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Based on the multi-configuration Dirac—Fock method, this paper has made theoretical calculations for the dielec-

tronic recombination cross-sections and the high-n dielectronic satellites to Ka resonance line in helium-like aluminium

ions. It is found that high-n dielectronic satellites are seriously mixed with resonance line, which leads to a significant

increase in both the apparent width and the intensity of Ka resonance line. They also induce a positional shift of K«

resonance line.
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1. Introduction

When a 2p-shell electron undergoes radiative
transitions to 1s-shell, we have K« resonance line. The
Ka resonance line is a characteristic line for various el-
ements. It is extensively used for determining the pa-
rameters of high-temperature tokamak plasmas.[!—3!
But the line is often blended with lithium-like dielec-
tronic satellites (DS) due to transitions 1s?nl — 1s2pnl
with n > 3. These satellites give a significant increase
in both the apparent width and the apparent inten-
sity of the resonance line. They also influence the
evaluation of the satellite-to-resonance-line ratio for
diagnostics of solar flares and tokamak plasmas.[¥ On
the other hand, as originally pointed out by Nardi and
Zinamon,®) Ka satellite lines can be used to diagnose
plasma conditions in energetic particle beam experi-
ments. In target ions with partially filled L-shells, the
Ka satellite lines exhibit a detectable shift to shorter
wavelengths as the number of L-shell spectator elec-
trons decreases. Thus, the wavelength of the emission
reflects the target ionization stage. This feature has
also been used to investigate hot electron transport
in laser-produced plasmas,'®7 where the K-shell va-
cancies are produced by the hyper-thermal electrons.
For these diagnostics applications, the study of the

satellites is indispensable, one has to determine the

contribution of these satellites to the Ka resonance
line as accurate as possible.

Although the main abundance is from hydrogen
and helium in cosmic cloud, the study of other ele-
ments such as Al, Mg, Fe is also important and has
become well feasible in the couple of decades.!®! The
DS from lithium-like aluminium has been studied both

[910] but there is no

experimentally and theoretically,
particular study of high-n DS from lithium-like alu-
In this

paper, we present a detailed analysis of high-n dielec-

minium as far as we find in the literature.

tronic satellites from lithium-like aluminium by using
the dielectronic recombination program!!! which we
developed recently based on the multi-configuration
Dirac-Fock method. The contributions of the satel-
lites to Ka resonance will be discussed. In the practi-
cal calculations, the high-n contributions from n = 3
to 10 is evaluated directly, and the results are extrap-
olated up to n = 100. A comparison of the present
theory with experiments will be an issue in coming

papers.

2. Theoretical method

The DS transition processes of helium-like alu-

minium has a form
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e” 4+ A" (1s?) — AT (1sn,1,nl)*™*
— A" (12nl)* + ho. (1)

A free electron collides with an ion AI''*(1s?) (de-
noted as ¢ from now on) and it is captured into a nl
orbital after exciting one electron in ‘¢’ into an n,1, or-
bital, resulting with the formation of a resonant dou-
bly excited state AI'**F (1sn,1,nl)** (denoted as j from
now on). This process is followed by a radiative decay
of ‘57 into the state A1'0T (1s?nl)* (will be denoted as
k from now on), providing us with DS lines. The DS
cross-section from 4 to k through j can be given by
the following equation in the framework of two step
approximation:

ops (i, j, k) = o7 ;Bj 1, (2)

where o7 ; is the cross-section of the resonant capture
process from ¢ — j, and B} is the radiative branch-

ing ratio for the process from j to k. The quantities

o5 ; and B  can be calculated by[ ]
271
c _ 9; Aa Sle — e 3
Ul,] meg] 29] (5 EJ)? ( )
and A
Br _ jk 4
Jik Ek’A;'k/ + Ei’A?,L'/ ’ ( )

where g; and g; are the statistical weights of the state
¢ and j respectively, the summation i’ runs over all
the possible Auger final states, the summation k' runs
over all the possible radiative final states and §(e —¢;)
is a delta function that requires the matching of the
free electron energy e to the resonance state energy

gj. The radiative decay rate A%, is given by 12!
. 4e’w
ik = 3?3;|<%|T(t)| )l (5)
j

where ¥; and ¥y are atomic state function (ASF) for
the states j and k respectively, w, is the photon en-
ergy, and T® is a multipole radiative tensor operator.

