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Measurements and calculations of the rate coefficient {vo ) for dielectronic recombination associated
with He-like ions of nitrogen, fluorine, and silicon are reported for electron energies between 0 and 27
eV. In this energy region, no resonances are associated with excitation of the 1s2 ground state, however,
the metastable states 1525 ('S) and 1525 (3S) contribute with very large rate coefficients. The population
of the 1525 (3S) metastable state was determined by an independent x-ray measurement. We performed
calculations in the LS-coupling and intermediate-coupling approximations for dielectronic recombina-
tion from the initial >S and 'S states. For the 3S initial state, a comparison on an absolute scale between
theory and experiment is presented. We find good agreement with LS-coupling calculations for N>*(3S),
one exception being a structure observed below the 'S and 3P threshold. For Si'?*(3S), the intermediate-
coupling calculation reproduces the data fairly well. In the case of F'*(3S), we find discrepancies with
both the LS- and intermediate-coupling calculations at low energy and just below the 'S and *P thresh-
olds. The contribution from the initial 1s2s('S) state is important only for N>*. Here, the experimental
data are in excellent agreement with the theory if the 'S metastable fraction is assumed to be about 1%.
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I. INTRODUCTION

From a practical point of view, the importance of
dielectronic recombination (DR) in various plasma condi-
tions has been known for a long time. DR often results in
the emission of x rays, which can be an important diag-
nostic tool, but it can also result in a major energy loss
from hot plasmas. From a theoretical point of view, DR
represents a demanding problem involving many reso-
nance states with individual decay properties. In the par-
ticular case of metastable He-like ions, the theory has
generally reached a level where it can reproduce the ex-
perimental data, except in some regions of energy where
the DR cross section is sensitive to couplings between
various doubly excited states. The experimental evidence
for such couplings will be considered in the present pa-
per.

It is a challenge to measure recombination between
free electrons and ions at a well-defined relative energy.
The cross sections connected with recombination are nor-
mally quite small, and hence signals due to electron cap-
ture from atoms or molecules present in the experimental
setup may easily dominate the true recombination signal
originating from the target of free electrons. If the vacu-
um conditions are modest, as they were in the first gen-
eration of experiments [1-3], intense sources of monoen-
ergetic electrons are needed to obtain data with reason-
able statistics. A very compressed electron beam as a tar-
get may, however, deteriorate the energy resolution. To
achieve good energy resolution, the electron target has to
be relatively thin, and, as a consequence, the vacuum
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conditions good (=~107'-107'? Torr).

With the development of electron coolers for ion-
storage rings, the experimental situation has indeed im-
proved. With these devices, electrons and ions are
merged over a length of typically 1 or 2 m. They operate
under ultrahigh vacuum conditions, and it is therefore
possible to obtain a good energy resolution and at the
same time sufficiently high electron densities to achieve a
satisfying signal. DR measurement with intrashell exci-
tations (An =0) [4,5] and with An >0 have been per-
formed [6,7] by this method. DR data with highly
charged ions are also being produced by the electron-
beam ion-source (EBIS) and the electron-beam ion-trap
(EBIT) experiments [8,9]. It is now possible to test the
various theoretical approaches to a high degree. Due to a
rather narrow energy resolution in the experiments, the
magnitude of the cross section for individual resonances,
as well as information of spectroscopic nature, are avail-
able from the experiments.

At Aarhus University, we built a device to serve as a
prototype for a future electron cooler at the heavy-ion
storage ring ASTRID. The cooler also serves as a target
of electrons for studies of collisions between low-energy
electrons and highly charged ions. In this paper, we
present new DR data associated with He-like ions ob-
tained with this electron target. We compare the experi-
mental results with isolated-resonance distorted-wave
calculations performed in the LS-coupling and
intermediate-coupling (IC) approximations.

