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ABSTRACT

Aims. Absolute recombination rate coefficients for two astrophysically relevant Na-like ions are presented.
Methods. Recombination rate coefficients of Svi and Arviii are determined from merged-beam type experiments at the CRYRING
electron cooler. Calculated rate coefficients are used to account for recombination into states that are field-ionized and therefore not
detected in the experiment.
Results. Dielectronic recombination rate coefficients were obtained over an energy range covering Δ n = 0 core excitations. For
Na-like Ar a measurement was also performed over the Δ n = 1 type of resonances. In the low-energy part of the Arviii spectrum,
enhancements of more than one order of magnitude are observed as compared to the calculated radiative recombination. The plasma
recombination rate coefficients of the two Na-like ions are compared with calculated results from the literature. In the 103−104 K
range, large discrepancies are observed between calculated plasma rate coefficients and our data. At higher temperatures, above
105 K, in the case of both ions our data is 30% higher than two calculated plasma rate coefficients, other data from the literature
having even lower values.
Conclusions. Discrepancies below 104 K show that at such temperatures even state-of-the-art calculations yield plasma rate coeffi-
cients that have large uncertainties. The main reason for these uncertainties are the contributions from low-energy resonances, which
are difficult to calculate accurately.
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1. Introduction

Highly charged ions are abundant in astrophysical plasmas.
Recently, 40% of the baryons “missing” from the nearby uni-
verse were found as ionized intergalactic gas, absorbing in
the UV spectral range (Danforth & Shull 2008; Day 2008).
About 30% of the missing ions are in photoionized plasma at
∼104 K and another 10% are in the form of shock-heated gas at
105−106 K. The remaining part of the missing baryonic matter
is believed to be at even higher temperatures, absorbing in the
X-ray regime.

Dielectronic recombination (DR) was first recognized by
Burgess (1964) as the dominant recombination channel in the
Solar corona. DR is a strong recombination channel at plasma
temperatures where highly charged ions are common. In the cal-
culation of fractional abundances of various charge states the re-
sults depend crucially on the atomic data used as input in the
calculations (Bryans et al. 2006). Sulfur and argon are astro-
physically abundant elements (Anders & Grevesse 1989), accu-
rate DR rate coefficients for their ions are thus important for the
diagnostics and modeling of astrophysical plasmas.

The majority of DR data available in the literature origi-
nates from calculations. Generally, for open L and M shell ions
the discrepancies between the results of state-of-the-art calcula-
tions amount to ∼35% (Bryans et al. 2006). For DR resonances

below 1−3 eV energy, the uncertainties are much higher, due
to the inability of modern theory to accurately predict reso-
nance positions, widths and strengths. These uncertainties di-
rectly affect the plasma recombination rate coefficients below
∼3 × 104 K. In this range, large differences between calculated
and measured rate coefficients are common. The low energy re-
combination spectra of ions belonging to the same isoelectronic
sequence can be very different, even for neighboring elements.
Consequently, at low temperatures, no clear Z-dependence of the
plasma DR exists. Therefore, the spectrum of each relevant ion
needs to be evaluated individually, especially when low-energy
DR resonances are present.

Even seemingly insignificant differences in the description
of free and bound electron orbitals can lead to large differences
in the calculated DR rate coefficients (see e.g. Fu et al. 2008,
where depending on the description, 50% difference was ob-
served in the DR rate coefficients of Ne-like Mg). Additionally,
calculation of the DR spectra of even relatively low-Z and low-
charged ions require relativistic treatment (Mannervik et al.
1998). Storage rings equipped with electron cooler devices
presently yield the most accurate low-energy recombination
spectra and can benchmark the different theoretical descriptions.

In this publication we present absolute recombination rate
coefficients for two astrophysically relevant Na-like ions, Svi
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and Arviii, measured at the CRYRING electron cooler (Danared
et al. 2000). The DR of these ions in the presence of exter-
nal electric fields has been investigated in another publication
(Orban et al. 2009). This paper is organized as follows: In the
next section we give a short description of the DR process.
In Sect. 3 the experiment and data analysis are presented. We
describe the calculations in Sect. 4. Merged-beam and plasma
DR rate coefficients of the two Na-like ions are compared with
data available in the literature in Sects. 5.1 and in 5.2, respec-
tively. Our conclusions are given in Sect. 6.

