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Abstract. We use the program AUTOSTRUCTURE to calculate configuration-mixing inter- 
mediate-coupling effective dielectronic recombination rate coefficients for the recombined 
ions C+, NZc and 03+ at temperatures T = lo3-6.3 x lo4 K. We tabulate results for the 
quartet-quartet transition lines-these do not arise in LS coupling at low densities appli- 
cable to gaseous nebulae-as well as selected doublet-doublet lines. We also compare 
total rate coefficients for both direct radiative recombination and dielectronic recombina- 
tion, the latter being calculated in both LS and intermediate coupling. 

We find that core fine-structure interactions give rise to a number of new dielectronic 
recombination lines, a number of which are comparable in strength to all but the strongest 
LS-allowed lines and they also cause an increase in the total dielectronic recombination 
rate coefficient at T =  lo4 K of 12,35 and 70% for C*, Nz+ and 03+ respectively. However, 
they are not strong enough for the weak interaction approximation of Nussbaumer and 
Storey to be applicable. 

1. Introduction 

Dielectronic recombination via the full Rydberg series of autoionising levels was shown 
by Burgess (1964) to be the dominant electron-ion recombination process at coronal 
temperatures. More recently it was suggested by Beigman and Chichkov (1980) and 
Harrington et a1 (1980) that dielectronic recombination via the core excitation of levels 
lying below the first dipole-excited level could be important at the low temperatures 
found in gaseous nebulae. This was confirmed by Beigman and Chichkov (1980) and 
Storey (1981). Since then Nussbaumer and Storey have calculated effective dielectronic 
recombination rate coefficients for ions of C, N, 0 (Nussbaumer and Storey 1984) 
Mg, Al, Si (Nussbaumer and Storey 1986) and Ne (Nussbaumer and Storey 1987) 
over T = lo3-6 x lo4 K. 

The first calculations were carried out in LS coupling (Storey 1981, Nussbaumer 
and Storey 1983, 1984). However, core fine-structure interactions, and in particular 
spin-orbit interactions, mix LS-allowed and LS-forbidden autoionising levels, giving 
access to LS-allowed radiative channels that were formerly inaccessible. The mixing 
need not be large (in fact it is not) since LS-allowed autoionisation transition rates 
(A , )  are many orders of magnitude greater than the corresponding radiative rates (Ar).  
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As a result, Nussbaumer and Storey (1984) introduced a weak interaction ( W I )  approxi- 
mation to try to allow for this effect. Radiative rates were still calculated in LS coupling 
but it was assumed that the core fine-structure interactions were strong enough so that 
A,  >> A ,  for all terms forbidden to autoionise in LS coupling. This W I  approximation 
provides an upper bound for the recombination coefficients while the original 
LS-coupling approximation provides a lower bound. A more refined treatment 
(Nussbaumer and Storey 1986, 1987) used one or other of the two approximations for 
each autoionising term depending on the LS-coupling ratio A,LS/ArLS and the strength 
of the core fine-structure interaction. The accuracy of this approach thus depends on 
the judicious use of one or other of the two limiting approximations, but of course in 
the case of AiC - A,'C neither limiting approximation is valid. 

With this in mind we use the program AUTOSTRUCTURE (see Badnell 1985, 1986 
and later in this paper) to carry out an explicit intermediate-coupling calculation for 
C', N2+, 03+ recombined ions at temperatures T = lo3-6.3 x lo4 K. The B-like recom- 
bined ions provide an extreme example, since if we assume that only the ground term 
of the Be target ion is populated (applicable to gaseous nebulae) then the quartet- 
quartet autoionising levels are only populated via core fine-structure interactions. The 
subsequent radiative cascade is well described by LS coupling (i.e. doublet-quartet 
radiative transition rates are neglible) so the effective dielectronic recombination rate 
coefficients for quartet-quartet transition lines are totally dependent on the initial 
populating mechanism-core fine-structure interactions. The 'So, 'Do, . . . and 2P, 2F, . . . 
terms are also forbidden to autoionise to the 'S ground term in LS coupling due to 
parity conservation. 