Dielectronic recombination is a resonant process in
which an incoming electron excites an electron present
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on the ion. It thereby loses energy and becomes bound to
the ion provided the initial kinetic energy is less than the
excitation energy. In this way, doubly excited ionic states
are created. If these states decay radiatively, the electron
remains on the ion, and the DR process is completed. If
the doubly excited states decay via autoionization, the
process results in a resonance in the elastic- or
interelastic-scattering cross section. The DR process can
be presented by

X9t de (X Dy _(x@— Dy py | (1)

If the core-excitation energy is AE and the initial kinetic
energy of the electron in the ion rest frame is E,, then for
capture to the state nl, energy conservation yields

E,+E,,=AE , (2)

where E,; is the binding energy of the state designated nl.
In principle, an infinite but convergent series of reso-
nances is then found at energies E, satisfying Eq. (2). In
practice, external analyzing fields will limit the number of
contributing Rydberg levels and make the number of
contributing resonances finite.

DR with ground-state He-like ions may occur due to
excitation of one of the two 1s electrons. Measurements
on DR, or the equivalent process in ion-atom collisions
called resonant transfer and excitation (RTE) for
ground-state He-like systems, have been reported by
several groups [8—10]. In general, the experimental data
covering ions with charge states up to 90 are in good
agreement with the existing theory.

When the ions are in the metastable 152s(13S) states,
not only may the 1s electron become excited, but the
much more loosely bound 2s electron may be excited to
the 2p state. In three previous papers [4,5,11] we have re-
ported on dielectronic recombination associated with
the 2s—2p excitation from metastable He-like
C**[1s2s("3S)] and O°*[1s2s("3S)]. It was found that
the DR cross sections for the metastable ions may be ex-
tremely large, in the order of 10~ cm?, for some of the
individual resonances [11,12]. The fast radiative core
transition of the 1s2p (!P)nl state to the 1s%(1S)nl state is
largely responsible for this.

Although most of the resonances were well represented
as isolated resonances, of special interest was the
discovery that some measured resonances for O®t were
not well predicted by the theory [11,12]. This was inter-
preted [11,13] as being due to the presence of low-lying
1s2s('P)nl (n =7, 8, 9, or 10) resonances which coupled
to  high-lying 1s2s(!S)n’l’ and 1s2p(3P)n"1"
(n',n"">20) resonances. This allowed the S and °P
cores to radiatively stabilize and thus increase the DR
cross section. The precise coupling mechanism was not
clear, although bound-bound electrostatic configuration
interaction was ruled out [11]. However, in the case of
C**, theory and experiment were found to be in good
agreement. In order to study the appearance of the large
resonance structures more systematically, we performed
a new series of measurements with He-like N, F, and Si
ions. This allowed us to study the transition from low-Z
ions, where the LS-coupling approximation is valid, to
ions with larger Z where the spin-orbit interaction be-
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comes more important.

The rate coefficients quoted in the experimental papers
[4,5] were not on an absolute scale due to the lack of pre-
cise knowledge about the initial-state population of the
ion beam. This, in turn, limited the comparison between
theory and experiment to a relative level (a very fruitful
comparison could still be made, however). It is well es-
tablished that when an ion penetrates a thin foil, the foil
K x-ray yield is strongly dependent on the number of K
holes in the ion beam [14,15]. This allowed us to deter-
mine the fraction of 1s2s metastable states in the ion
beam so that we can present a comparison between the
DR data and the theory on an absolute scale.

II. EXPERIMENT

A. Recombination measurements

The dielectronic-recombination results, which are re-
ported here, were obtained at the EN-Tandem accelera-
tor at the Institute of Physics and Astronomy, Aarhus
University. 1.25 MeV/amu ions were passed through a
thin-C foil (5 ug/cm?). The He-like ions exiting the foil
were then magnetically selected and merged with an al-
most monoenergetic beam of electrons with essentially
the same speed as the ion beam. Different relative ener-
gies were obtained by varying the electron-beam energy
which was around 800 eV. The electron beam had an al-
most constant current density over a diameter of 1 cm
and was guided by a magnetic field of about 150 G, which
was applied to compensate for the space-charge field due
to the charged electrons. Both the ion and electron beam
could be modulated at a frequency of 2 MHz so that
electrostatic pickup plates could monitor the position of
the two beams in the interaction region. Thereby the two
beams were brought into full overlap. Figure 1 shows the
experiment schematically. Details for the experimental
apparatus may be found in previous publications [4,5].