2. Dielectronic recombination

Dielectronic recombination is a resonant recombination chan-
nel that takes place through an intermediate doubly excited state
(Burgess 1964; Tokman et al. 2002). The first step of DR is di-
electronic capture, in which a free electron is attached typically
into a Rydberg state of a non-bare ion, with the simultaneous ex-
citation of a core electron. The energy balance of DR is given by:

Ek + Eb(nl) = ΔEion, (1)

i.e., the sum of the kinetic energy Ek and the binding energy of
the Rydberg electron Eb(nl) equals theΔEion excitation energy of
the core (initially bound) electron in the presence of the Rydberg
electron. We use here the convention of identifying the recombi-
nation spectra by the charge state of the ion prior recombination.

3. Experiment

Recombination spectra of both Na-like ions were mea-
sured in separate experiments at the CRYRING storage ring
(Abrahamsson et al. 1993), located at the Manne Siegbahn
Laboratory in Stockholm, Sweden. The ions were produced in
an electron cyclotron resonance ion source and were transported
to the storage ring. Following injection and storage on a stable
orbit, the S and Ar ions were accelerated in the storage ring to
energies of 74 MeV and 115 MeV, respectively. Following ac-
celeration, about 1.4 × 106 S5+ and ∼1.7 × 106 Ar7+ ions were
circulating in the ring. In the electron cooler, a low-temperature
electron beam was merged with the stored ions over an inter-
action length of ∼0.8 m. The ion beam was electron cooled for
2 s with a velocity matched, cold electron beam. Following elec-
tron cooling, the electron energy was scanned in a zig-zag pat-
tern. First, the electron energy was increased in order to cover
the electron-ion collision-energy range of DR resonances asso-
ciated with excitation of the 3s core electron within the same
n = 3 shell (Δn = 0 type DR), up to the 3pnl series limit.
Then the electron energy was decreased through the ion-electron
velocity-match condition and the same collision energy range
was covered with electrons slower than the ions. The electron
energy was then scanned back to the velocity match cooling con-
dition. After the electron energy scan, the ions were dumped and
a new ion-injection was performed. After the measurement of
the Δn = 0 type DR resonances, the DR spectrum of Arviii cov-
ering the Δn = 1 type of DR resonances was also measured. The
energy scan over this range was performed only with electrons
faster than the ions.

During the measurements, the electron current was kept con-
stant, with electron densities at cooling energy, of 4 × 106 cm−3

and 7.9 × 106 cm−3 in case of the Svi and Arviii experiments,
respectively. Recombined ions were separated from the stored
beam in the first dipole magnet after the electron cooler and

were detected by a surface barrier silicon detector with unity
efficiency.

Motional electric fields at the dipole magnet field-ionized
Rydberg states with the principle quantum number higher than
ncutoff � 23 in the Svi experiment and ncutoff � 29 in the
Arviii experiment. A fraction of the ions recombined into high-
n states decayed below ncutoff before arriving at the dipole mag-
net. These ions were not field-ionized and their contribution can
be observed in the experimental spectra above the energy cor-
responding to the field-ionization limits (see Fig. 1). Hereafter,
data affected by field-ionization will be referred to as ncutoff rate
coefficients.

Merged-beam recombination rate coefficients were obtained
from the energy-dependent count rates, with a similar procedure
as described in DeWitt et al. (1996) and in Zong et al. (1997).
Corresponding electron-ion collision energies were calculated
using space-charge corrected electron and drag-force corrected
ion energies.