In § 2 we briefly describe the theory behind the calculation, in § 3 we discuss our 
use of the Breit-Pauli Hamiltonian and in § 4 we outline further developments of the 
AUTOSTRUCTURE program and describe its application to B-like recombined ions. In 
§ 5 we present tables of results for effective dielectronic recombination rate coefficients 
for quartet-quartet transition lines and selected doublet-doublet lines and compare 
total LS-coupling and intermediate-coupling dielectronic recombination rate 
coefficients and direct radiative recombination rate coefficients for B-like C ,  N and 0 
recombined ions for T = 103-105 K. Also, the tables of total dielectronic recombination 
rate coefficients of Badnell (1987a) are extended to low temperatures for these ions. 

2. Theory 

The formulation of the dielectronic recombination problem has been given by Burgess 
(1966) and it has been discussed by Nussbaumer and Storey (1983, 1984) in connection 
with low temperatures, and so we present only a brief discription. 

2.1. EfSective dielectronic recombination rate coejicients 

Consider an ion X'+ whose states are populated by dielectronic capture and subsequent 
radiative cascade. We may define an effective dielectronic recombination rate 
coefficient CY;( i ;  j )  for a state j and an effective dielectronic recombination rate 
coefficient CY;( i ;  j + h )  for a transition line j + h such that 

N , N ( X ~ " " + ) c r ~ (  i ;  j )  

is the total number of ions X:' formed in a state j per unit volume per unit time from 



Dielectronic recombination at low temperatures 75 1 

an initial ion Xfz+’)+  in a state i and 

N , N ( X j ’ + ’ ’ + ) a ~ ( i ;  h + j )  (2.2) 

is the total number of photons emitted in the transition line h + j per unit volume per 
unit time, again from an initial ion state i. Ne is the electron number density and 
N(XIZf’)+)  is the number density of the initial ion Xjz+”+ in a state i. At electron 
densities applicable to gaseous nebulae (typically Ne-  lo4 ~ m - ~ )  we assume the initial 
population to be concentrated in the ground state i = g .  We thus drop the explicit 
dependence on i from our notation, namely a f ( j )  and a$(  h + j ) .  In LS coupling g 
is the ground term and in intermediate coupling g is the ground level. Differences can 
arise between LS-coupling and intermediate-coupling results for a$ if the initial ground 
term contains more than one level and A:‘ is not independent of J for a given SL  term. 

If j is bound 

where 

and the sum of transition probabilities in the denominator of (2.4) contains both 
radiative ( A , )  and, if energetically possible, autoionisation (A , )  rates. 

If j is autoionising 

a d * ( j )  = R s ( g ; j )  C A a ( j +  g, & U +  C a 3 h  +A (2.5) 
I h > j  

and R, is given by the Saha-Boltzman equation 

where E ,  is the energy (in Ryd) of the continuum electron which is fixed by the position 
of the resonances, w ( j )  is the statistical weight of the ( N  + 1)-electron intermediate 
state, w ( g )  is the statistical weight of the N-electron target ion and ( 4 ~ a i I , , / k ) ~ / ’ =  
4 . 1 4 1 4 ~  cm3. 

The second term in (2.5) can be neglected in LS coupling (see Nussbaumer and 
Storey 1983) since in general AfS >> A t S ;  we need to re-examine this point in intermedi- 
ate coupling. However, due to the exponential temperature cut-off in (2.6) radiative 
transitions between autoionising levels could only be important at the highest tem- 
peratures we consider. Finally, the total dielectronic recombination rate coefficient 
ad(tot)  for the given initial state g is just a;( j )  summed over the ground and metastable 
states j .  