The recombination process was identified by counting
ions that had collected one electron after their passage
through the interaction region. The background contri-
bution in the DR measurements due to capture in the rest
gas was found via a smooth fit to the yield of ions (of
charge state ¢ —1) at energies outside the resonances.
The electron beam used by this method was run in the dc
mode. Alternatively, for radiative recombination mea-
surements mainly, the electron beam was turned on and
off (ac mode) by changing the anode voltage between O
and —2 kV at a frequency between 100 and 500 Hz. At
the anode voltage of —2 kV, the electron beam was
stopped, and the background yield was measured.

Since very small relative energies were considered, the
energy spread in the electron beam could not be neglect-
ed. Instead of the cross section, we determined the rate
coefficient which was defined as

Na-DF_N@-D+
Nt

where g is the total charge of the incoming ion, L is the
length of the merged section, € is the ion-detection
efficiency, v; is the ion velocity, and p is the electron den-

(vo)= , (3)
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FIG. 1. The experimental setup. PSD denotes a position-sensitive detector.

sity which typically was 5X 107/cm?. In Eq. (3), N?7 is
the number of incoming ions in any state. In our first re-
port on DR with He-like ions [4,5)], the metastable frac-
tions were unknown, and only relative values for the sing-
let and triplet initial states were obtained. We have now
measured the >S population by an independent technique.

B. Metastable fraction determination

The 1s2s metastable fraction in the ion beam was
determined using a thin, evaporated Al layer on a carbon
foil. We used Al thicknesses between 10 and 50 A. The
emitted Al K x rays were detected by a Si(Li) x-ray detec-
tor mounted at 90° with respect to the beam direction.
The method utilizes the fact that the yield of emitted tar-
get K x rays reflects the number of K holes in the ion
beam. That is, a constant yield is obtained for ions with
no K holes (see Fig. 2). For ions with one K hole (H-like),
a significant increase is observed due to K-to-K electron
transfer. It is assumed that the 1s%(1S) component of the
He-like beam results in the same Al K x-ray yield as do
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FIG. 2. The yield of Al K x rays as a function of the charge
state of the incoming fluorine ion. The ion energy is 23.75 MeV
corresponding to 1.25 MeV/amu.

the Li-, Be-, and B-like ions. Further, it is assumed that
ions in the metastable 1s2s('S) and 1525 (3S) states pro-
duce the same yield as do ions in the H-like 1s state. The
metastable fraction at the Al-foil target is then simply
given by

Y (He-tike) — Yo

f(s1s2s)=
Y naike» — Yo

) 4)

where Y, is the constant yield obtained with beams
without holes in the K shell.

For normalization, the ion beam was passed through a
200-A gold foil and collected in a Faraday cup. The
current from the Faraday cup as well as backscattered
ions from the foil were used for the normalization. The
two methods were in agreement to within a few percent.

In Fig. 2, we show the K x-ray yield obtained with five
different fluorine ions. Evidently, the yield for ions with
no K holes is nearly constant. The increase due to the
presence of K holes is seen for the H-like ions (¢g=8) and
the metastable He-like ions (g=7).

For the ion beams used in this work, the lifetimes of
the 3S state [16] were much longer than the ion-flight
time from the place of production to the foil target. The
lifetimes of the 'S states [17] are significantly shorter than
that of the S states, and a reduction due to the exponen-
tial decay was taken into account. In the case of N°F,
the 1s2s(1S) population was reduced by a factor of 0.58
due to the finite lifetime (1.06 usec) and the travel time of
0.57 usec. To obtain the 3S population, we assumed the
1S initial population at the poststripper foil to be one-
third of the 3S population (i.e., statistical population).
Thus, f(3S)=f(1s2s)/(14+0.58/3)=0.84f(1s2s) for
N3*. For F'* and Si'2", we used f (3S)=f (1s2s) due to
the short lifetimes of the 'S states for these beams. Tak-
ing into account the ion-flight time (0.73 usec) to the elec-
tron target, we obtained the metastable fractions listed in
Table I. For the sake of completeness, we also list the
values for C** and O°", the DR data of which have been
published before [4,5,11]. For O%", these values are in
good agreement with the values that resulted from a com-
parison with the DR calculation [11]. The previous C**
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TABLE 1. Fractions of metastable states (in %) in the ion
beams at the electron target. The !S-state population was es-
timated to one-third of the S population at the place of produc-
tion.

