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We have calculated An =0 dielectronic recombination cross sections and rate coefficients for the
B-like ions C*, N2, O**, and F** in the LS-coupling and intermediate-coupling approximations,
using the program AUTOSTRUCTURE, as well as in a partitioned configuration-average approxima-
tion (PCA). There is broad agreement between the zero-field PCA results and the LS-coupling and
intermediate-coupling results, which differ by no more than 10%. The experimental cross sections
obtained by Dittner et al. lie between the zero-field and the maximum-field-enhanced PCA results,
the enhancement being a factor of 3. In the case of the rate coefficients the general formula of Bur-
gess was found to overestimate the zero-field results by a factor of between 1.3 and 1.8, mainly due

to the neglect of autoionization into excited states.

I. INTRODUCTION

In recent years there has been much theoretical and ex-
perimental interest in the dielectronic recombination
(DR) of low-charge-state ions and the effect of external
electric fields thereon, see the recent review by Belic and
Pradhan.! In particular, there have been the experiments
by Dittner et al.? on Li-like ions and theoretical calcula-
tions by Griffin et al.? and by LaGattuta,* while Be-like
ions have been studied experimentally by Dittner et al.’
and theoretically by Griffin, Pindzola, and Bottcher® and
by LaGattuta et al.® There was an early experiment on
the B-like ion C* by Mitchel et al.” over a very narrow
energy range and a theoretical description by LaGattuta
and Hahn.® Recently, Dittner et al.® have performed ex-
periments on the B-like ions N2*, O°", and F*' and
Hahn and Nasser® carried out theoretical calculations in
LS coupling.

In the DR of complex ions structure effects become im-
portant and a number of core excitations (and deexcita-
tions) are possible. In the case of B-like ions we have
capture to and from levels of the *P metastable as well as
transitions between levels of the 2p22D, %S, and *P terms.
The term dependence of the core means that the usual
configuration average'® (CA) approximation is a poor one
since the DR cross section is centered on the
configuration-average energy and no account is taken of
autoionization into excited states within the
configuration. The first problem can be dealt with by
redistributing the CA DR cross section over the individu-
al core levels, but the second problem remains. Autoioni-
zation into excited states is also not allowed for in the
semiempirical formulas'"!? for DR rate coefficients used
in non-local-thermodynamic-equilibrium plasma models.
Thus we use the program AUTOSTRUCTURE (Refs. 13-15)
to carry out LS-coupling and intermediate-coupling (IC)
calculations in the zero-field limit and we use the pro-
gram DRACULA (Ref. 10) modified to carry out a parti-
tioned configuration-average (PCA) calculation with zero
field and with maximum field enhancement.

In Sec. II we outline the theory behind our calcula-
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tions, in Sec. III we describe its application to B-like ions,
and in Sec. IV we present our results and compare them
with experimental cross sections’ and with the Burgess''
general formula (GF) for the rate coefficients.

II. THEORY

The energy-averaged dielectronic recombination cross
section for a given initial state i through an intermediate
state j is given by'®

_ o @magD? ()
Tal )= AR 20)

703 A, =k A (j—i,E,I)
k !

X
S (4,—>mn+3 A,(j—h,EI))| "’ M
h 1

where E,_ is the energy of the continuum electron, which
is fixed by the position of the resonances, and AE, is the
bin width. w(j) is the statistical weight of the (N +1)
electron doubly excited state, w(i) is the statistical weight
of the N-electron target ion, and (2may)’r,
=2.6741X10"* cm’?sec. The total dielectronic
recombination-rate coefficient may be written in terms of
the energy-averaged cross section thus,'°

(. ) 417a(2)1 3/2 1
a,(ijtot)=
a kT (2maoD)*r,
X3 EAE G, (i;je </'8T @)

J

where (4ma)*/?=6.6011X10"2* cm>.