4. AUTOSTRUCTURE calculations

Calculations were carried out within the isolated resonance ap-
proximation. The AUTOSTRUCTURE code (Badnell 1986) was
used to obtain level-resolved DR cross sections in a multiconfig-
uration intermediate coupling Breit-Pauli (MCBP) approxima-
tion. Both Δn = 0 and Δn = 1 core excitations from the ground
state were considered. Radiative stabilization of the doubly ex-
cited states through both the decay of the excited core and the
decay of the Rydberg electron was considered. For Δn = 0 core-
excitations, the calculated 3p jnl series limits were adjusted to
match the corresponding 3s→3p core-excitation energies from
the NIST evaluated database (Ralchenko et al. 2008).

In the case of Δn = 0 type DR, all Rydberg orbitals were ex-
plicitly included up to n = 30 and l = 15, and a quantum-defect
theory approximation was used for higher levels, up to n = 1000
(Badnell et al. 2003). In the case ofΔn = 1 core excitations, lead-
ing to 1s22s22p53l3l′nl′′ excited states (n = 2 → 3 excitations),
Rydberg states with n ≤ 15 and l′′ ≤ 5 were described explicitly,
whereas for 1s22s22p64lnl′ excited states (n = 3 → 4 excita-
tions), Rydberg states with n ≤ 30 and l′′ ≤ 7 were calculated
explicitly. Again, for higher levels up to n = 1000, approxima-
tions were used.

Calculations including only states up to the experimental
field-ionization limits were also performed (see solid curves in
Fig. 1). These curves contain contributions arising from ions that
initially recombined into states above the field-ionization limit,
but decayed below ncutoff before arriving at the dipole magnet, as
explained in Sect. 3.

In order to compare with the experimentally derived rate co-
efficients, the calculated cross sections σ(E) were multiplied by
the average electron velocity ve and were convoluted with the
electron velocity distribution from the experiment:

α(E) =
∫
σ(E) vefv(T ||, T⊥) dv3, (2)

where α(E) is the merged-beam rate coefficients and fv(T ||, T⊥)
is the anisotropic Maxwellian velocity distribution (DeWitt et al.
1996) characterizing the electron beam in the merged-beam in-
teraction region, with T⊥ = 1 meV transversal and T || = 0.2 meV
longitudinal temperatures.
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Fig. 1. Merged-beam rate coefficients of a) Svi and b) Arviii. Note the different scales on the vertical axis, before and after the axis brake.
Experimentally derived spectra are shown by the gray areas. The RR contribution to the experimental spectrum is shown by the hatched area.
All solid lines show ncutoff and all dashed lines show field-ionization-free AUTOSTRUCTURE DR rate coefficients, scaled to 80%, and summed
with the RR contribution. Vertical bars show DR resonance positions, with the principal quantum numbers of the Rydberg electrons above the
corresponding bars. The last bar shows the limit of the respective series. The insets show the low energy parts of the spectra in more detail.

5. Results and discussion

In order to have a more transparent presentation of our results,
we distinguish between the merged-beam and plasma recombi-
nation spectra. The merged-beam recombination spectra show
the resonant peak structure of the DR spectrum as a function
of electron-ion interaction energy. The plasma rate coefficients
show the DR rate coefficients as a function of plasma tempera-
ture and contain at each temperature contributions from a large
number of DR channels, with strengths weighted by the elec-
tron energy distribution characteristic for that particular temper-
ature. The merged-beam and plasma recombination spectra are
discussed in the next two sections.

5.1. Merged-beam rate coefficients

Experimentally derived merged-beam recombination rate coef-
ficients and AUTOSTRUCTURE results for Na-like S and Na-
like Ar, over the energy range of the 3pnl DR resonances, are
shown in Fig. 1. Quantum mechanically, radiative recombina-
tion (RR) and DR into the same final states are indistinguishable
processes and can interfere. However, interferences between RR
and DR have been shown to be usually negligible. Thus treat-
ing RR and DR separately is to a first approximation correct
(Pindzola et al. 1992). The RR contributions to the experimen-
tally determined recombination spectra, shown by the hatched
areas in Fig. 1, were estimated using the Bethe & Salpeter (1957)
formula, corrected by the Gaunt factors (Lindroth & Schuch
2003) for recombination into low-n states.