State C4+ N5+ O6+ F7+ Si12+
1s2s('S) 3 2 1 0.2 0.004
1525 (3S) 16 15 20 23 12

data were obtained by stripping the ion beam in the ter-
minal stripper gas at the tandem accelerator. This gave a
considerably smaller metastable fraction than that shown
in Table I (about 5-7 % for the 3S state). This, together
with a factor-of-ten error in preliminary data communi-
cated privately, resulted in some confusion in the first
analysis of the He-like DR measurements [11]. In fact,
there is very good agreement between theory and experi-
ment for the obtained metastable fractions of C**.

III. THEORY

We consider the following DR reactions for the initial
metastable 152s('S) and 15s2s (3S) states

1s2s(1S)+e ™ —1s2p (\P)nl
1525 (3S)+e ™ —1s2s(1S)nl
1525 (3S)+e ™ —152p(3P)nl
1525 (3S)+e ™ —1s2p ('P)nl

—1s¥(!S)n'l'+hv .

(5)

The energy-averaged dielectronic-recombination cross
section for a given initial state i through an intermediate
state j is given by
(2mayl)? w(j)

goAe  2w(i)

k [

X )
S A,Goh+S A, —m,el)
h

m,l

o ggAe =

(6)

where €, is the energy of the continuum electron, Ae is
the energy-bin width (here typically 0.03 eV), and [ is the
ionization potential of hydrogen. Here, (i) is the statist-
ical weight of the initial state of the N-electron ion, w(j)
is the statistical width of the doubly excited resonance
state of the (N +1) electron ion, and @, and 7, are the
atomic units for length and time, respectively. In the
denominator, which is the total decay rate of the inter-
mediate resonance state j, the sums of the radiative rates
(A4,) and the Auger rates (A,), are over all accessible
states. In the numerator, the sum over k is over all states
that are stable against autoionization. The various rates
entering Eq. (6) were calculated in the isolated-resonance
and independent-process approximations by the use of a
computer code called AUTOSTRUCTURE [18,19]. In par-
ticular, both LS- and intermediate-coupling schemes were
used. The Breit-Pauli Hamiltonian used in the IC calcu-

lations included both one-body and two-body fine-
structure interactions, the effective one-body spin-orbit
one being dominant. Fine-structure interactions mix the
3P;_, and the 'P,_, core levels, allowing the 1s2s(*P)nl
resonance states to stabilize radiatively to the 1s%(S)nl-
core ground level. Note that this is independent of any
lp ;=1n'l’ resonances, so the IC enhancement over the LS
coupling should exist (given a high enough charge state)
irrespective of the position of any low-lying 'P,_n'l’ res-
onances.

In order to compare the theory with the experimental
data, we calculated

172
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where dN /dE is the electron density that is given in
terms of the relative velocity distribution f(v):

XL [ roua. ®)

Due to the longitudinal acceleration of the electron beam,
the relative velocity spread in the experiment cannot be
characterized by a single temperature. The velocity dis-
tribution was characterized by a product of two Maxwell
distributions, one accounting for the transverse electron
motion and one for the longitudinal motion. The velocity
distribution then becomes

172
m

21rkT”

—mv? /2T, —m(v, —A)2/2KT
>

f(v)

27kT,

9

where v, and v are the electron-velocity components
perpendicular and parallel to the ion-beam direction, re-
spectively, and A is the detuning velocity that defines the
relative energy (1m A?). It was found that the measured
shape of individual DR resonances contains information
that could easily yield the transverse energy spread kT,
as well as the longitudinal energy spread k7. The two
temperatures were kT, =0.15 eV and k7T =0.001 eV in
the dc mode and kT =0.002-0.003 eV in the ac mode.

IV. RESULTS

In the present study, we continued our investigation of
DR with metastable He-like ions. Theoretical [11] as
well as experimental [4,5] results for C** and O%" have
been presented before. Two problems remained after the
first measurements. One was the problem of unknown
metastable fractions in the ion beam. Another was the
unexpected large resonances near the 1s2s(!S) and
1s2p (*P) limits for O®*. To elucidate these questions, we
report here on DR with metastable He-like ions of N, F,
and Si with known fractions of the metastable 38 state.