2.2. Transition probabilities 

Configuration mixing LS- and intermediate-coupling autoionisation transition rates 
are evaluated by AUTOSTRUCTURE according to equations (2.2) and (2.4) of Badnell 
(1986) respectively. In the original version of AUTOSTRUCTURE as described by Badnell 
(1985, 1986) the continuum orbital was only approximately evaluated at the energy 
given by the conservation equation (2.5) of Badnell (1986). The resulting error was 
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negligible for An,>  0 core transitions. The continuum orbitals are now evaluated at 
three user-supplied energies, chosen so as to span the range of interest, and a three-point 
Lagrange interpolation formula is used to evaluate the bound-continuum Slater and 
one-body integrals at the energy given by the conservation equation. 

Configuration mixing LS- and intermediate-coupling electric-dipole radiative 
transition rates can be evaluated as described by Eissner et a1 (1974) since AUTOSTRUC- 

TURE incorporates the program SUPERSTRUCTURE. However, there is no need to 
evaluate the full intermediate-coupling line strength given by Eissner et a1 (1974, 
equation (1 17)); it is sufficient and very much faster to evaluate 

s[ I ( r ~ L J ,  r ’ s ‘ L’J ’ ) 

= I(rsw 1 C~SLJ)(C~SLJIIP[~~/I c’pis’L’J’)(c’p’sfL’J’/r’s’LrJf)1* (2.7) 

in the notation of Eissner et a1 (1974), where the selection rules S = S’ ,  IL- L’I < 1 
( L ’  = 0 = L forbidden) and IJ - J‘I 1 ( J ‘  = 0 = J forbidden) apply and the reduced 
matrix element in (2.7) is given by Eissner et a1 (1974, equation (116)). 

Radiative rates evaluated using equation (2.7) differ by less than 1% from those 
evaluated using equation (117) of Eissner et a1 (1974) for all but the very weakest 
transitions. Also, the radiative transitions that are forbidden by the selection rules 
operating with ( 2 . 7 )  still have negligible rates when the full intermediate-coupling 
selection rules operate (typically a factor of lo6 smaller than the strongest radiative 
rates). 

3. The Breit-Pauli Hamiltonian 

This was derived by Bethe and Salpeter (see e.g. their 1977 reprint) and it is discussed 
in detail by Jones (1970, 1971) and so we discuss it only in relation to the problem at 
hand. 

3.1. The relativistic two-body terms 

The Breit-Pauli Hamiltonian as implemented by SUPERSTRUCTURE (see Eissner et a1 
1974) contains all of the relativistic one-body terms and the two-body fine-structure 
terms while the two-body non-fine-structure terms are neglected. The omission of the 
orbit-orbit, contact spin-spin and two-body Darwin operators is unlikely to cause any 
serious error since they commute with L2 and S2 and so do not mix distinct SL terms, 
which is what we are particularly interested in. The two-body spin-orbit and spin-other- 
orbit interactions consist of interactions between valence electrons and of interactions 
between valence electrons and closed-shell electrons (see Blume and Watson 1962), 
while the spin-spin interactions arise only between valence electrons. 

We have investigated the relative importance of the various contributions to the 
two-body fine-structure interactions in the case of the 2s2p41 autoionising levels of 
N2+. Restricting interactions between valence electrons to within a single configuration 
changes the autoionisation rates by less than 5 % ,  and often much less. Furthermore, 
neglecting all interactions between valence electrons changes all but the weakest 
LS-forbidden A ,  by less than 10% in general. This should be compared with errors 
in general of *30% that can arise on using different configuration expansions. Further- 
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more, the effect on a$( j + h )  for individual J + J' LS-forbidden transitions is generally 
only one or two per cent. However, we do  retain the interactions between valence 
electrons and closed-shell electrons and these give rise to terms similar to the one-body 
nuclear spin-orbit term and these are incorporated into a generalised spin-orbit 
parameter (see Eissner et a1 1974). Also, the one-body Darwin and mass variation 
terms are included in full. 

To sum up, we have neglected all (relativistic) two-body interactions of the Breit- 
Pauli Hamiltonian that cannot be incorporated into a generalised spin-orbit parameter. 
For higher-Z ions, the Z 3  dependence of the one-body interactions compared with 
the 2' dependence of the two-body interactions would have led us to this approach. 

