −0.104 −0.030 −1.6921 0.11
B 4.995 −0.869 −0.098 −0.026 −1.7034 0.08

3d (2Fe) – 3p (2Do) 337.5 A 11.069 −0.866 −0.102 −0.031 −1.7917 0.14
B 11.582 −0.868 −0.101 −0.030 −1.7878 0.13

3d (2De) – 3p (2Do) 343.1 A 0.143 −0.847 −0.117 −0.032 −1.7699 0.14
B 2.353 −0.854 −0.112 −0.028 −1.7618 0.10

3d (2De) – 3p (2Po) 382.4 A 0.305 −0.847 −0.117 −0.032 −1.7701 0.13
B 4.994 −0.855 −0.112 −0.028 −1.7621 0.10

3d (2Pe) – 3p (2Do) 329.1 A 0.038 −0.844 −0.120 −0.032 −1.7385 0.12
B 0.348 −0.857 −0.112 −0.025 −1.7230 0.06

3d (2Pe) – 3p (2Po) 365.1 A 0.112 −0.843 −0.120 −0.032 −1.7382 0.12
B 1.035 −0.858 −0.112 −0.024 −1.7233 0.06

3d (2Pe) – 3p (2So) 347.2 A 0.284 −0.843 −0.120 −0.032 −1.7380 0.12
B 2.627 −0.857 −0.112 −0.025 −1.7232 0.06

3p (4Do) – 3s (4Pe) 333.7 A 34.481 −0.889 −0.080 −0.028 −1.7577 0.11
B 34.717 −0.893 −0.077 −0.027 −1.7630 0.11

3p (4Po) – 3s (4Pe) 371.7 A 21.734 −0.889 −0.079 −0.027 −1.7102 0.10
B 21.883 −0.898 −0.074 −0.024 −1.7205 0.08

3p (4So) – 3s (4Pe) 298.3 A 5.457 −0.873 −0.090 −0.030 −1.6836 0.10
B 5.492 −0.884 −0.083 −0.026 −1.6964 0.07

3p (2Do) – 3s (2Pe) 371.3 A 12.711 −0.885 −0.082 −0.030 −1.7753 0.13
B 17.419 −0.885 −0.085 −0.026 −1.7555 0.09

3p (2Po) – 3s (2Pe) 334.2 A 1.259 −0.900 −0.055 −0.008 −1.4918 0.29
B 11.544 −0.391 −0.276 −0.119 −1.1313 1.10

3p (2So) – 3s (2Pe) 350.7 A 0.404 −0.926 −0.038 −0.027 −1.6928 0.09
B 3.020 −0.873 −0.099 −0.021 −1.7067 0.02

3d′ (2Ge) – 3p′ (2Fo) 322.8 A 0.450 −1.272 0.074 0.121 −1.5981 0.16 ∗
3d′ (2Fe) – 3p′ (2Fo) 309.5 A 0.242 −2.022 0.688 0.377 −2.1683 1.00 ∗

B 0.283 −2.016 0.682 0.377 −2.1705 1.02 ∗
3d′ (2Fe) – 3p′ (2Do) 340.6 A 0.402 −2.022 0.688 0.377 −2.1684 1.00 ∗

B 0.469 −2.016 0.682 0.376 −2.1705 1.02 ∗
3d′ (2De) – 3p′ (2Fo) 313.8 A 0.002 −2.100 0.713 0.455 −2.1856 1.44 ∗

B 0.012 −2.087 0.705 0.446 −2.1853 1.41 ∗
3d′ (2De) – 3p′ (2Do) 345.8 A 0.230 −2.100 0.712 0.455 −2.1855 1.44 ∗

B 1.383 −2.087 0.705 0.446 −2.1852 1.41 ∗
3d′ (2De) – 3p′ (2Po) 334.4 A 0.052 −2.100 0.712 0.455 −2.1855 1.44 ∗

B 0.311 −2.087 0.705 0.446 −2.1854 1.41 ∗
3d′ (2Pe) – 3p′ (2Do) 354.1 A 0.037 −2.125 0.730 0.468 −2.2109 1.52 ∗

B 0.355 −2.112 0.723 0.459 −2.2108 1.49 ∗
3d′ (2Pe) – 3p′ (2Po) 342.2 A 0.097 −2.125 0.730 0.468 −2.2109 1.52 ∗