In order to compare with the experimentally derived rate co-
efficients, the AUTOSTRUCTURE rate coefficients were mul-
tiplied by 0.8 in the case of both ions and were added to the
RR contribution. Such differences between calculated rate co-
efficients and measured spectra are not uncommon (see e.g.
Schippers et al. 2001) and are here at the limit of the experimen-
tal systematic uncertainties. DR resonance positions shown by

the vertical bars were calculated using Eq. (1), where the bind-
ing energy of the Rydberg electrons were estimated with:

Eb(n) = Ry
Q2

n2
, (3)

where Ry is the Rydberg constant, and Q is the ionic charge.
Toward higher energies, DR peaks of the 3pnl type are posi-
tioned increasingly closer to each other and overlap, creating a
pile-up at the series limit. In the spectrum of Svi, DR peaks
belonging to the 3p1/2nl and 3p3/2nl series are separated by
156,7 meV (Ralchenko et al. 2008) and are only resolved at
low energies, whereas the 336.8 meV fine structure splitting in
the spectrum of Arviii is observable up to resonances with the
Rydberg electron in n = 13.

At energies above 2.5 eV, good agreement can be ob-
served between the experimentally derived merged-beam spectra
and the scaled AUTOSTRUCTURE rate coefficients, with the
Svi experiment containing some spectral features at ∼7.5 eV
and ∼9.5 eV, most likely due to DR through 3d4l states, under-
estimated by the calculation. Below 2.5 eV the agreement is less
satisfactory, with the calculated and experimental spectra having
different resonance positions and strengths. The insets in Fig. 1
show the low-energy parts of the merged-beam spectra in more
detail. In the Svi case, the calculated RR contribution is in good
agreement with the experiment down to 1 meV. Although the
AUTOSTRUCTURE calculation predicts two strong DR reso-
nances at ∼100 meV, no such resonances are observed in the
experiment. Below 1 meV, the experimental recombination rate
is clearly enhanced compared to the calculated RR contribu-
tion. This low-energy enhancement is a common characteristic
of storage ring experiments and typically amounts to a factor of
∼3 increase, compared to the calculated RR (Gao et al. 1995).

In contrast to the Svi case, in the Arviii spectrum the ex-
perimentally determined rate coefficients are substantially larger
than the calculated RR rate coefficients already below 100 meV.
With the enhancement beginning only below 1 meV, the increas-
ing difference between the experiment and calculated RR to-
ward lower energies is most likely due to DR. However, it is

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200911799&pdf_id=1
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Fig. 2. Overview of the Arviii merged-beam rate coefficients up to
the Δn = 1 series limits. The experimentally derived spectrum is
shown by the gray area. Vertical bars show DR resonance positions,
with the last bar showing the limit of the respective series. The in-
set shows the high-energy part of the spectrum in more detail. The
solid line shows field-ionization-free DR rate coefficients obtained with
AUTOSTRUCTURE.

difficult to assess the exact contribution of the low-energy DR,
because of the width of the resonance structure. In the experi-
mental spectrum it seems that the resonance overlaps the 0 eV
threshold. Additionally, one should consider the 1/E scaling of
DR strength, which produces an increasing tail in the resonance
profile toward 0 eV (see e.g. Orban et al. 2007). It is inter-
esting to note that in the recombination spectrum of Arviii,
the enhancement below 1 meV is quite large, compared to the
RR level. Extending a trend line to the low-energy DR reso-
nance profile, the enhancement at 10−5 eV is more than an or-
der of magnitude larger than the RR, which seems to suggest
that the enhancement takes place not only in the RR, but also in
the low-energy DR channel. Large enhancements were observed
in the recombination spectra of other ions, also containing low-
energy DR resonances (see e.g. Arxiv, Gao et al. 1995; and
Pb liv, Lindroth et al. 2001). The AUTOSTRUCTURE calcu-
lation predicts a strong resonance in the low-energy part of the
Arviii spectrum, at ∼30 meV.

