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Distorted-wave calculations of dielectronic recombination
for C + and 0 + in small electric fields
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The dielectronic recombination cross sections associated with the 2s~2p transition in Li-like
carbon and oxygen ions in the presence of small electric fields have been calculated in the distorted-
wave approximation. By convoluting the product of the electron velocity and the theoretical cross
section with the experimental velocity distribution, we compare our calculations with recent mea-
surements of high-resolution recombination rates (vo(v)) by Andersen et al. With the exception
of the magnitude of the low-energy peak due to the 2p41 resonances, the agreement between experi-
ment and theory is excellent in C + for a field in the interaction region of just over 3 V/cm. In the
case of Q', however, there is good agreement between experiment and theory for the low-Rydberg
states, but there appear to be discrepancies between the measured rates and the theoretical rates for
the high-Rydberg states, where the effects of fields are important.

In an earlier paper, ' we reported on distorted-wave cal-
culations of dielectronic recombination (DR) as a func-
tion of electric field strength for the An =0 transitions in
Li-like and Na-like ions. The results of these calculations
have been compared to measurements of the DR rate
( v o. ( v) ) as a function of electron energy made by Dittner
et al. at Oak Ridge National Laboratory (ORNL). ' In
this set of experiments, the electric field in the interaction
region was expected to have an average value of about 30
V/cm. Although the agreement between experiment and
theory was quite good for the Na-like ions, ' the mea-
sured rates were larger than the calculated rates for the
Li-like ions, even for the maximum field enhancement of
the theoretical cross sections. Furthermore, the velocity
distribution in these experiments was sufficiently wide
that a comparison between experiment and theory for the
low-Rydberg states, which are not affected by external
electric fields, was impossible.

Andersen et al. have now completed measurements of
DR for C + and O + using the Aarhus EN-tandem ac-
celerator and a beamline equipped with an electron
cooler. The electric field in the interaction region is ex-
pected to be less than 5 V/cm and the velocity distribu-
tion is sufficiently narrow that the low-energy recombina-
tion resonances associated with a particular set of 2pnl
configurations are resolved. For this reason, we have per-
formed new calculations of the DR cross sections for
these two ions for small electric fields between 0 and 7
V/cm. We then convoluted the electron velocity times
our cross sections with the measured velocity distribution
from the Aarhus group to determine the expected rate
coefficients as a function of electron energy.

The theoretical methods used in these calculations
have already been described in detail. Here, it will
suffice to say that the intermediate-coupled field-mixed
eigenvectors for the 2pnI Rydberg states were determined

by diagonalizing a Hamiltonian matrix which includes
the internal electrostatic and spin-orbit terms, as well as
the Stark matrix elements. The bound-state energies and
the atomic orbitals were calculated using the Hartree-
Fock program developed by Cowan, and the continuum
orbitals were calculated in a local distorting potential
constructed in the semiclassical exchange approxima-
tion.

These calculations were done in the isolated-resonance
single-configuration approximation. En addition, the di-
agonalization of the Hamiltonian matrix includes only
states with the same value of the principal quantum num-
ber n, so that n mixing by the external field is ignored.
The effects of the configuration interaction on the total
DR cross sections have been investigated and are expect-
ed to be small. In addition, in the absence of external
fields, the good agreement between calculations done us-

ing multichannel quantum-defect theory ' with those
that employ the isolated-resonance approximation indi-
cate that the effects of overlapping resonances on the
magnitude of the total DR cross section are small. How-
ever, in the presence of external fields, the effects of in-
terference between resonances may be more pronounced
since so many of the possible interfering resonances, after
Stark splitting, will be less than the resonance widths.
Sakimoto' and, independently, Harmin" have per-
formed model calculations of DR in the presence of elec-
tric fields using an extension of multichannel quantum-
defect theory. Harmin's calculations indicate that the
combined effects of field-induced n mixing and interfer-
ence between resonances with different values of n will
reduce the cross section. However, until this theory is
applied to an atomic system such as Mg+ where detailed
experimental' and theoretical' ' results exist, the mag-
nitude of such effects will not be clear.

In the isolated resonance approximation, the DR cross

Q~ 1989 The American Physical Society



6700 BRIEF REPORTS

section (in atomic units) through all states of a doubly ex-
cited autoionizing level j of the (%+ I)-electron ion is
given by

g A, (j ~i ) g A„(j~f )
2~ f

&Ek~ 2G, g A, (j ~m )+g A„(j ~f )

m f

1 /4
6.2 X10'

q (2)

and where E is the electric field in V/cm and q is the ini-
tial charge of the ion before recombination. It has been
found that the cutoff determined from this formula agrees
closely with the value of n for which the hydrogenic
field-ionization formulas predict a very rapid increase in
the rate of field ionization. ' For the fields in the analyz-
ing region of the Aarhus experiment, n is equal to 35
for C + and 53 for 0 +.

The electron-velocity distribution function in the rest
frame of the ions for the Aarhus experiment is described
in Ref. 4. It has the same general form as that obtained
for the ORNL experiment but is, of course, much nar-
rower. As mentioned earlier, the electron velocity in the
rest frame of the ion times the theoretical cross sections

where G, is the statistical weight of the initial
configuration i of the ¹ lectron ion, g is the statistical
weight of level j, Ac is an energy bin width larger than
the largest resonance width but small compared to the
experimental width, k is the linear momentum of the con-
tinuum electron, A, (j~m ) is the autoionizing rate from
level j to a level m, and A„(j~f ) is the radiative rate
from the level j to a lower level f. g, in Eq. (1)
represents a sum over levels of the initial ¹ lectron
configuration only, while g signifies a sum over all

lower levels of the ¹ lectron ion; however, for the Li-
like ions considered here, the only possible autoionizing
transitions are 2pnl ~2s +e, so that these two sums are
identical. In these calculations, the bin width Ac. was
chosen to be 0.0005 hartree a.u. Two types of radiative
transitions must be included: 2pnl ~2snl +h v and
2pnl ~2pn 'l '+ h v'. For the first type of transition, the
radiative rate is nearly independent of the Rydberg elec-
tron, and we employ the radiative rate obtained from the
transition 2p ~2s in the ¹ lectron ion. The rates for the
second type of transition are large for low values of n and
they contribute in a significant way to the magnitude of
the DR cross sections for the low-energy Rydberg states;
however these rates decrease rapidly with n and become
negligible for high values of n.