B 0.923 −2.112 0.723 0.459 −2.2108 1.49 ∗
3d′ (2Se) – 3p′ (2Po) 337.1 A 0.027 −2.140 0.739 0.477 −2.2111 1.55 ∗

B 0.384 −2.125 0.731 0.467 −2.2115 1.52 ∗
3p′ (2Po) – 3s (2Pe) 192.1 A 0.207 −1.946 0.657 0.327 −2.1850 0.96 ∗

B 1.228 −1.893 0.628 0.295 −2.2645 0.88 ∗
3p′ (2Fo) – 3s′ (2De) 357.1 A 1.316 −0.474 −0.438 −0.159 −0.6738 0.29 ∗

B 1.680 −0.410 −0.447 −0.179 −0.6242 0.45 ∗
3p′ (2Do) – 3s′ (2De) 323.1 A 0.979 −2.030 0.689 0.392 −2.1739 1.12 ∗

B 2.809 −2.035 0.685 0.404 −2.1908 1.23 ∗
3p′ (2Po) – 3s′ (2De) 333.7 A 0.400 −1.946 0.657 0.327 −2.1848 0.96 ∗

B 2.374 −1.893 0.629 0.295 −2.2649 0.87 ∗
3p′′ (2Po) – 3s′′ (2Se) 348.0 A 2.010 −2.194 0.929 0.323 −2.8430 0.92 ∗

B 2.237 −0.240 −0.654 −0.455 −0.9234 3.21 ∗
3s′′ (2Se) – 3p (2Po) 444.9 A 0.002 −2.200 0.953 0.303 −2.8340 0.87 ∗

B 2.705 −0.258 −0.608 −0.415 −0.9247 2.85 ∗
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Table 6. The factors b(Ji, Jf), defined by Eq.(10), and wave-
lengths λ (in air) for the strongest multiplets of Ne ii

Transition λ[nm] b(Ji, Jf)

3d (4Fe) – 3p (4Do)
4F9/2 – 4D7/2 321.8193 0.357
4F7/2 – 4D7/2 320.8965 0.041
4F7/2 – 4D5/2 324.4095 0.245
4F5/2 – 4D7/2 315.4795 0.002
4F5/2 – 4D5/2 318.8743 0.052
4F5/2 – 4D3/2 321.4329 0.160
4F3/2 – 4D5/2 317.3574 0.003
4F3/2 – 4D3/2 319.8916 0.040
4F3/2 – 4D1/2 321.3735 0.100

3d (4De) – 3p (4Po)
4D7/2 – 4P5/2 303.4461 0.400
4D5/2 – 4P5/2 302.7016 0.090
4D5/2 – 4P3/2 304.7556 0.210
4D3/2 – 4P5/2 301.7311 0.010
4D3/2 – 4P3/2 303.7720 0.107
4D3/2 – 4P1/2 305.4677 0.083
4D1/2 – 4P3/2 302.8700 0.017
4D1/2 – 4P1/2 304.5556 0.083

3d (2Fe) – 3p (2Do)
2F7/2 – 2D5/2 336.7218 0.571
2F5/2 – 2D5/2 333.0734 0.029
2F5/2 – 2D3/2 338.8417 0.400

3p (4Do) – 3s (4Pe)
4D7/2 – 4P5/2 333.4836 0.400
4D5/2 – 4P5/2 329.7726 0.090
4D5/2 – 4P3/2 335.5016 0.210
4D3/2 – 4P5/2 327.0800 0.010
4D3/2 – 4P3/2 332.7153 0.107
4D3/2 – 4P1/2 336.0597 0.083
4D1/2 – 4P3/2 331.1272 0.017
4D1/2 – 4P1/2 334.4395 0.083

3p (4Po) – 3s (4Pe)
4P5/2 – 4P5/2 369.4213 0.350
4P5/2 – 4P3/2 376.6259 0.150
4P3/2 – 4P5/2 366.4073 0.150
4P3/2 – 4P3/2 373.4938 0.044
4P3/2 – 4P1/2 377.7133 0.139
4P1/2 – 4P3/2 370.9622 0.139
4P1/2 – 4P1/2 375.1245 0.028

3p (2Do) – 3s (2Pe)
2D5/2 – 2P3/2 371.3079 0.600
2D3/2 – 2P3/2 364.3927 0.067
2D3/2 – 2P1/2 372.7107 0.333

the recombining ion, 2s22p4 3P in the case of Ne2+, is
populated. This is a reliable approximation in the case
of astrophysical objects having relatively low electron

density. In our case, there are two additional states
2s22p4 1D and 1S having energies 25 840.8 cm−1 and
55 750.6 cm−1 (see Persson et al. 1991) above ground state.
In our photoionization calculation, we obtained partial
cross-sections from the states of Ne2+ to the ground state
2s22p4 3P and to the 1D and 1S states of the same con-
figuration. These data enable us to obtain coefficients for
direct recombination leading to series other than those of
3P parentage.