Results of AUTOSTRUCTURE calculations, containing re-
combination into states with the principal quantum number of
the Rydberg electron extending up to n = 1000 are shown in
Fig. 1 by the dashed lines. DR into states with n ≥ 1000 is in-
significant, therefore the calculated DR rate coefficients shown
by the dashed lines are good approximations for the total DR.
Hereafter spectra containing DR up to n = 1000 will be referred
to as field-ionization-free DR rate coefficients.

The recombination spectrum of Arviii at higher energies,
up to the Δn = 1 series limits is shown in Fig. 2. Here the en-
ergy scale of the measured spectrum was multiplied by 0.986. As
observed in the DR spectra of other Na-like ions, the strongest
DR contributions are associated with DR resonances located
below the 3pnl thresholds (Schmidt et al. 2007). This energy
range also contains 3d4l and 3d5l DR resonances in the case of
Svi and Arviii having comparable strengths to the 3pnl peaks.
The 3dnl resonances at energies above the 3pnl series limits,
on the other hand, are about one order of magnitude smaller,
due to the opening of alternative autoionization channels to ex-
cited states of the Na-like ions. In this range, the agreement

Fig. 3. Various curves showing ncutoff plasma DR rate coefficients of
Arviii, with low-energy parts removed as depicted in the figure in-
set. The thick dashed curve shows ncutoff plasma DR rate coefficients
containing only contributions from DR resonances located below the
3pnl series limits.

between the field-ionization-free AUTOSTRUCTURE results
and experiments is poor. Most notably, the calculation underes-
timates the size of the 3dnl and 4snl series limits, which even in
the field-ionization limited experiment are larger than what the
field-ionization-free calculation predicts.

5.2. Plasma DR rate coefficients

To obtain α(Te) plasma recombination rate coefficients, the
RR contributions first were subtracted from the merged-beam re-
combination spectra, using the RR curves shown in Fig. 1. The
resulting merged-beam DR spectra were then convoluted with
Maxwell-Boltzmann electron energy distributions (Savin 1999):

α(Te) =
∫
α(E) f (E, Te) dE, (4)

where Te is the plasma temperature, α(E) is the merged-beam
recombination rate coefficient, and f (E, Te) is the Maxwell-
Boltzmann distribution of the electron energies:

f (E, Te) =
2E1/2

π1/2(kTe)3/2
exp

(
− E

kTe

)
· (5)

The validity of the above double-convolution for the preparation
of plasma recombination rate coefficients was investigated by
Schippers et al. (2001).

Plasma DR rate coefficients obtained from the experimen-
tally derived DR spectrum of Arviii are shown in Fig. 3. The
contributions from DR resonances located above the 3pnl series
limits are shown by the differences between the solid curve, con-
taining all measured DR resonances and the thick dashed curve,
containing only DR resonances below the 3pnl series limits. The
contributions amount to ∼6% at 106 K.

In order to estimate the contribution from the low-energy
DR structure, several low-energy ranges of the merged-beam
spectrum were removed. The resulting spectra were then used
to obtain plasma rate coefficients, identified by the correspond-
ing labels in Fig. 3. The exclusion of the range up to 10−3 meV
(the typical energy range of enhancements in recombination
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Fig. 4. Plasma DR rate coefficients of a) Svi and b) Arviii. Solid lines and gray areas show ncutoff and field-ionization-free plasma DR rate
coefficients, respectively. Dashed lines show plasma DR rate coefficients obtained from the scaled field-ionization-free AUTOSTRUCTURE
calculation. Dash-dotted lines shows RR rate coefficients from Badnell (2006). Plasma DR rate coefficients from the literature are shown by
the following symbols: squares – Badnell (1991), open circles – Altun et al. (2006), full circles – Aldrovandi & Pequignot (1973), diamonds –
Mazzotta et al. (1998), triangles – Gu (2004), and stars – Jacobs et al. (1979). Horizontal arrows show temperature ranges in photoionized (A) and
collisionally ionized (B) plasmas, where the abundance of the respective ions is higher than 10% of the maximum occurrence (Kallman & Bautista
2001).