3.2. Term energy corrections 

Jones (1971) noted that small errors in non-relativistic energies could lead to much 
larger errors in fine-structure splittings. Zeippen et a1 (1977) thus introduced a semi- 
empirical correction to the non-relativistic Hamiltonian; namely if we have V such 
that VH,, VT  = E,,, then choose D, a set of term energy corrections to the non-relativistic 
energies, take H L P =  H,,+ H,+  H,, and solve UHL,UT= ELp where HD = VTDV, H, ,  
is the non-relativistic Hamiltonian and H,, is the relativistic correction (see Eissner et 
a1 1974). We choose D such that ELp best agrees with the observed energy levels in 
Moore (1970, 1975,1983). Uncertainties in the position of the unobserved autoionising 
levels give rise to errors in the temperature dependence of a z ( j +  k )  for transitions 
from these levels and for subsequent cascades (see equation (2.6)). 

4. Application to B-like recombined ions 

We include the following configurations in our calculations (the 1s' core has been 
suppressed): 

2s22p, 2s2p2, 2p' 

2s2nI, 2s2pn1, 2p2n1 1 < n, 3 s  n s no 

2s2 kl, 2s2p kl, 2p'kl I s 6  

2SW, 2s2pa7  2p2a  ' i< 2 

where kl denotes a continuum orbital, 31 a correlation orbital, no = 5 for C' and N2+ 
and no = 6 for 03+. The lowest autoionising levels arise from the 2s2p31 and 2s2p41 
configurations for C+ and N2+ respectively and from the 2p231 and 2s2p51 configurations 
for 03+. Levels with n > no are dealt with by extrapolation, see § 5. 

The original AUTOSTRUCTURE code (see Badnell 1985, 1986) used only 1-dependent 
model potentials. Following Nussbaumer and Storey (1978) that restriction has been 
removed. We use bound spectroscopic orbitals nl evaluated in a Thomas-Fermi model 
potential with radial scaling parameters A,,, and we use bound correlation orbitals 
evaluated in a screened hydrogenic potential. 

The spectroscopic A,,/ were determined by minimising the weighted sum of all 
eigenenergies of the spectroscopic terms of the B-like recombined ion. The nl spectro- 
scopic orbitals were orthonormalised at each step of the variation to all other spectro- 
scopic orbitals n'l', such that n ' <  n and l ' =  1. The correlation screening parameters 
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were determined by minimising a sum of spectroscopic eigenenergies subject to the 
orthonormalisation of the 3 correlation orbitals to all of the nl spectroscopic orbitals 
with 1 = T (the spectroscopic orbitals remain unchanged). The correlation orbitals 
have a mean radius between those of the n = 2 and 3 orbitals and are included to 
improve the structure of the 2 : 2 : 2 and 2 : 2 : 3 complexes (see Nussbaumer and Storey 
1981). A,,, were determined for n l =  Is , .  . . ,4f and we then took A,, = Al l  for n > 4 and 
A,, = Alf for I2 3. The Be target uses the same Is, 2s and 2p orbitals as for the B-like 
ion (as all rates A,  and A, are evaluated at the same time) and the eigenenergies 
relative to the ground 2's term differ by less than or equal to 1 '/a from those evaluated 
by minimising Be term energies. 

We also tried using a different model potential, one based on Slater-type orbitals 
(STO) due to Burgess (private communication). After minimisation, the B-like 
eigenenergies differed little (< 1 YO ) from those obtained using the Thomas-Fermi model 
potential, although the scaling parameters were closer to unity (unscaled). An option 
to use an STO model potential in place of the Thomas-Fermi one has been incorporated 
into the AUTOSTRUCTURE code. 