In Fig. 3 is shown the rate coefficient (vo ) [see Eq.
(3)] for 1.25 MeV/amu N°*. The energy region is from 0
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FIG. 3. The rate coefficient {vo) as a function of electron
energy for 1.25 MeV/amu N°*. (a) LS-coupling calculation for
the 'S initial state. (b) LS-coupling calculation for the S initial
state. (c) The experimental data together with the LS-coupling
calculations. The 'S population was assumed to be 0.8% and
the 3S population 15%. The temperatures kT, =0.15 eV and
kT =0.001 eV were used in the calculation of {vo ).
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to 12 eV where all DR resonances associated with the
2s —2p excitation are found. The position of the indivi-
dual resonances (E, ) was calculated according to Eq. (2)

2
E,=AE— 4138V (10)
n

where AE was obtained from the calculation of Drake
[20]. In principle, one should observe an infinite series of
resonances associated with each individual core excita-
tion; however, the presence of strong analyzing fields act-
ing on the ions outside the interaction region in the ex-
periment reduces the maximum number of Rydberg
states to a finite value n_,,. For N°*, F’*, and Si?*,
n hax Was equal to 52, 68, and 97, respectively.

Since N°7 is the only ion considered here that contains
a significant population in the initial 1s2s('S) state, we
show in Fig. 3(a) the LS-coupling calculation for DR
from the initial 'S state. The 2s(1S)-to-2p (!P) excitation
energy is 4.28 eV. Individual resonances, with a series
limit at this energy, are recognized. Figure 3(b) shows
the result of the LS-coupling calculation for the initial s
state. Here, the series limit for the 3S-to-!P excitation is
at 10.91 eV. The corresponding resonances are clearly
seen. Resonances associated with the 3S-to-1S (6.63 eV)
and 3S-to-P (6.52 eV) excitations are much weaker. By
comparing Figs. 3(a) and 3(b), we see that the DR cross
sections associated with the 1s2s('S) initial state are
about two orders of magnitude larger than that associat-
ed with the 1s2s(3S) state. The DR calculations were
folded with the velocity distribution f(v) with the tem-
peratures kT, =0.15 eV and k7;=0.001 eV. In Fig. 3(c)
we show the experimental data together with the result of
the calculation based on 0.8%-'S and 15%-3S initial pop-
ulations. The 3S population was that found from the x-
ray measurement, and the 'S initial population was fitted
to the experimental data. The obtained 'S population is
somewhat less than the statistical prediction of 2%.

The merged-beams method used in the present work
offers a very good energy resolution at low relative ener-
gies. In Fig. 4 we show the results for N°>* at relative en-
ergies around O eV. Negative energies correspond here to
the situation where the electrons are slower than the ions,
while positive energies correspond to the case where the
electrons are faster than the ions. As expected, we see a
symmetric rate coefficient with respect to E,=0. Note
the asymmetric shape of the DR resonances which results
from the unique velocity distribution [Eq. (9)] with very
different parallel and perpendicular temperatures. In the
figure we show the partial contributions from the initial
1S and 3§ states. The sum curve (theory) reproduces the
experiment very well. In the calculation, we did not in-
clude radiative recombination which mainly contributes
at low energy. The radiative-recombination rate
coefficient at E, =0 is estimated to contribute by less than
2% at E,=0. A rate coefficient of about 7X 10~ cm’/s
was obtained experimentally with C3* [21].

The overall agreement between experiment and the iso-
lated resonance theory is very good except for one region
at around 6 eV which is just below the 3P and 'S series
limits [see Fig. 3(c)]. Here the data exhibit a clear peak
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FIG. 4. The rate coefficient for N°*. The dotted curve is the
theoretical contribution for 0.8% initial 'S, the dashed curve is
the theoretical contribution for 15% initial 3S. The solid curve
is the sum of the two contributions. The temperatures
kT,=0.15 eV and kT =0.002 eV were used in the calculation
of (vo).

that is not predicted by the LS-coupling calculation. The
result of the IC calculation does not differ from that of
the LS-coupling calculation. At this point, we note that
any mixing between the high Rydberg members of the
3Pnl and 'Snl series with the P (n =9) level may cause
an enhancement in this energy region due the strong
1s2p('P)— 1s%('S) radiative transition. The same obser-
vation was made for O°" [11]. In addition to the
unpredicted structure below the *P and 'S series limits,
the experimental data for O%" exhibited an enhancement
over the theory also at the S —!P (n =7) resonance. In
the case of O%", the IC-approximation calculation made
a very small improvement over the LS-approximation
calculation just below the *P and 'S series limits.

