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RESUME - L'utilité de l'ensemble des forces d'oscillateur du Projet Opacity en vue du calcul de temps 
de vie radiatifs est examinée dans le cas des ions de la séquence isoélectronique de Mg. On dis
cute brièvement les effets intéressants concernant les tendances spectroscopiques et isoélectroniques. 
L'accord entre les présents temps de vie et ceux calculés précédemment à l'aide des meilleures méthodes 
disponibles est très bon, mais la comparaison avec un vaste ensemble de données expérimentales est 
moins satisfaisante. Nous concluons que le présent ensemble de données est d 'une précision statistique 
plus grande que les valeurs mesurées. 

ABSTRACT - The usability of the Opacity Project f-value dataset for the calculation of radiative 
lifetimes is examined in connection with ions in the Mg isoelectronic sequence. Interesting effects 
regarding spectroscopic and isoelectronic trends are briefly discussed. The agreement of the present 
lifetimes with those previously calculated by state-of-the-art methods is very good, but the comparison 
with ample experimental data is patchy. We conclude that the present dataset is of higher statistical 
accuracy than the measured values. 

1 - INTRODUCTION 

The Opacity Project / l / is concerned with the computation of the radiative atomic da t a required to estimate 
stellar envelope opacities. For the astrophysically abundant ions, accurate f-values are calculated for all optically 
allowed transitions involving bound states with effective quantum numbers v < 10. For this task the R-matrix 
method / 2 / , as applied within the electron-ion close-coupling formalism, has been extended to handle efficiently 
the calculation of bound states and radiative da ta for both bound-bound and bound-free transitions / 3 / . An 
innovative feature of the new approach is that initial bound-state energy estimates are no longer necessary as 
input; in contrast, previous numerical packages based on the close-coupling method (see, for instance, / 4 / ) 
required an initial estimate for the bound-state energy which usually was taken to be the spectroscopic value. 
As a result, eigenvalues and eigenfunctions for bound states that have not been measured can now be computed. 
The computed energies and f-values are stored in files which are referred to respectively as the elev and fvalue 
datasets, and the structure of the latter allows to estimate radiative lifetimes for all the bound states including 
most, if not all, the decay channels. 

In the present report we discuss the usability of the fvalue dataset in the calculation of radiative lifetimes 
in the context of the Mg isoelectronic sequence. In contrast with other third-row sequences, the Mg-like ions 
have been extensively studied both theoretically and experimentally; this presents a unique opportunity for 
comparison. 

2 - RADIATIVE LIFETIMES 

The radiative lifetime of a state j is defined as 

*'- rk 
where Aji is the spontaneous transition probability (in units s~

l
) corresponding to the j -* i radiative decay 

channel. A,,- can be expressed in terms of the absorption oscillator strength /,-,- by 

_ 6.670 x 1Q« g i 

where gj and g{ are the statistical weights of the upper and lower states respectively, and the wavelength A for 
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Fig. 1 - Radiative lifetimes for the 3snp ' P o  singly excited states plotted as a function of n. Solid curve: AIg 
I. Dashed curve: .A1 11. Dotted curve: Si 111. Dot-dashed curve: S V. T h e  radiative lifetimes are in ns. 

Fig. 2 - Radiative lifetimes for the 3pnp IP doubly excited states plotted as a. function of n. Solid curve: SIg 
I. Dashed curve: A1 11. Dotted curve: Si 111. Dot-dashed curve: S V. T h e  radiative lifetimes are in ns. 

the transition is given in .h. The numerical approach to calculate bound states and f-values within the R-matrix 
method is summarised by Berrington et a1 /3/. In the Opacity Project only the astrophysically abundant ions 
of the hIg isoelectronic sequence are considered, namely hIg I, A1 11, Si 111, S V, Ar VII, C a  IS and Fe SV. 
The adopted target representations ~vill be discussed elsewhere, but, briefly, all the states of the Na-like targets 
with n 5 4 are taken into account except for hlg I1 where the 5s state is also included. LS-coupling is assumed 
throughout and core polarisation is neglected. Eigenenergies are calculated for series of bound states (singlets 
and triplets) of the target + e system with active-electron orbital angular momentum I < 4, total orbital angular 
momentum L 5 4 and effective quantum number v 5 10. This gives rise to  a total of 1247 bound states and 
17031 optically allo\ved transitions for the ions listed above; the volume of these new datasets surpass previous 
experimental and theoretical estimates by orders of magnitude. Furthermore, Butler et a1 /5/ have carried out 
useful statistical comparisons with spectroscopic nultiplet energies and f-values calculated by other elaborate 
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Fig. 3 - Isolectronic trends of the radiative lifetimes of the states: 3p3d 3F0 (solid curve), 3P2 (dashed 
ctirve) and 3p3d lPO (dotted curve). The radiative lifetimes are in ns. 

numerical methods that indicate that the present datasets are of high statistical accuracy. 