Equations (1) and (2) may be evaluated in
configuration-mixing LS-coupling and intermediate-
coupling approximations using AUTOSTRUCTURE. In the
past, AUTOSTRUCTURE has only been used to solve low-n
prlo7blems.”' 15 To solve the high-n problem we make use
of
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at finite n. P,; is a bound-state radial function and Fy,, a
continuum radial function calculated in the same model
potential. Here k?’=E, v,,=n—u,;, and p,=8,(0)/m,
where p; is the quantum defect and 6,(0) is the non-
Coulomb phase shift. This enables us to continue di-
agonalizing the Hamiltonian for each n so as to take ac-
count of the changing structure as » increases, in particu-
lar, the competition between the spin-orbit interaction
and the electrostatic interaction. This detail is lost if one
just extrapolates the rates as n ~>. We have incorporated
asymptotic codes used in the scattering problem'®!® to
solve the long-range continuum-continuum integrals that
arise from using Eq. (3). Furthermore, to cope with the
wider range of continuum energies required for the DR
of a complex ion, due to the number of different autoion-
izing channels, we have set up the program so that there
is no restriction on the number of user-supplied interpo-
lation energies; typically we used 10 to 15 energies. For
each individual autoionizing energy the program selects
the nearest N points to carry out the interpolation,
currently N =6.

If we use DRACULA to evaluate Eq. (1) in the
configuration-average approximation the presence of
metastables severely distorts the results. We attempt to
take account of the structure within a configuration by
statistically partitioning the CA cross section over the
nonmetastable intermediate levels of the core and binning
them according to the observed level energies or those
evaluated from Cowan’s structure code.!” We further
partition the cross section over the target levels either by
using a Boltzmann distribution for the initial-level popu-
lation or by using the experimental population distribu-
tion. We denote this the partitioned configuration-
average approximation; still, no account is taken of au-
toionization into excited states within a configuration.
The motivation to improve the CA approximation comes
from the knowledge that it becomes impractical to use IC
or even LS coupling for ions with many open-shelled
electrons that are of interest in fusion studies.

We estimate the maximum field enhancement of the
DR cross section in the PCA approximation by a
Clebsch-Gordan transformation of the autoionization
rates, for a fixed n, from spherical to parabolic coordi-
nates. This approach is probably accurate to within a
factor of 2 and has previously been shown to be con-
sistent with experiment.2”%2° In LS coupling or inter-
mediate coupling a crude improvement would be to
transform separately each set of autoionization rates at-
tached to a core term or level. In fact, the general
method to pursue would be the inclusion of the electric
field term in the Hamiltonian and the diagonalization of
individual M matrices as has been performed for each n
by other workers® for the special case of a single core
electron outside of a closed shell. Even this does not ad-
dress the problem of n mixing which Harmin?' and Saki-
moto?? have shown to be important in model calcula-
tions. If the findings of these model calculations are appl-
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icable to our case, then n-mixing would tend to reduce
our maximum-field-enhanced results.

III. APPLICATION TO B-LIKE IONS

We consider 1s%

25225 PO+ Kkl | 252p%(*P,2D,2S,*P)nl — 25 2p(2P°)nl
24 g [
2s2p P+ k'l !
2s2p%%D,%S,’P+k'l.,
s2p . @
where [, =1%1,1/=1,1%2, and in LS coupling,
[2522p5 2P%) =0.98]2s22p 2P°) —0.19(2p32P%) .

It has already been shown that the effect of 1—2'® and
2—3!3 core transitions is negligible for low-Z Be-like
ions, and the same can be expected to be true for B-like
ions.

The core radial functions were determined using an N-
electron Thomas-Fermi model potential with nl-
dependent scaling parameters chosen so as to best
represent the observed energy levels for the core. We
also tried using scaling parameters obtained from minim-
izing a weighted sum of core energies. The resulting
energy-level structure was not as good as before and it is
interesting to note that the core radiative rates were
3-15 % lower, depending on the transition and the ion,
indicating a level of uncertainty in our DR results of
around 10% due to sensitivity to the core structure.
Furthermore, if we neglect correlation the resulting core
structure is again poor. Finally, the valence and continu-
um radial functions were evaluated using an (N +1)-
electron Thomas-Fermi potential with the scaling param-
eters set to unity.