We generalised the model for calculation of the pop-
ulation structure for Ne + described in Sect. 3.1 to in-
clude the three lowest terms of the Ne 2+ ion. To deter-
mine the population numbers of these states, we used a
model which included collisional excitation, collisional de-
excitation and radiative decay among these three states.
For temperatures of Te ≤ 20 000 K and electron densities
of Ne ≤ 106 cm−3 we found the population of excited 1D
and 1S states to be very small (a maximum of 0.6% for
1D and 0.00045% for 1S). The extension of the full re-
combination calculation from one with only the ground
term populated to a more extended one did not cause any
substantial changes in the effective recombination coeffi-
cients. In general, only very small changes (≤ 0.5%) were
detected for strong lines. Changes of up to 2% occured for
some lines originating from states with 1D parentage but
these lines were weak. For this reason, we present data
which include recombination only to the ground state of
the Ne 2+ ion. Nevertheless, the effects of population in
excited states in Ne 2+ ion could become significant when
densities become higher.

4.4. Discussion

The calculations described here were carried out entirely
in LS-coupling. The work of Persson (1971) indicates that
LS-coupling is no longer a good approximation for f- and
g- states of Ne +, and that the states should be described
by an alternative coupling scheme. A full treatment of
the high l states also needs to recognise the fact that the
ground term of Ne 2+ comprises three levels, 3P2, 3P1 and
3P0 and that the populations of the 3PJ levels may well
differ from those given by the Boltzmann distribution, so
that a correct treatment of the recombination to the high
l states will require intermediate coupling photoioniza-
tion data and incorporation of the population distribution
among the 3PJ levels.

We therefore do not present any transitions with
l > 2 even though sometimes such multiplets have rel-
atively strong lines with αeff > 10−14 cm3 s−1. These
transitions will be the subject of a subsequent paper.

Examining the data in Tables 3 and 4, one can see that
for transitions from the 4d doublet states, the strongest
lines are those with a final principal quantum number
n = 4, rather than n = 3 as one might expect. For the
transitions from the upper states 4d (2D) and (2P), there
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Fig. 2. Comparison of total recombination coefficients (in
10−12 cm3 s−1) for Ne 2+ + e−. The solid line represents the
present calculation, the long-dashed line the radiative recombi-
nation coefficients of Péquignot et al. (1991), the short-dashed
line the dielectronic recombination coefficients of Nussbaumer
& Storey (1987). The dotted line is the sum of the radiative
and dielectronic recombination coefficients

are no lines in the Tables terminating in a 3p state whereas
lines terminating in 3p′ state are present. A similar situa-
tion was observed by Storey (1994) in the O ii case. Closer
examination of energy levels and oscillator strengths for
these cases indicates that there exists a strong interaction
between 3d′ states and the 4d levels of main series. This
interaction redistributes the oscillator strength leading to
weakness of the 4d–3p lines.

The present results for the total recombination coef-
ficients (Table 2) can be compared with the radiative re-
combination coefficients (RR) for Ne ii given by Péquignot
et al. (1991), and the dielectronic recombination (DR) co-
efficients from Nussbaumer & Storey (1987). The com-
parison is shown in Fig. 2, which also shows the sum of
the RR and DR results. The difference between our data
and the sum of the RR and DR coefficients increases with
temperature while the difference between our data and the
RR coefficient decreases. This is due to the different tem-
perature behaviour and different magnitude of the dielec-
tronic component of the recombination coefficients that is
obtained in the present work.

We cannot separate the radiative and dielectronic part
of the total recombination coefficient in our method, so
instead we consider the DR coefficients for the ground
state 2s22p5 (2Po) obtained in our work with those of
Nussbaumer & Storey (1987), as a means of examining the
importance of the resonance contributions to the recom-
bination. In Fig. 3, we show a part of the photoionization
cross-section for this state including the five lowest reso-
nances. In the same figure we give the oscillator strength
between the ground state and the continuum, binned into
equal energy intervals, from the present photoionization
data and from the work of Nussbaumer & Storey (1987).