And the Auger decay rate A%, is given by[!3)

8= (1| v )

where ¥;_is the ASF of a combined system of ¢ and
Vpq is the sum of the

Coulomb and Breit operators, which in atomic units
(14]

, (6)

pq

a free electron with energy ¢;.

is expressed by

1 cos(wr
v L cos(wry)
(- P

Pq Pq

cos(wrpg) — 1

+ (pVp)(agVy) ) (7)

W2Tpg
where o, and oy are the Dirac matrices, and w is the
wave number of the exchanged virtual photon.

In a practical calculation, the energies and the
wavefunctions have been generated by a widely used
atomic structure package GRASP92.1'5] The ASF is
a linear combination of the configuration state func-
tions, which are antisymmetrized products of a com-
The basis
set are optimized with respect to the Dirac—Coulomb

mon basis set of orthonormal orbitals.
Hamiltonian. Furthermore, the (transverse) Breit
interactions are added by diagonalizing the Dirac—
Coulomb—Breit Hamiltonian matrix. The dominant
QED contributions, i.e. self-energy and vacuum polar-
ization effects, are also included in the computations
as perturbation. The radiative decay rates and the
Auger decay rates are calculated by using the recently
developed REOS99!'? and AUGER!"®! programs re-
spectively.

The DS strength S;; is obtained by integrating
the DS cross-section opg(4, j, k) in Eq.(1) over the en-
ergy € in the vicinity of the resonance energy €;. Sub-
stituting Egs.(3) and (4) into Eq.(2), we obtain

©’h° g
mcaj 291

r
a Aj
Jt Ek/A;k/ + EZ/A?Z/

Siji(ej) = (8)

Then, the total DS cross-section o)

S may be obtained
by a sum of S;j;, over all the possible intermediate
state j and the final state k. To facilitate oS compa-
rable with experiments on the scale of incident elec-
tron energy ¢, we multiply a gaussian profile centred
at €; with an energy resolution I' to each S;;;, we

have

Z Sijk(€5) p[— (e — Ej)2}' 9)
Nz 212

Here, the width is assumed to be 5 eV to get the de-
tailed structure. Furthermore, to facilitate the total
DS cross-section comparable with experiments on the
scale of emitted photon wavelength A, we may attach a
Gaussian profile centred at a satellite line wavelength
Aji with a width A to each S;j,. We have UES (\) as
a function of A, that is

-5 Sl [ O
7A )\ 2AN2
Here, the width A\ is given according to spectral
resolution 2mA.
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3. Result and discussion

We illustrate the convoluted DS cross-section
oPS(e) in Fig.1. In practical calculations, the lyax
is assumed to be (n — 1) for the doubly excited states
1s2pnl (n < 8) and 6 for the doubly excited states
1s2pnl (n > 7). The resolved features are the emis-
sions from KLM (n = 3), KLN (n = 4), KLO (n = 5),
KLP (n = 6) and KLQ (n = 7) resonances. Even
though they are unresolvable, the cross-sections up to
n = 10 are also depicted in the figure. It can be
seen that, although the strength of each resonance
decreases as n increases, the resonances for large n
(n > 3) give an important contribution. It amounts
to 150% of the contribution from n = 3 resonance.
And further on, in Table 1 we compared our results
with previous data of the wavelengths!'%:17 to verify
the accuracy of the present calculation. It can be seen
that our results are sound. We may conclude our that
energies and hence our wavefunctions are sound.
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Fig.1. Calculated DS cross-sections as a function of
electron energy for n = 3 to 10 resonances.

Table 1. Comparison of the present calculated DS wavelengths (in A) of helium-like aluminium ions with

available theoretical and experimental results.

lower level upper level

15225 (0,1/2)1 /2
15225(0,1/2)1 /2
15225(0,1/2)1 /2
15225(0,1/2)1 /2
1s22p(0, 1/2)1 /2

1s22p(0, 3/2)3,2

1s22p(0, 3/2)3/2
1s22p(0,1/2)1 /2
1s22p(0, 3/2)3/2

1s22p(0, 3/2)3,2

1s2s3p(1, 3/2)3/2
1s2s3p(1,3/2)1 /2
1s2s3p(0,1/2)1 /2
1s2s3p(0, 3/2)3,2
1s2p3p(1,3/2)1/2
1s2p3p(1,3/2)1/2