We evaluated the continuum orbitals kl at the interpolation energies according to 
the same prescription as for highly excited nl spectroscopic orbitals of the B-like ion. 
Namely, we used the same Thomas-Fermi model potential as for the nol orbital and 
orthogonalised the resulting continuum orbital to all spectroscopic orbitals of the same 
orbital angular momentum. The kl continuum orbital is of course automatically 
orthogonal to both the 41, 51 and, if included, 61 orbitals. 

5. Results 

In tables 1-3 we present our results for intermediate-coupling effective dielectronic 
recombination rate coefficients for C', N2+ and 03+ over the range T = lo3-6.3 x lo4 K. 
In table 4 we present our intermediate-coupling results for the total dielectronic 
recombination rate coefficient &,,(tot). In figures 1-3 we compare our LS-coupling 

log T ( K )  

Figure 1. Total recombination rate coefficients for C'. -, LS-coupling dielectronic 
recombination, this work; - - - -, intermediate-coupling dielectronic recombination, this 
work; - - -, direct radiative recombination, Aldrovandi and Pequignot (1973). 
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Figure 2. Total recombination rate coefficients for N2+. - , LS-coupling dielectronic 
recombination, this work; - - -, intermediate-coupling dielectronic recombination, this work; 
_ _ _  , direct radiative recombination, Aldrovandi and PCquignot (1976). 
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Figure 3. Total recombination rate coefficients for 03+. -, LS-coupling dielectronic 
recombination, this work; - - - -, intermediate-coupling dielectronic recombination, this 
work; - - -, direct radiative recombination, Aldrovandi and PCquignot (1973).  

and intermediate-coupling results for ad(tot)  and  also display the total direct radiative 
recombination rate coefficient evaluated from the fit given by Aldrovandi and PCquignot 
(1973, 1976). 

5.1. a f ( j )  and a f ( h + j )  

Large numbers of effective dielectronic recombination rate coefficients are generated 
by the intermediate-coupling calculation. In order to keep them down to a manageable 
number we only present results for the quartet-quartet transition lines and selected 
doublet-doublet lines summed over J,  J’ according to 
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with eigenenergies averaged according to 

(5.2) 

and given in units of cm-' relative to the ground term with the emitted photon 
wavelength A in A. Furthermore, only those lines that satisfy a$(TSL+ r 'S 'L ' )  > A. 
at some point in the temperature range T =  lo3-6.3 x lo4 K are included. Where A. is 
given by Ao(C+) = cm3 s-'; Ao(N2+) = 5 x and cm3 s-' for A > 
3000 A, 3000 A k 912 A and A < 912 A respectively and AO(O3+) = and 
5 x cm3 s-' for the same wavebands. Finally, a negative spin multiplicity denotes 
odd parity. 

Comprehensive tables of results for a$(TSL+ T'S'L') and a$(TSL.T-, r 'S'L'J ')  are 
available from the author (Badnell 1987b) for both doublet-doublet and quartet-quartet 
transitions. 

Contributions to the effective dielectronic recombination rate coefficients from the 
2 ~ 2 p ( ~ P ) n I  autoionising levels with n > no were evaluated using the n - 3  scaling 
behaviour of the transition rates as described in detail by Nussbaumer and Storey 
(1983) and Badnell (1987a). This extrapolation only contributes at the highest tem- 
peratures we consider. At T = 6.3 x lo4 K it contributes about 20% of the a $ ( j )  given 
in tables 1-3 and it falls off rapidly with decreasing temperature. Contributions from 
2s2p('P)nl levels with n > no can only be evaluated for ad(tot), see 8 5.2. These levels 
have little or no affect on the a$  quartets since doublet-quartet radiative rates are 
negligible; however, this is not the case for the doublet a $ ( j ) :  their rising contribution 
to ad(tOt) with T can be seen in figures 1-3. They contribute approximately 20% of 
the doublet contribution to ad(tot) for C', N2+ and 03+ at T = 2.0, 3.0 and 4.0 x lo4 K 
respectively. Thus, the values of Q $ ( ~ P ~ )  for the J =; and J =: levels of the ground 
term should be considered an underestimate above these temperatures. As shown by 
equation (2.1), the rate of population of the ground and metastable levels is proportional 
to a t ( j ) .  As expected, the ratio of ad*(zP3/2) to a$('PI12) is equal to the ratio of their 
statistical weights to within 10% at T = 6 X lo4 K. This is not so for the 'PJ metastable 
levels, see tables 1-3. 

