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Dielectronic recombination cross sections for H-like ions
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Dielectronic recombination cross sections for several H-like atomic ions are calculated in an

isolated-resonance, distorted-wave approximation. Fine-structure and configuration-interaction
effects are examined in detail for the 0 + cross section. Hartree-Fock, intermediate-coupled,

multiconfiguration dielectronic recombination cross sections for 0'+ are then compared with the

recent experimental measurements obtained with the Test Storage Ring in Heidelberg. The cross-
section spectra line up well in energy and the shape of the main resonance structures are compara-
ble. The experimental integrated cross sections differ by up to 20% from theory, but this may be

due in part to uncertainties in the electron distribution function.

I. INTRODUCTION

The dielectronic recombination (DR) of H-like atomic
ions is an interesting example of three-body Coulomb
field dynamics. The example has been well studied since
theoretical calculations of both DR rate coeScients'
and dielectronic satellite spectra also have important
applications in laboratory and astrophysical plasma
research. In this paper we carry out a series of theoreti-
cal calculations for the DR cross section of 0 + to exam-
ine the effects of fine structure and configuration interac-
tion. The calculations are motivated by recent high-
resolution experimental measurements' for the DR cross
section of 0 + made with the Heidelberg Test Storage
Ring (TSR). Further DR cross-section calculations for
C +, Si' +, and S' + are made to guide future experimen-
tal efforts.

The remainder of this paper is arranged as follows. In
Sec. II we give a brief outline of the theoretical methods.
In Sec. III the results of our DR cross sections for several
H-like ions are presented, and in the case of 0 +, com-
pared with experiment. A brief summary is contained in
Sec. IV.

II. THEORY

In the isolated-resonance approximation, the energy-
averaged DR cross section for a given initial level i
through an intermediate level j is given by

A. (j ~i)g A„(j~k)
277 J ko(i~j )= (1)

Zsk2 2g, g A, (j~h)+g A„(j ~h )

h h

The above equation is in atomic units and hc. is an energy
bin width larger than the largest resonance width, k is the
linear momentum of the continuum electron, g is the sta-
tistical weight of the (%+1)-electron doubly excited lev-

el, and g; is the statistical weight of the ¹lectron target

level. First-order many-body perturbation theory is used
to evaluate both the radiative A„and autoionization A,
rates for the many intermediate levels j in the energy
range of interest.

The DR cross section of Eq. (1) is evaluated using two
different computational methods. The first method is
based on Hartree-Fock wave functions. The atomic
structure package of Cowan" may be used directly to ob-
tain intermediate-coupled configuration-interaction radi-
ative and autoionizing rates from which the DR cross
section may be calculated. For doubly excited states in-
volving principal quantum numbers n & 6 we made use of
the previously written computer code DRFEUD, which
calculates intermediate-coupled single configuration DR
cross sections for low n explicitly and for high n by extra-
polating matrix elements of the dipole radiative and
electron-electron Coulomb interactions. The second
method is based on Thomas-Fermi-Dirac-Amaldi
(TFDA) wave functions. The atomic structure computer
code SUPERSTRUcTURE (Ref. 13) developed at University
College London was extensively modified to calculate
configuration-mixing LS coupling or intermediate-
coupling autoionization rates. The resulting computer
code AUTOSTRUCTURE (Refs. 14 and 15) calculates I.S or
intermediate-coupled multiconfiguration DR cross sec-
tions for low n explicitly and for high n by extrapolating
radial wave functions using quantum-defect theory.

III. RESULTS

For dielectronic recombination in H-like ions we con-
sider the following reaction pathways:

1sn'I'+ h v,
ls+ kl, 2ln 'I'

1s2I +h v

In Table I we present integrated DR cross sections
o(i~j)b, E for 0' through the 2121' doubly excited
states. In column 2 are Hartree-Fock intermediate-
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TABLE I. Integrated dielectronic recombination cross sec-
tions (10 cm eV) for 0 +. IC represents intermediate cou-

pling while MC represents multiconfiguration.
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coupled multiconfiguration results, in column 3 are the Z
expansion results of Vainshtein and Safronova, and in
column 4 are the TSR experimental results. ' The HF re-
sults mix only configurations within 212l'. The theoreti-
cal predictions for the total integrated DR cross section
agree very well, but the experimental results are about
10% below theory.

