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a b s t r a c t

The dielectronic recombination of Li-like into Be-like aluminum ions, in laser-produced plasmas with
Li-like ions, is re-visited with respect to the contribution of near-threshold states. Results are shown
for recombining laser-produced plasma regime. The relativistic Dirac R-matrix calculation is performed
to output resonance energy levels and rates. The target energies, and orbitals, are calculated with the
extended average level multi-configurational Dirac–Fock method in the general-purpose relativistic
atomic structure package (GRASP), while for determining the plasma population densities distribution
over the excited Rydberg states, the Atomic Data Analysis System (ADAS) package programs is used.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

The possible role of the negative-energy resonances on cross
sections and rates for dielectronic recombination (DR) process in
Mg8+ and C3+ into the plasma, has been recently pointed out
[1,2]. The idea is that, depending on plasma density and tempera-
ture, there are different paths for an atomic ion to temporarily cap-
ture an electron into a high Rydberg state. In a realistic picture, i.e.
in a plasma environment, due to collision processes, the electron
energy is not constant varying with a thermal distribution. Then,
different doubly excited states mix through configuration interac-
tion (CI). Since, up to now, these below-threshold resonances have
not been included in dielectronic recombination calculations, the
experimental verification of their role is important.

In the present work we study another species that could be
experimentally investigated from the point of view of the role of
negative-resonances states to DR cross section and rate. We refer
to laser-produced plasma with Li-like Al ions. This plasma has been
studied in context of X-ray laser experiments, based on the recom-
bination pumping scheme. Amplification of X–UV radiation has
been experimentally demonstrated many years ago [3]. The ampli-
fied output signal has been detected along the axis of an elongated-
shape plasma whose length (typically a few centimeters) is much
larger than its transverse size (a few tenths of millimeter). The gain
values have been inferred from the rate of exponential-growth of
the amplified line-intensity with plasma length. In parallel with

the experiments, computer modeling has also been performed. It
has been demonstrated [4] the role of DR process on gain of
X-ray lasers with Li-like ions when the electron temperature is of
order of the 1s22s – 1s22p transition energy. The complete simula-
tion of the gain coefficient (time- and space-dependent density and
temperature being taken into account), for the radiation of spectral
lines corresponding to 3d-5f (k = 10.57 nm), 3d-4f (k = 15.46 nm),
and 4f-5g (k = 33.47 nm) transitions, have then been examined
with, and without, dielectronic recombination.

The electron scattering with Li-like Al has been subject of our
previous works [5,6]. In the present work, the Dirac-Atomic –
R-matrix relativistic calculation of atomic data for Al X is reported.
We used the extended average level (EAL) multi-configurational
Dirac–Fock (MCDF) method including quantum electrodynamics
effects (QED) in the general-purpose relativistic atomic structure
package (GRASP), while for determining the radiative and autoion-
izing rates the Dirac-Atomic R-matrix Code (DARC) was used. We
restrict ourselves to including the only ten non relativistic config-
uration state functions: 1s22s2, 1s22p2, 1s22s8s, 1s22s8d, 1s22s8f,
1s22s8g, 1s22p8s, 1s22p8p, 1s22p8f, and 1s22p8g in the calculation.
This gives rise to 74 fine structure levels. To stabilize the order of
the levels (odd or even), an initial analysis on each parity has been
done. For the even parity group, the reference set contains {1s22s2,
1s22p2, 1s22s8s, 1s22s8d, 1s22s8g, 1s22p8p and 1s22p8f}, and for
the odd parity groups {1s22s8p, 1s22p8s, and 1s22p8d}. Once the
order has been stabilized, we refer to Dn = 0, n = 8 transitions.
There are not level energy data in the NIST table [7]. To check
the accuracy of the resonance positions we used the Opacity Table
[8]. The paper is structured as follows: In Section 2 we briefly out-
line the theoretical background of the calculations and present
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some details of the models for target states. In the Dirac-Atomic R-
matrix scheme the internal region is treated similarly to a simple
Dirac–Fock atomic structure calculation. The relativistic approach
based on the Dirac equation has the advantage that all the relativ-
istic effects are included not only for the eigen energies but, most
importantly, in the radial wave functions. In the present calcula-
tion we included Breit interaction in the bound–bound part of
the continuum Hamiltonian. The effect is to modify the thresholds
and move the resonance structures. In Section 3 we give our results
on DR rate for selected transitions allowing explicitly for resonance
effects. Section 4 is devoted to conclusions.

2. Theory and details of calculations

The theoretical basis for the present calculations has been
described in detail elsewhere [9-11]. It is essentially the relativistic
or Dirac version of the R-matrix method. The R-matrix theory com-
mences by partitioning configuration space into three regions
describing the scattering of an electron by an N-electron atom or
ion: an internal region, an external region and an asymptotic
region. The R-matrix radius is chosen so that electron exchange
between the colliding electron and the target vanishes and hence
the colliding electron moves only in the long-range local multipole
potential of the target. The solutions obtained in each of these
regions are related by the R-matrix which corresponds to the in-
verse of the logarithmic derivative of the wave function on the
boundary of the two regions. One important point to note is that,
in the R-matrix method, the inner region solution is obtained only
once, and then cross sections for any number of energy points are
readily available. In the asymptotic region, the radius is propagated
to a new distance, chosen large enough that the radial functions
which represent the colliding electron can be accurately repre-
sented by an asymptotic expansion. The K-matrix elements and
the S-matrix elements, and therefore the collision strengths Xij

can be easily calculated by matching the solution of the inner
and outer regions at the R-matrix boundary radius r = a.