Direct radiative recombination also populates the 2s2nl  *LJ levels and must be 
included for recombination lines arising from these levels. 

5.1.1. C' and N2'. Our LS-coupling results for effective dielectronic recombination 
line coefficients (Badnell 1987b) agree to within about 10% with those of Nussbaumer 
and Storey (1984, table I Ia )  for C +  and about 20% for N2+ (Nussbaumer and Storey 
1984 table V I a )  except for three lines, see below. Our intermediate-coupling results 
agree to 10% and better with our LS-coupling results except for those lines enhanced 
by transitions from levels forbidden to autoionise in LS coupling due to parity 
conservation, in particular the N'+ A = 685.7 A line coefficient is increased by a factor 
of two. These new lines and enhanced lines for doublet-doublet transitions are given 
in table 1 and 2 along with the two strongest LS-allowed lines. 

It is of interest to look more closely at the three lines of N'+ for which our 
LS-coupling results differ markedly from those of Nussbaumer and Storey (1984). 
Their A = 4477.8 8, 'H0+ 'G  line coefficient is a factor of six larger than our result, 
which is still too weak to appear in table 2 in intermediate coupling. Our radiative 
rate for 2Ho+2G differs by less than 10% from that calculated by Nussbaumer and 
Storey (1984), but our autoimisation rate (the inverse of which populates 'H") is a 
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factor of ten smaller than the radiative rate so ad*(*HO+'G) is sensitive to errors in 
A, .  Nussbaumer and Storey (1984) evaluated A,  from the threshold value of the 
excitation collision strength for the parent terms since in general A,LS >> AbS and great 
accuracy is not required for AkS. However, A;' falls off with increasing L. It would 
appear then that Nussbaumer and Storey's result for this line is an overestimate. The 
two sets of LS  coupling results for the N2+ A = 6938 and A = 2199 8, lines differ by a 
factor two and four respectively, as do the radiative rates for these transitions. The 
only difference between our configuration expansions is our use of correlation configur- 
ations. It would appear that these affect the line strengths for these transitions. Our 
results may be an improvement but could still be subject to large errors (see Q 5.2.2). 

Nussbaumer and Storey (1984) applied their WI approximation to the parity- 
forbidden autoionising terms of N2+. Their results (Nussbaumer and Storey 1984, 
table XIII) are very much an overestimate as they warned they might be. For example, 
they are a factor of seven larger than our intermediate-coupling resdts (table 2) for 
the A = 1908 8, line, which does not exist in LS coupling. Also, the A = 991.0 and 
979.9A line coefficients are overestimated by factors of two and four respectively. 
These two lines are much better described by Nussbaumer and Storey's (1984) original 
results. The core fine-structure interactions are not strong enough for their WI approxi- 
mation to be applicable. 

The quartet-quartet lines of C' are generally weak compared with the doublet- 
doublet lines but the N2+ quartet-quartet lines are much stronger and a number of 
them are comparable to all but the strongest two doublet-doublet lines. 

5.1.2. 03'. Nussbaumer and Storey's (1984) table XIa of LS-coupling results for this 
ion contain transitions from 'F terms that are forbidden to autoionise in LS coupling. 
It would appear that they have used their WI approximation for the 2s2p5f2F term at 
631 575 cm-' and the 2p23d 'F term at 641 535 cm-' since there is no population by 
dielectronic capture and radiative transitions from higher levels have little effect (see 
0 5.3). Comparison with our intermediate-coupling results in table 3 again shows the 
WI results to be very much an overstimate, typically by a factor of four or five. 
Furthermore, cascades from these terms give rise to overestimates for a number of 
other lines, although some of this is compensated for in our intermediate-coupling 
calculation by cascades from other LS-forbidden doublets. Similar arguments apply 
to Nussbaumer and Storey's (1984) WI results for 0 I V  in their table XIII, presumably 
for all parity-forbidden terms now. Because of these uncertainties and those discussed 
previously for N2+ we tabulate all of our doublet-doublet intermediate-coupling lines 
for 03' that satisfy the same criterion for inclusion as the quartet-quartet lines (see 
Q 5.1). 