The calculations do not take into account any effects of
perturbing external electric fields which may be present
in the interaction region in the order of a few V/cm. The
enhanced peaks could therefore in principle be due to
field-induced stabilization of the 1s2p(3P)nl and
1s2s (18)nl Rydberg states. To examine this, we mea-
sured {(vo ) in the energy region from 4 to 8 eV where
the extra resonance structure was observed for N°*. We
performed the measurement with three different electron
densities corresponding to an electron beam of 4, 8, and
12 mA. As seen from Fig. 5, there appears to be little
difference between the spectra obtained with the different
electron densities and thereby different electric fields pro-
duced by the space charge. There may be small shifts in
the apparent position of the resonances due to the change
in the space-charge potential. Further, the widths of the
peaks may change slightly due to changes in the electron

FIG. 5. The rate coefficient as a function of energy for 1.7
MeV/amu N°*. Data are shown for three different electron
currents 4, 8, and 12 mA.

temperatures with changing electron density.

When comparing the data from Fig. 5 with those of
Fig. 3(c), it is evident that the relative height of the two
peaks has changed. The data of Fig. 5 were taken at 1.7
MeV/amu, and the data of Fig. 3(c) were taken at 1.25
MeV/amu. Different strength of the strong charge-state
analyzing field after the interaction region was used with
correspondingly different values of n_,, (49 and 52). The
change due to stripping of Rydberg states in the analyzer
field was calculated to be about 2—-3 %. The metastable
fractions may have changed when going from 1.25
MeV/amu to 1.7 MeV/amu. However, the structure,
displayed in Fig. 5, is above the 'S —!P series limit and
should not alter the relative height of the two peaks since
they presumably both result from the initial 3S state. The
relative reduction around E, =6.2 eV of about 20% is at
this moment not understood.

In Fig. 6 we show the results for F'*. The experimen-
tal data are compared with both the LS- and IC-
approximation calculations. It is assumed that there is a
small fraction of 0.04% 'S metastable states in the beam.
As in the case of N°", we find that the 'S population in
the ion beam is less than statistically populated. The
fraction of triplet states was set equal to 23%, as mea-
sured by the independent x-ray measurement.

For F’*, the IC-approximation calculation reproduces
the data somewhat better than the LS-coupling calcula-
tion does. The large peak below the 3P and 'S series lim-
its, however, is still not fully accounted for. Note also
that the peak at 4 eV and that at about 6.5 eV in the ex-
perimental data have about the same magnitude. If they
were members of the same series (n =8 and 9 of the 3S-
to-1P transition), they should decrease with increasing en-
ergy roughly as 1/E [see Eq. (6), and also the calculated
rate coefficient in Fig. 6]. We interpret this as sign of an
enhancement of the DR signal around n =9. An even
larger enhancement is observed at n =10.

In Fig. 7 we show the F’* data together with the LS-
coupling calculations in the energy range from O to 1.5
eV. The solid curve is the calculation of the 3S metasta-
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FIG. 6. The rate coefficient {vo ) as a function of electron
energy for 1.25 MeV/amu F’*. Shown are the experimental
data together with the LS- (full curve) and intermediate-
coupling (dashed curve) calculation. The temperatures
kT, =0.15 eV and kT =0.001 eV were used in the calculation
of {vo). The 'S population was assumed to be 0.04% and the
3S population 23%.

ble contribution (23%), and the dashed curve results from
0.04% 'S initial metastable states. In the figure we indi-
cate by bars the resonance positions as obtained from Eq.
(10) for the initial 1S and 3§ states. We can identify the

T T —~r-

1.25 MeV/amu F7* |

1.2x10°?