In addition to mixing effects due to fields in the interac-
tion region, electric fields in the analyzing region of the
experiment will field ionize recombined ions in high-
Rydberg states. The amount of field ionization can be
determined by employing hydrogenic field-ionization for-
mulas such as the one developed by Damburg and Kolo-
sov. ' However, a much simpler method to estimate
these effects is to assume that ions rapidly ionize for all
values of n & n, where the cutoff is given by the semi-
classical formula

were convoluted with this distribution function to pro-
duce the rate ( v o ( v ) ) as a function of energy.

Our results for C + for fields in the interaction region
of 0, 1, 3, and 5 V/cm, in comparison with the experi-
mental measurements, are shown in Fig. 1. The height of
the measured rate due to the high-Rydberg states, in
comparison with the calculated results, would seem to in-
dicate that the field in the interaction region is just over 3
V/cm. This is very close to the estimated field in the ex-
periment. Furthermore, the calculated increase in the
height of this peak in going from a field of 1 to 2 V/cm
(not shown) is approximately 14%%uo. In comparison, An-
dersen' has estimated that a reduction of 50% in the
field causes a reduction of about 10% in this peak height.

The overall agreement between experiment and theory
is also quite good, with the exception of the low-energy
peak between 0 and about 0.6 eV. The peak is due to
recombination through the 2p4d and 2p4f configurations
of C +. The F2 3 4 and 'D

z levels of the 2p 4d
configuration are observed to be bound, ' while the
remaining levels of 2p4d and all the levels of 2p4f are
just above the ionization limit for C +

~ The recombina-
tion cross section varies as the inverse of the electron en-

ergy [see Eq. (1)],and since these levels are just above the
position of the 2s configuration of C +, the magnitude of
the cross section is very sensitive to the calculated posi-
tion of the levels. The levels from the terms 'D, F, D,
and 'F of the 2p 4d configuration, and the terms G, F,
and D of the 2p4f configuration, have been identified. '

For this reason, we adjusted our Hartree-Fock-Slater pa-
rameters for these two configurations to give better agree-
ment with the measured positions of these particular lev-
els; such an adjustment will presumably provide better
positions for those levels that have not been identified,
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FICi. 1. Theoretical dielectronic-recombination-rate
coe%cients for C + (as measured in the Aarhus electron-ion
merged-beam experiment) as a function of electron energy.

E =0 V/cm; ———,E= 1 V/cm; —- ——., E=3

V/cm;, E=5 V/cm. The calculations include all 2pnl res-
onances for C +

up to n =35. The experimental points are from
Ref. 4.
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and thereby improve the magnitude of the predicted
cross section. Nevertheless, the experimental rate is just
a little over 50/o of the calculated rate. In addition to its
sensitivity to the exact energy of the 2p4d and 2p4f lev-
els, the magnitude of the cross section for these low-
energy resonances is primarily determined by the rates
for radiative transitions of the second type mentioned
above, in which the 4d and 4f electrons are the active
electrons. Thus this discrepancy may be partially due to
remaining errors in the energies of these levels as well as
errors in these particular radiative rates.

The calculated rates for O + for fields of 0, 3, 5, and 7
V/cm are shown in Fig. 2 in comparison with the experi-
mental measurements. The agreement between experi-
ment and theory is good for the resonances due to low-
Rydberg states, although the experimental rate for the
lowest peak arising from recombination through the 2p6l
levels of 0 + is about 30% lower than the rate deter-
mined from the theoretical cross sections. However, in
contrast to the case of C, the experimental peak due to
the high-Rydberg states is larger than the calculated rate
even for a field of 7 V/cm; for a field of 3 V/cm, where
we obtained the best agreement for C +, the calculated
peak height is only about 65%%uo of the maximum rate from
the experiment. In addition, the width obtained from
convoluting the velocity times the theoretical cross sec-
tions with the velocity distribution is too narrow as com-
pared to the experimental measurement.

The good overall agreement, which is revealed by this
comparison of theory with the latest DR measurements,
lends greater support to the relative accuracy of the
isolated-resonance approximation for the calculation of
total DR cross sections. However, since both the
theoretical and experimental techniques used for C + and
0 + are the same, one would expect similar agreement
for both ions. Therefore, the larger discrepancy in the
case of 0 + is troubling, especially in light of the
differences found between theory and the earlier DR
measurements for the Li-like ions. Additional compar-
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FIG. 2. Theoretical dielectronic-recombination-rate
coefficients for O + (as measured in the Aarhus electron-ion
merged-beam experiment) as a function of electron energy.
~ ., E=O V/cm; ———,E= 3 V/cm; ——- —., E= 5

V/cm;, E=7 V/cm. The calculations include all 2pnl res-
onances for 0 +

up to n =53. The experimental points are from
Ref. 4.

isons of theory with high-resolution measurements of DR
for other ionic species are needed if we are to gain a more
complete understanding of the accuracy of the approxi-
mations inherent in the theoretical calculations.
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