5.2. a,(tot) 

At the highest temperature tabulated in table 4 our results for ad(t0t) differ by only a 
few per cent from our previous LS-coupling results which extend to much higher 
temperatures (see Badnell 1987a). Contributions to ffd(tot) from the 2s2p('P)nl 
autoionising levels with n > no were evaluated in LS coupling as described in Badnell 
(1987a)-as there is no core fine-structure in this case, contributions from the 2 ~ 2 p ( ~ P ) n l  
levels were evaluated as in Q 5.1. 

5.2.1. C' and N 2 j .  Nussbaumer and Storey (1983,1984) gave fits to their LS-coupling 
results for @,(tot) and these lie 10% above our results for C+ at T =  3.5 x lo3 K and 
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Table 4. Total dielectronic recombination rate coefficients (cm3 s-I). 

C+ NZ+ 0 3 +  

log T ( K )  a,(tot) log T ( K )  a,(tot) log r ( K )  a,(tot) log T ( K )  a,(tot) 

3.0 2.85 ( - 1 2 ) i  3.0 2.66 (-12) 2.2 7.65 (-11) 4.0 5.64 (-11) 
3.2 6.67 (-12) 3.2 7.23 (-12) 2.4 1.95 (-10) 4.2 4.79(-11) 

3.6 9.86 (-12) 3.6 2.25 (-11) 2.8 2.70 (-10) 4.6 3.79 (-11) 
3.4 9.65 (-12) 3.4 1.53 (-11) 2.6 2.76 (-10) 4.4 4.11 (-11) 

3.8 8.07 (-12) 3.8 2.54(-11) 3.0 2.13 (-10) 4.8 4.36 (-11) 
4.0 6.05 ( -  12) 4.0 2.43 (-11) 3.2 1.52 (-10) 5.0 5.17 (-11) 
4.2 4.96 (-12) 4.2 2.12 (-11) 3.4 1.07 (-10) 5.2 5.05 (-11) 
4.4 7.15 (-12) 4.4 1.88 (-11) 3.6 8.06 (-11) 5.4 4.02 (-11) 
4.6 1.66 (-11) 4.6 2.28 (-11) 3.8 6.65 (-11) 5.6 2.74 (-11) 
4.8 2.82 (-11) 4.8 3.48 (-11) 
5.0 3.19 (-11) 5.0 4.32 (-11) 
5.2 2.69 (-11) 5.2 4.04 (- 11) 

"2.85 (-12)=2.85X10-12. 

15% above our results for N'+ at T = 8 x lo3 K. Our intermediate-coupling results for 
(Yd(t0t) for C+ are 12% greater than our LS-coupling results at T = 3.5 x lo3 K, and 
for N2+ they are 35% greater at T = 8 x lo3 K. This is due to the increase in the strength 
of the core fine-structure interactions as the charge on the ion increases. The ratio 
cr~c(tot)/cu, (tot) can be made as large as we like by decreasing T since the first two 
(six) terms above the 2 ' s  ionisation limit of C2+ (N3+) are forbidden to autoionise in 
LS coupling. Of course, direct radiative recombination may be dominant by then. 