spectra measured at storage rings) results in a decrease of 8%
in the plasma DR rates at 103 K. In contrast, removing the
entire low-energy contribution below 100 meV decreases the
plasma DR rates by 98% of the full value at 103 K, and even
at 104 K causes a decrease of ∼10%. Clearly, recombination
in low-temperature plasma takes place predominantly through
these low-energy DR channels. However, the enhancement of
the low-energy rate coefficients, the experimental broadening,
and the vecinity of the threshold in combination with the width
of the DR feature which seems to extend over the threshold, hin-
ders the determination of the exact contribution to the plasma
DR rate coefficients.

As discussed in Sect. 3, field-ionization limits the range of
detectable states populated by recombination. In order to ac-
count for the states not detected in the experiment, the experi-
mentally derived and RR subtracted rate coefficient spectra were
replaced by the field-ionization-free calculations over the field-
affected part of the 3pnl series limits. The resulting spectra
were then convoluted using Eq. (4), to yield field-ionization-free
plasma DR rate coefficients shown by the gray areas in Fig. 4.

The experimental ncutoff and field-ionization-free DR plasma
rate coefficients shown in Fig. 4 were fitted using a formula
with the same temperature dependence as the formula given by
Burgess (1965):

α(Te) = T−3/2
e

∑
i

ci · exp

(
− Ei

kBTe

)
, (6)

where Te is the temperature in K, kBTe is in eV, ci, and Ei are fit
coefficients. The resulting fit coefficients are shown in Table 1.
Using Eq. (6) with these coefficients reproduces the Svi rate
coefficient curves in the 103−105 K temperature range to better
than 0.4% and above that up to 106 K to within 3%. The fit co-
efficients for Arviii reproduce the plasma DR curves over the
entire presented temperature range to better than 0.4%.

The Svi and Arviii plasma DR rate coefficients are com-
pared with data from the literature in Fig. 4. In the spectrum of
Svi, DR is higher than the RR rate coefficients (Badnell 2006)

Table 1. Fit coefficients for the ncutoff and field-ionization-free plasma
DR rate coefficients of Svi and Arviii. The dimensions of ci and Ei are
cm3 s−1 K1.5 and eV, respectively. Numbers in the square brackets are
powers of 10.

Svi ncutoff n = 1000
i ci Ei ci Ei

1 1.75 [–7] 2.74 [–2] 2.40 [–7] 5.00 [–2]
2 4.54 [–6] 3.55 [–1] 5.41 [–6] 3.87 [–1]
3 4.20 [–5] 9.80 [–1] 4.76 [–5] 1.04 [0]
4 1.44 [–4] 2.19 [0] 1.63 [–4] 2.37 [0]
5 8.75 [–4] 5.48 [0] 1.10 [–3] 5.97 [0]
6 7.18 [–3] 1.17 [1] 3.19 [–2] 1.29 [1]
Arviii ncutoff n = 1000
i ci Ei ci Ei

1 8.28 [–6] 2.80 [–2] 8.33 [–6] 2.80 [–2]
2 1.13 [–4] 8.40 [–1] 1.16 [–4] 8.49 [–1]
3 2.55 [–4] 2.21 [0] 2.89 [–4] 2.33 [0]
4 1.75 [–3] 5.59 [0] 1.95 [–3] 5.88 [0]
5 1.87 [–2] 1.47 [1] 5.28 [–2] 1.63 [1]
6 3.00 [–3] 3.50 [1] 4.90 [–3] 3.00 [1]

for temperatures above 5 × 103 K, whereas in case of Arviii,
DR is higher than RR over the entire investigated temperature
range.