23% %
== 0.04% 'S
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Energy(eV)

FIG. 7. The rate coefficient {(vo ) as a function of electron
energy for 1.25 MeV/amu F’*". The full curve is the LS-
coupling-calculation result, assuming 23% metastable >S states
in the beam. The dotted curve is the same calculation for
0.04% metastable 'S states in the beam.
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various resonances from their positions. (Bear in mind
that the resonance position for the data obtained by the
applied experimental technique is midway down on the
high-energy side of the observed resonances [5].) Fur-
ther, it must be born in mind that the resonances indicat-
ed by bars are calculated from the Rydberg formula
without quantum defects. The 1s2s(3S)—1s2p('P)
(n =7) resonance is calculated to be at 1.29 eV from the
Rydberg formula. A quantum defect of 0.0375 is re-
quired to bring it in agreement with the resonance ob-
served at 1.1510.01 eV. As seen from the figure, the
agreement between theory and experiment is within a fac-
tor of 2 to 3 for the 3S initial state. For the 'S initial
state, we did not know the exact metastable fraction, and
a value of 0.04% was estimated from the comparison be-
tween the experimental and the calculated rate
coefficients.

Using the measured metastable fraction of the S state
and the fitted 'S metastable fractions, we find good agree-
ment between theory and experiment in the case of N°*
at low energy. Similar agreement is found for C** and
0°". Theoretically, we would expect the agreement be-
tween theory and experiment to improve with increasing
charge. But for F'", the theoretical results are a factor
of 2 or 3 greater than the experimental cross sections if
we use the measured S metastable fraction of 23%.
Indeed, taking into account the enhancement of the DR
cross section near » =9 and n =10 not described by
theory (see Fig. 6), then the theoretical results are argu-
ably too large over the entire spectrum, in stark contrast
with the case of N> (see Fig. 3). If we were to normalize
theory to experiment around the n =7 cross section,
based on the agreement for lower charge ions, this would
correspond to a 3§ fraction of about 10%. This would
leave room for a small enhancement of the DR cross sec-
tion around n =8 and for the argued enhancement
around n =9 and 10.

For N°* and F’% (as well as for C** and 0O°™"), we see
that the DR rate coefficient above the 1s2s(lS) and
1s2p(®P) series limits is very small. This is due to a
strong coupling between the *P and 'S continua and the
1s2p('P)nl resonances, which causes the resonances to
autoionize rather than stabilize by radiation.

As our last example of DR with metastable He-like
ions, we considered Si'**. In Fig. 8 are shown the experi-
mental data together with both the LS- and IC-
approximation calculation. In the calculations, we used
12% for the 3$ initial state as obtained from the x-ray
measurement (0% for 'S). For Si'?" there is a large
difference between the results of the two coupling
schemes. The rapid change in the DR spectrum observed
when going from F’* to Si'?" originates from the Z°
dependence of the 1s2p(3P)— 1s%(!S) radiative rate due
to spin-orbit mixing. Due to the low ion current obtained
with Si'?* and the frequent change in poststripper foils,
some scatter appears in the experimental data. Within
the rather large (mainly statistical) uncertainty of the ex-
perimental data, the IC calculation reproduces the data.
We see a new Rydberg series associated with the
38,—>P, excitation. The *P,_, core is now able to radi-
ate to the 1s%(1S,_,) ground state due to the spin-orbit
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FIG. 8. The rate coefficient {(vo ) as a function of electron
energy for 1.25 MeV/amu Si'?*. Shown are the experimental
data together with the LS-coupling calculation (dashed curve)
and the IC calculation (full curve). The temperatures
kT, =0.15 eV and kT =0.003 eV were used in the calculation
of {va). In the calculations, the 'S population was assumed to
be 0% and the 3S population 12%.

interaction. This is not the case for the J =0 and 2 fine-
structure levels. The differences between experiment and
theory observed for the other He-like ions below the
1s2s(1S) and 1s2p(3P) series limits are not seen for Si'?*,
presumably because of the strength of the spin-orbit in-
teraction.

All the observed DR resonances associated with the S
initial state were well accounted for theoretically. By
comparing theory and experiment we extracted the 'S
metastable fraction. The obtained metastable fractions
were within expectations.
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