1s2p3p(2, 3/2)1 2

1s2p3p(1,1/2)1 /2
1s2p3p(1, 1/2)1 /2

1s2p3p(2, 3/2)5/2

)
)
)
) )
) )
1s22p(0, 1/2)1 /2 )
) 152p3p(2,3/2)1 /2
) )
) )
) )
) )

1s22p(0, 3/2)3,2 1s2p3p(1,3/2)3/2

Athiswork Atheor. Aexp.
6.7976 6.795216] 6.792617)
6.7974 6.7950(16] 6.7915017)
6.7548 6.7499(16] 6.7464117)
6.7431 6.7490(16]

6.8303 6.8247116]
6.8329 6.8284[16]
6.7984 6.7903[16]
6.8011 6.7940!16]
6.7857 6.7782[16]
6.7883 6.7818[16]
6.8130 6.8042[17] 6.8049(17]
6.7859 6.7785[17] 6.7807[17]

In Fig.2, our three-dimensional dielectronic re-
combination (DR) spectrum is plotted to show a rela-
tionship between the DS strength and both the free-
electron energy and DS wavelength. Here KLL reso-
nances are not included because they deviate from Ko
resonance line and are greater than 40mA, they give
very small influence to the Ka resonance line. The
notation Ak, is respectively the wavelength of Ko res-
onance line of helium-like aluminium ions. It can be

seen that the resonance spectrum of n = 3 consists
of two parts. Peak a is the contribution of 1s2p3d-—
1523d transition, its mean wavelength is 7.767 A. Peak
b is the contribution of 1s2p3p—1s23p and 1s2p3s—1s23s
transition, its mean wavelength is 7.781 A. Because of
the strong interaction between 2p and both 3s and 3p
electrons, the difference between the mean wavelength
of peak b and Ka resonance line is as large as 21mA.
Every resonance spectrum of large n (n > 3) also con-
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sists of two parts. Because the interaction between
2p and nl electrons becomes weaker with the increase
of n value, the difference between two parts becomes

smaller with the increase of n value.

RN
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o]

Resonance Strength /(

Fig.2. The three-dimensional plot of DR process of

helium-like aluminium ions.

For showing the contributions of high-n DS to
Ka resonance line in helium-like aluminium ions more
clearly, we illustrate our calculated satellite line spec-
tral contributions from various n as functions of wave-
length deviation from Ko resonance line in Fig.3.
Again peak 3a is the contribution from 1s2p3d—1s23d
transition and peak 3b is contribution from 1s2p3p—
1s23p and 1s2p3s-1s23s transition. Because of the
large difference between peak 3b and Ko resonance
line, the dominating contribution from KLM comes
from peak 3a. The wavelength of Ka resonance line
is 7.7597A. We can see that the high-n satellites are
found mostly on the long wavelength side, and their

positions converge to the resonance line position as
n (n > 3) increases. This means that these high-
n DS lines are seriously superposed at the position
of resonance line if they are existent in the plasma,
which would lead to a significant increase in both the
apparent width and the intensity of Ko resonance
They also would induce a positional shift of
In order to determine the to-

line.
Ka resonance line.

tal high-n contribution, nmy.x = 100 has been chosen
here. Of course, in a practical diagnostic application,
Nmax should be determined according to the practical

plasma condition. 8!

120

100 1 /

Resonance strength/(1072! cm?- eV - mA—1)

15

10
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Fig.3. Calculated high-n DS resonance strengths as
functions of deviation from Ka resonance line. The
notation sum illustrates the sum of all the different n.

4. Conclusion

The DR cross-sections of helium-like aluminium
ions have been studied in detail. It is found that the
strength of each resonance decreases as n increases,
the resonances for n > 3 give an important contribu-
tion. Even higher resonances for n >11 cannot also
be neglected.

The energy positions and strengths of the high-n
satellites are presented also. As expected, they are
always locating on the red wings, and approaching
gradually to the resonance line and become weaker
with the increase of n value. In this consequence, the
accumulation of high-n DS lines can be very impor-
tant for the results in a serious mixing with resonance
line. Therefore, it is necessary to consider the contri-

butions in a practical plasma diagnostic application.
A comparison of the present theory with experiments

will be an issue in coming papers.
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