We sum process (4) over nl in the PCA, LS coupling,
and intermediate-coupling approximations described in
Sec. II. To compare with experiment® we impose a cutoff
on n, to take account of field ionization by the analyzer,
given by

6.2X10%

where F (V/cm) is the field strength and g is the initial
change state of the ion. This simple formula (5) has been
shown to be a very good approximation in comparison
with hydrogenic field-ionization formulas.?* For F=4.5
kV/cm we obtain n. =32, 44, and 54 for N2t 0%, and
F**, respectively.

To evaluate the zero-field rate coefficient we sum up to
n =1000; more precisely, we sum each » up to n =20 and
then evaluate (1) at a series of n values up to n=1000
chosen such that n; >—n; 3% =~n, 4 —n; 5 The sum
over n is converted into an integral which is evaluated by
using Simpson’s rule with the transformation u=n"2
We can then compare this rate coefficient with that eval-
uated from the zero-field general formula of Burgess.!!
Although the presence of electric fields within a plasma
will surely field ionize the high-n values, thus reducing
the rate, they will also enhance the rate for those n that

c




39 INTERMEDIATE-COUPLING CALCULATIONS FOR THE . ..

survive and the two effects tend to cancel. We return to
this point in Sec. IV.

IV. RESULTS

A. Convoluted cross sections

In Figs. 1 to 3 we compare our theoretical PCA, LS-
coupling, and intermediate coupling results for N2¥,
03", and F*" with the experimental results of Dittner
et al.® We have multiplied our energy-averaged cross
sections by the relative velocity of the electron and ion
beams and then convoluted this product with a relative
velocity distribution function determined from earlier ex-
periments.>?° Furthermore, since the experimental beam
contains 50% of the ions in levels of the ground-state
term and 50% in the metastable levels,” we then took half
of the DR cross section from levels of the ground-state
term plus half the DR cross section from the metastable
levels. However, since DR from the metastables is negli-
gible, Dittner et al.® multiplied their experimental re-
sults by a factor of 2 to get an approximate DR cross sec-
tion for a 100% occupied ground term. This is why the
results plotted in the paper by Dittner et al.’ are a factor
of 2 larger than those plotted here. The experimental re-
sults of Mitchel et al.” for C* cover only a very narrow
energy range, and they do not know the fraction of the
ion beam in the metastable states or the electron velocity
distribution so little can be gained from a comparison
with their results.

Our peak LS coupling and IC resulits for DR from the
metastable levels are 5% of those for DR from levels of
the ground-state term, so that DR from the metastable
levels is negligible. Our IC results lie S—10 % above our
LS-coupling results for each ion. There are no LS-
forbidden autoionizing terms that can contribute on
switching to IC and this small enhancement is probably
just due to the redistribution of the transition rates. The
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FIG. 1. DR cross sections for N>* convoluted with Oak
Ridge National Laboratory velocity distribution. —.—.—., LS
coupling; , intermediate coupling; — — —, zero-field PCA
approximation; - - - -, maximum-field-enhanced PCA: all this
work. & experimental points from Dittner et al. (Ref. 9).
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FIG. 2. DR of O**. Notation as in Fig. 1.

double-peak structure is due to DR via Rydberg series at-
tached to the 2D and P cores; the contribution from the
2S series is small and blends in with the other two. For
all three ions the LS coupling and IC results predict a
larger peak due to the 2P core than the 2D. Although the
higher statistical weights are associated with the 2D core,
the ?D-core radiative rate is a factor of 10 smaller than
the 2P, due in part to the smaller energy separation.
While this appears true experimentally for N?*, the posi-
tion is reversed for O°" and F**, although there is no
reason to expect the field enhancement to be the same for
both Rydberg series. The LS-coupling results of Hahn
and Nasser’ (not shown) lie 7-20% below our LS-
coupling results.