Above 2 × 104 K and 3 × 104 K in the plasma DR rate co-
efficient spectra of Svi and Arviii, respectively, DR into states
affected by field-ionization becomes important (see Fig. 4). The
contribution from the field-ionized states is shown by the frac-
tion of the gray areas located above the solid curves. At ∼105 K,
where the plasma DR rate coefficients reach their peak values,
calculated data from the literature have values between the pure
experimentally derived plasma DR rate coefficients and the field-
ionization-free plasma rate coefficients. Closest to our plasma
DR rate coefficients above this temperature are the data of Gu
(2004) and Aldrovandi & Pequignot (1973) for Svi and the data
of Gu (2004) and Mazzotta et al. (1998) in the case of Arviii.
Above 4 × 104 K, all these curves are ∼30% lower than our

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200911799&pdf_id=4
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corresponding field-ionization-free rate coefficients. Svi plasma
rate coefficents by Badnell (1991) and Altun et al. (2006) have
similar values and are ∼40% lower than our data, while above
6 × 104 K, the rate coefficients by Jacobs et al. (1979) are
∼60% lower than our data.

Below 1.3 × 104 K and 2 × 104 K the Svi and Arviii plasma
DR rate coefficients respectively contain mostly DR channels
located below the field-ionization limits and are not affected by
the procedure used to account for the field-ionization in the mea-
surement. In this range, the plasma DR rate coefficients obtained
from the AUTOSTRUCTURE calculations are larger than the
experimentally derived data for both ions. These discrepancies
are due to differences in the low-energy DR channels (see insets
in Fig. 1). In the case of Svi the AUTOSTRUCTURE calcula-
tion shows two strong DR peaks at 80 and 145 meV, not observed
in the experiment. These two peaks cause a factor of 23 differ-
ence between the AUTOSTRUCTURE and experimental plasma
DR rate coefficients at 103 K.

In the case of Arviii, both the experimentally derived and
the calculated merged beam rate coefficients contain DR con-
tributions at low energies. As a consequence of the differences
between the experimentally derived and calculated spectra, at
103 K, the AUTOSTRUCTURE plasma DR rate coefficients are
a factor of 6.5 larger than the experimentally derived values. The
very low energy position, a width that is comparable with the en-
ergy position, and the broadening of the low-energy DR feature
by the finite experimental energy resolution, and additionally the
enhancement at low energies, all affect the accuracy of our pro-
cedure to obtain plasma rate coefficients. It is therefore difficult
to make a valid comparison of the Arviii plasma rate coefficients
at low temperatures.

At low temperatures, below 2 × 104 K, large spreads can
be observed between the data available in the literature for
both ions. The Svi plasma rate coefficients by Aldrovandi &
Pequignot (1973) and Jacobs et al. (1979) neglect DR into the
lowest available n states and have negligible values at these
temperatures.

Below 104 K, the rate coefficients by Gu (2004) are lower
than our experimentally derived data in the case of Svi and
higher in the case of the Arviii plasma DR spectrum. These
discrepancies with the results of state-of-the-art calculations for
two ions belonging to the same isoelectronic sequence, differing
by only 2 atomic numbers, emphasize the need to individually
evaluate the low-temperature plasma DR rate coefficients of the
most relevant ions.

6. Conclusions

We present recombination spectra of two astrophysically rel-
evant Na-like ions, Svi and Arviii. At low energies, the
merged-beam spectrum of Arviii is strongly enhanced, and at
10−5 eV is more than a factor of 15 larger than the calculated
RR contribution.

At high temperatures the calculated results closest to the
obtained plasma DR rate coefficients are those of Gu (2004)
and Aldrovandi & Pequignot (1973), in the case of Svi and the

calculations by Gu (2004) and Mazzotta et al. (1998), in the case
of Arviii. Above 105 K these rate coefficients are ∼30% lower
than our results for both ions, with the other data available in
the literature having even lower values. At temperatures below
104 K, a large spread exists in the data available in the literature
for both ions. State-of-the-art calculations are unreliable in this
temperature range, in some cases underestimating and in other
cases overestimating the plasma DR rate coefficients. These dis-
crepancies are caused by uncertainties in low-energy DR reso-
nances, which are difficult to calculate accurately. Storage ring
measurements provide high resolution recombination spectra
and are the most appropriate method for evaluating the calcu-
lated DR results, especially at low energies.
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