100

200

0.05 0.06 0.07

C
ro

ss
-s

ec
tio

n 
(M

b)

Electron Energy (Ry)

A

B

C

D E

0.005

0.010

0.015

0.020

0.05 0.06 0.07

O
sc

ill
at

or
 S

tr
en

gt
h

Electron Energy [Ry]

a

b

c

Fig. 3. Photoionization cross-section (in Mb) from the ground
state 2Po of the Ne + ion (top) and oscillator strength dis-
tribution corresponding to the three lowest resonances ob-
tained from these cross-section (solid line) and calculated by
Nussbaumer & Storey (1987) (dashed line). In the top figure,
the upper case letters denote transitions to the ground state
from the doubly excited states: A – 3d′′ 2P, B – 5d′ 2P, C –
5d′ 2D, D – 5g′ 2P, E – 5s′ 2D. In the bottom figure, the lower
case letters denote transitions from states: a – 3d′′ 2P, b – 5d′
2P, c – 5d′ 2D

In the method of Nussbaumer & Storey (1987), resonances
are treated as bound states and have no energy width, so
we assign the oscillator strength in a particular resonance
to one energy bin.

There are significant differences in resonance positions
(especially for the first resonance) and oscillator strengths
between the two sets of data. Our resonance A represent-
ing state 3d′′ 2P is closer to the ionization threshold and
has a larger f -value than the corresponding resonance a
of Nussbaumer & Storey (1987). This causes a more rapid
rise and a larger value of the dielectronic component of the
recombination compared to the DR data of Nussbaumer
& Storey (1987). In Fig. 4 we show the recombination co-
efficients derived from these oscillator strength data. The
relative positions of other resonances a rising from the



R. Kisielius et al.: Recombination coefficients for Ne ii lines 269

0.1

0.2

5000 10000 15000 20000

D
ie

le
ct

ro
ni

c 
R

ec
om

bi
na

tio
n 

C
oe

ffi
ci

en
t

Electron Temperature [K]

A+B+C
A
B
C

0.1

0.2

5000 10000 15000 20000

D
ie

le
ct

ro
ni

c 
R

ec
om

bi
na

tio
n 

C
oe

ffi
ci

en
t

Electron Temperature [K]

a+b+c
a
b
c

Fig. 4. Calculated coefficients (in 10−12 cm3 s−1) of dielectronic
recombination (DR) to the ground state 2Po of Ne +. The top
figure shows DR coefficients obtained from the present data
corresponding to the A, B, and C transitions of Fig. 3 and
their total (solid line). The bottom figure shows DR coefficients
obtained using data from Nussbaumer & Storey (1987) and
corresponding to the a, b, and c transitions of Fig. 3 and their
total (solid line)

series 2s22p4 (1D)nl are similar although the correspond-
ing oscillator strengths are several time smaller in our
calculation. For this reason the dielectronic contributions
arising from these resonances are significantly larger in the
Nussbaumer & Storey (1987) calculation (see lines B, C
and b, c in Fig. 4). These three resonances contribute 50%
of the total DR coefficient to the ground state, with the
remainder coming from higher resonances and cascading
from upper states. We conclude from these comparisons
that there are significant differences in resonance posi-
tions and areas between the present results and those of
Nussbaumer & Storey (1987), and that in our calculation
the dielectronic component is significantly smaller than in
that work. We believe the current work to be significantly
more accurate than that of Nussbaumer & Storey (1987).

5. Conclusion

Total recombination coefficients for Ne + ions and effective
recombination coefficients for lines of Ne ii have been tab-
ulated at temperatures and densities appropriate to neb-
ular plasmas. The use of atomic data of high quality for
bound-bound and bound-free radiative processes among
all the terms with n ≤ 15 means that the results given
here should be more reliable than those of previous work-
ers. It would be desirable to extend the calculations to
higher electron densities to permit reliable interpretation
of Ne ii emission from more dense objects such as young
novae and stellar winds.

In Ne ii itself, further work is needed on the transi-
tion arrays where LS-coupling breaks down. Relatively
strong recombination lines exist between 5g, 4f and 3d
states which cannot be reliably used at present.
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