LS 

5.2.2. 03+. 03+ is a rather different case and it has been discussed in detail by 
Nussbaumer and Storey (1983). The first autoionising term, 2p2('D)3p *Fo, lies only 
494cm-' above the 04'2'S ionisation limit (see Moore 1983) and it is LS allowed. 
However, the position of this term is poorly determined by SUPERSTRUCTURE and so 
is the line strength for the (dominant) stabilising radiative transition to 2s2p2 *D. 
Nussbaumer and Storey (1983) thus used the radiative rate determined from the 
photoionisation cross section that they had evaluated from the close-coupling code 
IMPACT. Nussbaumer and Storey (1983) found this value to be about a factor of three 
smaller than their SUPERSTRUCTURE result. Due to our use of correlation configurations 
we obtain an overestimate of a factor of two, better but not good enough, and so we 
reduce our radiative rates for this transition by a factor of two. Our LS-coupling 
results for ad(t0t) thus agree to within 10% with those of Nussbaumer and Storey 
(1983) over T = lo3-6 x lo4 K. However, at T = lo4 K the results of Nussbaumer and 
Storey (1984) lie 25% above their 1983 results due to the inclusion of 'Fparity-forbidden 
autoionising terms as discussed above (§ 5.1.2). Finally, our intermediate-coupling 
results for cxd(tot) Ere 70% greater than our LS-coupling results at T = lo4 K. 

5.3. Radiative transitions between autoionising levels 

We assume that the autoionising levels are populated by dielectronic capture and by 
radiative cascade from all higher levels included explicitly in the calculation as well 
as by radiative transitions from levels of the 2 ~ 2 p ( ~ P ) n l  ( n  > n o )  configurations, which 



766 N R Badnell 

in turn are assumed to be populated solely by dielectronic capture as extrapolated 
from n = no. The net result of including these radiative transitions is to increase 
aic(tot) by less than 2% at T = 6 x  IO4 K. However, if we consider the quartets 
separately we find that the increase is about 10% at T = 6 x IO4 K but falls off rapidly 
with decreasing temperature. This effect is included in our results for the effective 
dielectronic recombination rate coefficients given in tables 1-3. 

In LS coupling, radiative transitions between autoionising terms are the sole method 
of population of the 'So, 'Do,. . . and 'P, 'F, . . . terms that lie between the 2'S0 and 
23P0 ionisation limits and it results in an increase in a iS( tot)  of less than 1% at 
T = 6 x IO4 K, while the individual effective dielectronic recombination lines are much 
too weak to satisfy a z ( j +  h ) >  A. as defined above ( §  5.1). 

6. Conclusion 

We have looked at the effect of including core fine-structure interactions on dielectronic 
recombination at low temperatures. As the ion charge increases these interactions 
become stronger leading to stronger quartet-quartet lines (compare the results for C' 
and N2+) but the effect on ad(tot) also depends on whether the lowest autoionising 
levels are LS allowed or LS forbidden as in the case of 03+. However, the interactions 
are not strong enough for the WI approximation of Nussbaumer and Storey (1984) 
to be applicable. Errors in the structure can give rise to uncertainties in the transition 
rates and in addition, in intermediate coupling, to errors in the mixing of LS-allowed 
and LS-forbidden autoionising levels. It is also important to know the precise positions 
of the lowest autoionising levels relative to the ionisation limit. The reason we have 
not continued with the B-like sequence is that there is no observed data on any of the 
autoionising levels, and for Ne5+, for example, it is not even possible to tell from our 
structure calculations which of the levels that lie close to the Ne6+ 2lS ionisation limit 
are in fact autoionising and which are truly bound. 

It is important that other sequences be investigated. Comparison of the number 
of radiative channels accessible in LS coupling and intermediate coupling gives a 
rough guide to the possible importance of core fine-structure interactions. But the key 
points are the actual strength of the core fine-structure interactions relative to the ratios 
AtS/ArLS for a given ion and the relative positions of the lowest LS-allowed and 
LS-forbidden autoionising levels, as investigated by Nussbaumer and Storey in their 
WI approximation. Their results indicate that the Be-like (B-like), O-like, Mg-like and 
Al-like recombined sequences should be the subject of further intermediate-coupling 
calculations. 
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