For the present report radiative lifetimes are calculated from the fvalue files using the length values and 
calculated wavelengths. No further refinements are performed. With the resulting lifetime values one can carry 
out studies of both spectroscopic series and isoelectronic trends. For instance, in Fig. 1 the lifetimes for the 
3snp ' P o  singly escited states in hIg I, A1 11, Si I11 and S 1' are plotted as a function of n. For these states 
r ,  increases approximately as n3, but, as Z increases, the effect of series perturbers can lead to significant 
departures. In contrast, the lifetimes for the 3pnp ' P  doubly escited states are found to be almost independent 
o f  n (see Fig. 2). This effect is caused by the complete dominance of the decay channel 

that corresponds to a "photo-decay of the core"; that is, the lifetimes of such states are almost equal (particularly 
as n increases) to the lifetime of the corresponding 3p 2P0 Na-like core state. It may be regarded as the reverse 
process to that that gives rise to the PEC ("photo-excitation of the coren)'resonances discussed by Yu Yan and 
Seaton 161. 

Isoelectronic studies may be performed even though only the astrophysically abundant ions are considered. 
For n = 3 states interesting trends are found for the 3p3d 'Po, 3p3d 3F0 and 3p2 'D states as shown in Fig. 3. 
The first tn70 states have electronic configurations which are usually referred to  as "plunging configurations". For 
1Ig I, and in some cases A1 11, these doubly escited states lie above the ionisation limit giving rise to resonances, 
but as Z increases they move down into the bound spectrum where they can perturb Rydberg states. hlising 
is usually small unless the t\vo interacting states are very close together, when extensive cancellation in the 
f-value may occur leading to large lifetimes. Such is the case of the 3p3d 'Po and 3p3d 3F0 states of Si I11 
xvhich mix strongly with the 3s6p IF0 and 3s4 f  3F0 states respectively. The situation with the 3p2 l D  state is 
somewhat different; in agreement with previous work (see, for example, 17, 8/), this state is not found as a well 
defined state in Blg I and it  appears as a very long-lived state below the 3s3d ' D  in A1 11. Cancellation in the 
contributions t o  the lifetime of the 3p2 ' D  state due to  the long-range mixing with the 3s3d ID state remains 
strong even as Z increases. 

In Table 1 we compare present lifetimes with measurements and other theoretical results. This compilation, 
by no means exhaustive, gives an idea of the amount of work dedicated to  the radiative properties of hlg-like 
ions. The agreement with the lifetimes calculated by Moccia and Spizzo /9/ for 25 states of bIg I using an L2 
technique is well within 10% except for 3 states (3s4p lPO,  3s5p 'P" and 3s3d ID)  where i t  is around 15%. 
Similarly the differences with the lifetimes calculated by the bIulticonfiguration Hartree-Fock method of Froese 
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Fischer and Godefroid /8/ for 57 singlet states of the hlg-like ions considered here are not larger than 20 %, if 
one excludes the long-lived 3p2 state of A1 I1 and the strongly mixed 3p3d Po and 3s6p Po states of Si 111. 
On the other hand, the agreement between theory and the extensive experimental data  is varied and in some 
cases large differences are observed. 

In our opinion, the lifetimes calculated in the present work are in general accurate to within 20% except for 
a few specific states where strong mixing leads to numerical difficulties. However, the role played by relativistic 
corrections in  the higher members of the isoelectronic sequence should be investigated before this ranking could 
be asserted. Lye do not expect present results to  change dramatically with further theoretical refinements, and 
the large differences found with several measurements are mostly due to esperimental problems. 

2.1 list of lifetimes for Llg-like ions calculated within the Opacity Project can be obtained from C. h ~ ~ ~ d ~ ~ ~  
upon request. 
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Table 1. Comparison of theoretical and experimental radiative lifetimes (ns) for ions of the 1Ig sequence 

Z ST-qTE PRES hICHF LIS ESPERISIENT 

3s4s l S  
3s5s IS 
356s IS 

3s7s l S  
388s 
3s9s l S  
3s-1s 3S  
3s5s 3s 
3s6s 3S 
3s3p 'PO 

3s4p 'PO 
3s5p lP0 
3s3d l D  
3s4d ' D  
3s5d ID 
3s6d ID 
3s7d l D  
3s8d ID 
3s9d ' D  
3s3d 3D 
3s4d 3D 
3s5d 3D 
3s6d 3D 
3sid 3 D  
3p2 3 P  
3p2 l S  
3.34s l S  