In Table II we present integrated DR cross sections
o(i~j )b,e for 0 through the 2ln'I' doubly excited
states as a function of n'. For the row labeled n' ~ 7, the
cutoff in n' was taken to be 60, although by 40 most of
the cross section has been included. The DRFEUD code
was used to generate the Hartree-Fock results of column
2 and Cowan's atomic structure codes were used to gen-
erate the Hartree-Fock results of column 3, while the
AUTOSTRUCTURE code generated the TFDA results of
columns 4-7. The TSR experimental results are found in
column 8. By comparing the theoretical results in
columns 2 —7, one can establish the effects of basis orbital
choice, fine structure, and configuration interaction
(within a 2ln 'l' complex). The two intermediate-
coupling, single-configuration calculations (columns 2
and 6) show that 15% differences result from a choice of
basis orbitals in lowest order. By comparing the two in-
termediate coupling, multiconfiguration calculations
(columns 3 and 7) one sees that the effects of basis orbital
choice are significantly reduced by including more
configurations. The two TFDA, single configuration cal-
culations (columns 4 and 6) show that roughly a 10% in-
crease in the DR cross section results from the inclusion
of the fine-structure effects. The two Hartree-Fock,
intermediate-coupling calculations (columns 2 and 3)
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FIG. 1. Dielectronic recombination cross section for 0 +.
The lower spectrum is from a Hartree-Fock IC-MC cross-
section calculation folded with a scaled 2-eV Gaussian energy
distribution. The upper spectrum is from the TSR experimental
results (Ref. 10).

show that roughly a 15% increase in the DR cross sec-
tion results from the inclusion of configuration-
interaction effects.

The reason for these configuration-interaction and
fine-structure effects is that the "weak" autoionization
rates get mixed with "strong" autoionization rates and so
there is increased access to the dipole radiative channels
(see, e.g. , Refs. 3 and 15). For example, electrostatic in-

teractions mix the L =I—l term of the 2pnl'=I and
2pnl'=I —2 configurations; the autoionization rate from
the L =I —l term of the "coupled-up" configuration
(l'=1 —2) is much stronger than that from the
"coupled-down" (1'=I). Also, core fine-structure in-
teractions mix levels of the 2pnl ' L = I LS-forbidden au-
toionizing term with levels of the 2pnl ' L =I+1 LS-
allowed.

TABLE II. Integrated dielectronic recombination cross sections (10 cm'eV) for O'+. LS represents LS coupling, IC
represents intermediate coupling, SC represents single configuration, MC represents multiconfiguration.

n=2
n=3
n=4
n=5
n=6
n~7

Hartree-
Fock
IC-SC

21.9
16.9
13.0
10.3
46.1

Hartree-
Fock

IC-MC

13.8
23.6
19.1
16.3
13.2

Thomas-
Fermi
LS-SC

18.2
14.4
10.7
8.1

36.2

Thomas-
Fermi

LS-MC

11.0
19.1
16.5
12.7
9.7

41.8

Thomas-
Fermi
IC-SC

18.8
15.1
11.7
9.2

39.8

Thomas-
Fermi
IC-MC

11.1
21.7
18.6
15.4
12.0
45.1

Experi-
ment

12.4
24.5

18.0
14.3
9.6

43.6
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TABLE III ~ Integrated dielectronic recombination cross sec-
tions (10 cm eV) for C +, 0, Si' +, and S"+. IC
represents intermediate coupling while MC represents
multiconfiguration.
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FIG. 2. Dielectronic recombination cross section for 0'+.
The lower spectrum is from a Thomas-Fermi IC-MC cross-
section calculation folded with a scaled 2-eV Gaussian energy
distribution. The upper spectrum is from the TSR experimental
results (Ref. 10).