The zero-field PCA results are in fairly good agreement
with the LS-coupling and IC results, although the %D
peak is higher than the 2P peak due to the statistical
weighting within the PCA approximation. If we neglect
autoionization into excited states, our LS coupling and
IC results are increased by 20—30 %. The maximum field
enhancement is a factor of 3, and the experimental results
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FIG. 3. DR of F**. Notation as in Fig. 1.
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TABLE I. Dielectronic recombination rate coefficients (cm?*s ™).

log;oT (K) ct N2+ o3t F*
43 6.48[— 13]°
4.4 1.72[— 12] 1.28[—12]
45 3.62[—12] 3.29[—12] 2.91[—12]
4.6 6.25[—12] 6.95[—12] 5.61[—12] 4.87[—12]
4.8 1.17[—11] 1.82[—11] 1.73[—11] 1.46[—11]
5.0 1.38[—11] 2.74[—11] 3.20[—11] 3.17[—11]
5.2 1.20[—11] 2.80[—11] 3.80[—11] 4.32[—11]
5.4 8.54[—12] 2.21[—11] 3.33[—11] 4.16[—11]
5.6 5.35[—12] 1.68[—11] 2.39[—11] 3.16[—11]
5.8 3.09[—12] 8.93[—12] 1.50[—11] 2.07[—11]
6.0 1.70[—12] 5.03[—12] 8.69[—12] 1.23[—11]
6.2 8.99[—13] 2.71[—12] 4.77[—12] 6.85[— 12]
6.4 4.67[—13] 1.42[—12] 2.53[—12] 3.67[—12]
6.6 2.39[—13] 7.35[—13] 1.32[—12] 1.92[—12]
6.8 1.22[—13] 3.75[—13] 6.75[— 13] 9.89[— 13]

6.48] —13]=6.48 X 10713,

lie between the zero-field and maximum-field-enhanced
PCA results. Although Hahn and Nasser’ obtain a
maximum-field-enhancement factor of 6, this enhance-
ment’ is based on a simple counting argument?* which is
prone to overestimation. The field strength in the in-
teraction region is difficult to assess.”. However, earlier
experimental results for Na-like?® and Be-like® ions fell
between the zero-field and maximum-field-enhanced re-
sults,®> although the Li-like ions®>> did not. Finally, we
note that allowing the outer electron to radiate increases
our LS and IC results by only a few percent, while
neglect of correlation increases them by 15%.

B. Maxwellian rate coefficients

In Table I we present our zero-field IC DR rate
coefficients for C*, N2, 0", and F** statistically aver-
aged over levels of the ground-state term. Since 1—n
and other 2—sn core transitions'>'® can be neglected,
these can be regarded as total rate coefficients. Again,
our IC results are no more than 5% greater than our LS-
coupling results at the peak DR temperature. DR via
low-lying state dominates at temperatures below those
tabulated as the exponential factor in Eq. (2) cuts off the
contribution from the full Rydberg series. Detailed cal-
culations at low temperatures have been carried out by
Nussbaumer and Storey?® for C*, N?*, and O’*. For
T <6X10* K their?® low-temperature contribution
should be added in as a correction. Rate coefficients at
temperatures higher than those tabulated may be ob-
tained by scaling in T 7372,

It is interesting to note that if we cut off the n contribu-
tion at n.=32 for N2*, for example, then the zero-field

DR rate coefficient drops by a factor of 2.5. However, we
have seen earlier that the maximum field enhancement
for the remaining »n is a factor of 3.0. The results of the
zero-field Burgess general formula,'' evaluated with the
same energy levels and oscillator strengths, are a factor of
1.8, 1.4, 1.4, and 1.3 larger than our zero-field LS-
coupling results for C*, N2*, 0%, and F**, respectively.
However, if we exclude autoionization into excited states
from our calculations, which is not modeled by the GF,
then the overestimate drops to a factor of 1.3, 1.2, 1.2,
and 1.2 for the same ions.

V. CONCLUSION

We have calculated DR cross sections and rate
coefficients for B-like C*, N2* 0", and F*T. We have
modified the CA approximation and the zero-field results
are in broad agreement with our LS coupling and IC re-
sults which themselves differ by no more than 10%. DR
from the *P metastable levels was found to be negligible.
The experimental results of Dittner er al.° lie between
our zero-field and maximum-field-enhanced PCA results,
the enhancement being a factor of 3. Finally, the Burgess
GF (Ref. 11) overestimates the zero-field rate coefficients
by between a factor of 1.3 and 1.8, mainly due to the
neglect of autoionization into excited states.
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