The Dirac Hamiltonian for the (N+1)-electron system, in atomic
units, is written as:

HNþ1 ¼
XNþ1

i¼1

�ica � ri þ ðb� 1Þc2 � Z
ri
þ
XNþ1

j¼iþ1

1
jrj � rij

ð1Þ

where i and j index the individual electrons, Z is the charge of an
infinitely heavy point nucleus, the electron mass has been sub-
tracted, and a and b are the usual Dirac matrices constructed from
Pauli spin and unit matrices. The first three one-electron terms in
the Hamiltonian are a momentum term, mass term and the elec-
tron-nucleus Coulomb attraction. The final two-electron term is
the Coulomb electron–electron repulsion.

The Oxford code, the GRASP multiconfiguration Dirac–Fock
(MCDF) code [12] was used to obtain the wave functions and ener-
gies of the Li-like Al target. We are interested in evaluating atomic
data as level energies, radiative transition probabilities, line
strengths and the Auger rates, for transitions between the n = 8
levels. To this end, configurations such that 1s22s2, 1s22p2,
1s22s8s, 1s22s8d, 1s22s8f, 1s22s8g, 1s22p8s, 1s22p8p, 1s22p8f,
and 1s22p8g have been included in the average level (EAL) calcula-
tion, while 1s2, 2s2 and 2p2 shells were kept full. These jj-coupled
configuration state functions (CSF’s) result in a set of 74 levels that
are limited to the following symmetry–parity combinations JP = 0±,
1±, 2±,3±, 4±, 5+.

In the isolated-resonance and independent process approxima-
tion, the dielectronic recombination cross section, as function of
the free electron energy e, for a given N electron initial level i
through an intermediate (N+1) electron intermediate level j is
given by [2]:

rjðeÞ ¼
p2

jEjij
gj

2gi

Cj

2p

ðe� EjiÞ2 þ
C2

j

4

X
k

CAðj! kÞBj ð2Þ

where Ej is the energy and gj is the statistical weight of the (N+1)
electron doubly excited level, Ei is the energy and gi is the statistical
weight of the N electron initial target level, and Eij = Ej � Ei. The
branching ratio for radiative stabilization is given by:

Bj ¼
P

nCRðj! nÞP
kCAðj! kÞ þ

P
nCRðj! nÞ ð3Þ

where the radiative CR and autoionizing CA rates are evaluated
using relativistic calculations. When a single state is embedded in
a continuum or Rydberg series, the short range S-matrix has the
property [13]:

1� jS11ðEÞj2 ¼
CRCA

ðE� ErÞ2 þ ½ðCR þ CAÞ=2�2
ð4Þ

where Er is the energy of the compact state (which can be positive
or negative). CA is related to the configuration interaction coupling
between the state and the channel. This form does not depend on
whether Er is positive or negative. If the resonance is at positive
energy, the rate coefficient for DR from a thermal distribution is cal-
culated as:

Kd ¼
2p
T

� �3=2 2Jr þ 1
2ð2Jc þ 1Þ

CRCA

CR þ CA
e�Er=T ð5Þ

where T is the temperature (T>>CR + CA), Jr is the angular momen-
tum of the resonance, and Jc is the angular momentum of the core. If
the resonance is at negative energy, the probability to be in an n
manifold with total angular momentum Jr and core electrons with
angular momentum Jc is [1]:

Pðn; JrÞ ¼
2p
T

� �3=2 2Jr þ 1
2ð2Jc þ 1Þ expð�En=TÞfðEnÞ ð6Þ

where En = �Z2/(2(n2) is the energy of the n manifold and f(En) is the
Saha–Boltzmann deviation factor [14] depending on plasma tem-
perature and density.

Table 1
Al9+ even-parity resonance-level energies. a�b reads a � 10b.

Configuration Term Energy (au) CR(s�1) CA(s�1)

1s22p8p 1P1 �0.02047 3.870308 2.82209

1S0 �0.01422 6.951608 5.29509

3P2 �0.01722 4.200108 1.24510

3P1 �0.01767 7.011608 7.40509

3P0 0.01871 9.277408 1.40009

3D3 0.00853 8.601608 7.77709

3D2 0.01387 4.512708 3.30609

3D1 0.00812 7.013608 3.35109

1D2 0.01071 6.982308 5.69009

3S1 0.01098 4.425308 6.78209

1s22p8f 1D2 �0.00566 4.007708 8.21308

1F3 �0.006465 3.673308 1.39608

3F4 �0.00573 3.659808 3.179908

3F3 �0.00599 6.225908 6.80708

3F2 0.02429 5.274208 1.14409

3G5 0.02236 7.800508 5.17412

3G4 0.02149 4.051408 2.62406

3G3 0.02222 4.798908 7.79508

1G4 0.02358 1.692808 3.174107

3D1 0.02365 9.859408 2.46208

3D2 0.02519 6.717408 1.684508

3D3 0.02117 3.249708 2.05508
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