If we compare the two intermediate-coupling,
multiconfiguration calculations (columns 3 and 7) with
experiment (column 8) in Table II, we find that the exper-
imental results differ by no more than 20% from theory.
In both Tables I and II the experimental integrated cross
sections have been deconvoluted from the observed DR
spectrum. Uncertainties in the electron distribution
function could account for part of the differences found
between theory and experiment. We found that the in-
tegrated cross sections for the lower n values were more
sensitive to variations in the electron distribution func-
tion than those for the higher n values.

In Fig. 1 we compare Hartree-Fock, intermediate-

coupled, rnulticonfiguration calculations for the DR cross
section 0(i ~j ) for 0 + with the TSR experimental re-
sults. The theoretical cross section is folded with a
Gaussian energy distribution for which a 2-eV width is
scaled by a factor of QE/Eo, where ED=450 eV, in ac-
cordance with best experimental estimates. ' The peaks
in Fig. 1 are labeled as to the nn' values of the intermedi-
ate nln'1' doubly excited states. Both the theoretical and
experimental spectrums line up well in energy and the
shape of the resonance structures are quite similar. Cau-
tion must be exercised, however, in making a peak to
peak comparison between theory and experiment in Fig.
1. We found that both small changes in the energy posi-
tion of the doubly excited states and small changes in the
convolution energy width led to large changes in the
height of some of the narrow peaks found in the spec-
trum of Fig. 1. However, the integrated cross section,
which corresponds to the area under the graph, remains
unchanged.

In Fig. 2 we compare TFDA, intermediate-coupled,
multiconfiguration calculations for the DR cross section
V(i~j ) for 0 + with the TSR experimental results in
the energy region covering the 3ln 1' doubly excited
states. It appears that background noise in the experi-
ment makes observation of the 3ln'l' spectrum diScult,
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FIG. 3 ~ Dielectronic recombination cross section for C'+.
The spectrum is from a Thomas-Fermi IC-MC cross-section cal-
culation folded with a 2-eV Gaussian energy distribution.

FIG. 4. Dielectronic recombination cross section for Si"+.
The spectrum is from a Thomas-Fermi IC-MC cross-section cal-
culation folded with a 2-eV Gaussian energy distribution.
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with n. Thus b,etJ [see Eq. (1)] scales as n for a large
enough value of n. For a given value of n, A, scales as
Z, A, is independent of Z, and k scales as Z . Thus,
for low-lying states (A„« A, )b,ao scales as Z and for
high-lying states (A„» A, ) hc, cr scales as Z 2. For n

values such that 3, —A„ the Z scaling falls in between
the two limits.

IV. SUMMARY
Vl
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FIG. 5. Dielectronic recombination cross section for S"+.
The spectrum is from a Thomas-Fermi IC-MC cross-section cal-
culation folded with a 2-eV Gaussian energy distribution.

except for maybe the 3 ~ peak.
To guide future high resolution DR experiments on

H-like ions, we present in Table III and Figs. 3-5 further
TFDA, intermediate-coupled, multiconfiguration calcula-
tions for C +, Si'3+, and S' +. The integrated DR cross
sections in Table III provide a convenient test for abso-
lute results, while the 2 eV convoluted DR cross sections
in Figs. 3-5 provide an energy positioned spectrum. We
include the 0 + results in Table III for Z scaling compar-
ison.

The n and Z scaling properties of Coulomb functions
are well known (see, e.g. , Ref. 16) and can be used to in-
terpret Table III as follows (see also Ref. 17). For a given
charge state, A, scales as n, A, is independent of n,
and, excepting the lowest-lying states, k changes little

In this paper we carried out a series of dielectronic
recombination cross section calculations for several H-
like atomic ions. Using different computational methods
we probed the sensitivity of the 0 + DR cross section to
the effect of basis orbital choice, fine structure, and
configuration interaction. We then compared the
Hartree-Fock, intermediate-coupled, multiconfiguration
DR cross sections for 0 + with the recent experimental
measurements obtained with the TSR in Heidelberg. The
DR cross section spectrums line up well in energy and
the main resonance structures are similar. The experi-
mental integrated cross sections differ by up to 20% from
theory although this may be due in part to uncertainties
in the electron distribution function. We look forward to
future high-resolution DR measurements at TSR and
other heavy ion storage rings providing further stringent
tests of many-body calculational methods.
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