47 f 3ag, 20af 
163f 8!, 2.0 f I.Oac, 100 f j ag ,  102 f zaf 
201&4$, 211f12ag 
350& 16ag 
548 f 3Sag 
846 f 40ag 
13*1f, 14 .8f0 .7~ ,  10.1k0.8k, 9 . 7~k0 .5~ ,  9 . 7 I t 0 . 6 ~ ~  
25.6 f 2.1t, 6.1 * l.OaC 
52.1 f 6i, 51.8 f 3~~ 
1.99&0.08a, 2.03f0.06~,2.01f 0.06C, 1 .5f  0.2f, 2 .2f  0.2$, 
1.9&0.33, 2.09f0.1°, 2.00&0.04y, 2.0&0.1ac 
lO.4f2J, 1.8f0.4aC 
2 8 f S  
57.0f 3.6', 81  f 6"g, 72 f ilaf 
54.9& 1.4f, 32 f 3k, 5 7 f  3ag, 53 f 3"f 
34.3 & 2AP, 24 & 5aC, 50 & 4ag 
50.3& 2.2j, 4.2 f 0.8aC, 54 * 3a9 
73.1 f 2.7',,92.6m, 70 f 6ag 
85.4f 10.Sa, 232m, 93 & 7aQ 
99.4 & 9.4', 127 f 8ag 
3 . 7 f l f ,  6.6f0.5e, 11.3f 0.&, 6.5f 0.5O, 6 . 6 f0 .5~ ,  5.9f 0.-lab 
lo* lf, 13.5+~0.5~ ,  18.4f0.7', 13.5f 11, 1 3 . 6 f 0 . 9 ~ ~  
34.1 + 1 . 5 ~ ~  
55.7* 3a6, 2.7f O..lac 
91.5f5ab 
2.3&0.2f, 2.2f0.Ze, 2.10f0.15° 

5.9 f 0.3d 
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Table 1. Continued 

Z STATE PRES 

14 3p3d1F0 0.41 
14 3s5f IF0 0.48 
14 3s4f 3F0 0,4? 
14 3s5f 3F0 0.94 
14 3s5g ' G  2.77 
14 3959 3G 2.76 
16 3 p 2 1 S  0.23 
16 3dZ I S  0.086 
16 3s3p ' P o  0.19 
16 3p3d'Po 0.11 
16 3s4p 3P0 0.66 
16 3p2 I D  5.85 
16 3s3d l D  0.083 
16 3d2 ' D  0.10 
16 3p3d ' D o  0.19 
16 3s3d 3 D  0.15 
16 3p3d IF0 0.087 
16 3s4f 3F0 0.077 
16 3s7g ' G  0.14 
16 3d2 ' G  0.34 
18 3 p 2 1 S  0.15 
18 3d2 ' S  0.041 
18 3s4s 3 S  0.034 
18 3s3p ' P o  0.13 

18 3p3d ' P o  0.062 
18 3s4p ' P o  0.052 
18 3p2 ' D  2.52 
18 3s3d ' D  0.055 
18 3d2 0.051 
18 3p3d1D0 0.13 
18 3s3d 3 0  0.098 
18 3s4d 3 D  0.076 
18 3p3d IF0 0.053 
18 3s4f 3F0  0.022 

18 3d2 IG 0.17 
20 3p2 l S  0.11 
20 3d2 ' S  0.031 
20 3s3p l P O  0.092 
20 3p3d IP0 0.047 
20 3p2 ' D  1.47 
20 3s3d I D  0.042 
20 3d2 ' D  0.039 
20 3p3d ID0 0.094 
20 3p3d ' F O  0.040 
20 3 8  ' G  0.10 
26 3 p 2 ' S  0.049 
26 3d2 ' S  0.016 
26 3s3p ' P o  0.043 
26 3p3d l P O  0.025 
26 3p2 0.50 
26 3s3d 0.023 
26 3d2 I D  0.022 
26 3p3d ' D o  0.049 
26 3p3d ' F O  0.023 
26 3dZ 'G 0.044 

EXPERIMENT 

Theory: PRES, present results; MCHF, Ref. 8; MS; Ref. 9. 
Experiment: a, Ref. 10; b, Ref. 11; c, Ref. 12; d, Ref. 13; e, Ref. 14; f, Ref. 15; g, Ref. 16; h, Ref. 17; i, Ref. 
18; j, Ref. 19; k, Ref. 20; 1, Ref. 21; m, Ref. 22; n, Ref. 23; o, Ref. 24; p, Ref. 25; q, Ref. 26; I, Ref. 27; s, Ref, 
28; t, Ref. 29; u ,  Ref. 30; v, Ref. 31; w, Ref. 32; x, Ref. 33; y, Ref. 34; x, Ref. 35; aa, Ref. 36; ab, Ref. 37; ac, 
Ref. 38; ad, Ref. 39; ae, Ref. 40; af, Ref. 41; ag, Ref. 42; ah, Ref. 43; ai, Ref. 44; aj, Ref. 45; ak, Ref. 46. 


