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An extensive dataset of oscillator strengths, line strengths, and Einstein A -coefficients has been calculated 

for a large number of dipole-allowed (ΔS=0) fine-structure transitions in Si II. The line strengths in LS coupling are 
obtained in an ab initio manner in the close-coupling approximation employing the R-matrix method. The 
fine-structure components are obtained through algebraic transformations of the LS multiplets. Observed 
spectroscopic energies are employed whenever available. A 12-state eigenfunction expansion of the core ion, Si III, is 
employed for the present calculations. This work presents the oscillator strengths of 1122 fine-structure transitions in 
Si II corresponding to 390 LS multiplets and provides a reasonably complete set of radiative transitions for this 
astrophysically important ion for the first time. Present results are of comparable accuracy to previous detailed 
calculations obtained for a small number of transitions and are in reasonably good agreement with the measured 
oscillator strengths and lifetimes.  
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INTRODUCTION 
 

Si II is one of the most common ions observed in absorption and emission spectra from 
astrophysical sources, such as the interstellar medium, quasars, hot stars, and the sun. The 
oscillator strengths for transitions in Si II are used in the determination of abundances, 
temperatures, densities, and column densities (see, e.g., Ref. [1]). Si II has been investigated both 
experimentally [2–9] and theoretically [10–17] by many workers. However, all these studies have 
remained confined to a limited number of transitions until the work of the Opacity Project (OP) 
[10]. One of the aims of the OP [18] has been to obtain accurate atomic radiative data in an ab 
initio manner in the close-coupling (CC) approximation using the R-matrix method. The radiative 
work of the OP was carried out in LS coupling; however, the laboratory plasma experiments and 
the various astrophysical models usually consider the fine-structure transitions (see, e.g., [2–5]). 
The extended non-LTE (low temperature equilibrium) models which consider a number of 
transitions, such as ones observed in hot stars, require both radiative and collisional data for a large 
number of energy levels. Collisional data are now available for Si II [19] obtained in the 
close-coupling approximation using the R-matrix method. The aim of this work is to present an 
extensive set of radiative data of reliable accuracy for fine-structure transitions in Si II to be used 
in collisional-radiative models employed in astrophysical applications. Similar sets of data for 
fine-structure transitions in other ions employing the present method have been reported earlier 
[20]. 
 
Summary of the Theoretical Work and Computations 
 

The calculations of the oscillator strengths (f-values), line strengths (S-values), and 
Einstein coefficients or transition probabilities (A-values) have been described in previous works 
[20] and are not discussed in detail here. We present only the computational details pertaining to 
the Si II calculations. 

In terms of accuracy, the strength of the present method lies in the fact that accurate 
bound-state wave-functions may be obtained for an atom or ion using the close-coupling 
approximation where the core ion, termed the ‘‘target,’’ represents the N-electron system. The 
wave-function expansion, Ψ(E), for any symmetry, SLπ, of the bound (N + 1) electron system is 
represented in terms of the target states as 

 

 
 
where Xi is the target ion wavefunction in a specific state Si Li πi and θi is the wave function for the 
(N + 1)th electron in a channel labeled as Si Li πi k
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0 may represent bound states of the e + ion system; and A is the antisymmetrization operator. The 
Φj’s are correlation functions of the (N + 1) electron system that compensate for the orthogonality 
condition on the total wavefunction, as well as account for short-range correlation effects, and cj ’s 
are the variational coefficients. The CC expansions imply extensive configuration interactions in 
the coupled wave functions for each SLπ at negative energies corresponding to the bound states of 
the system. 

The present work corresponds to CC calculations employing a 12-state expansion of the 
target ion Si III. The target states are: 3s2 (1Se ), 3s3p(3Po , 1Po ), 3p2 (1De , 3Pe , 1Se ), 3s3d(3De , 1De 
), 3s4s(3Se , 1Se ), 3s4p(3Po , 1Po ). These states are optimized through atomic structure calculations 



with spectroscopic configurations, 3s2, 3s3p, 3p2, 3s3d, 3s4s, 3s4p, and correlation configurations, 
3d2, 3p3d, 3p4s, 3p4p, 3d4s, 3d4p. 

Computations for the line strengths are carried out employing the R-matrix codes 
developed for the OP [21]. We obtain 65 calculated bound LS states of Si II below the first 
ionization threshold and 390 corresponding oscillator strengths for transitions among these states. 
The number of observed energy terms [22] is 45. The calculated energies agree within 3% with the 
measured ones for most of the states, as can be seen in Table I. 

The fine-structure components of the transitions are obtained through algebraic 
transformations of the LS multiplet in the two ways as described in Ref. [20] and employing the 
code JJTOLS [20]. The f, S, and A are related as 
 

 
 
where Efi is the transition energy in rydbergs; S is the line strength in atomic units (a.u.), α is the 
fine structure constant; gi , gf are the statistical weight factors of the initial and final states [g = (2S 
+ 1) (2L +1) in LS coupling and = (2J + 1) in JJ coupling]; and τ0 = 2.4191 × 10-17 s is the atomic 
unit of time. Spectroscopic observed energies [22] are employed whenever available as these are 
measured with higher accuracy than the calculated values. As the present calculated energies agree 
quite well with the observed energies for most of the terms, implementation of the observed 
energies improves the accuracies of the total f- and A-values only slightly. Table I lists all the 
bound LS terms among which the dipole allowed fine-structure transitions are considered, 
resulting in 1122 transitions. In Table I, each LS term is prefixed by a degeneracy symbol for 
convenience of identification, in accordance with the National Institute of Standards and 
Technology convention. An alphabetically ascending order of letters is chosen for the even parity 
states and a descending order for the odd parity states of the same symmetry. 

The target expansion in this work is the same as that which Mendoza et al. [10] used for the 
OP radiative data. The R-matrix computations are carried out independently in both works. 
Although the level of accuracy in both the works is about the same, the extent of the present 
computations is not exactly the same as that of theirs. (The details of the OP work are yet to be 
published.) The differences between the two works come from the choice of number of terms in 
the R-matrix basis set, number of partial waves, and number of bound channels in the second sum 
of the CC expansion [Eq. (1)], all of which affect the accuracy of the calculations. The R-matrix 
basis set of 12 terms in the present work was checked for convergence through unitarity of 
collision strengths for excitation and dielectronic recombination as in Ref. [23]. All possible 
configurations of the ion were included in the bound channel second term of the CC expansion to 
complete the electron correlation effects. A larger number of partial waves is included, l going up 
to 9 in the present work as compared to 5 in the OP work, and this has resulted in a larger data set. 
 
Results and Discussion 
 

The f-, S-, and A-values for the 1122 dipole-allowed fine-structure transitions in Si II, 
corresponding to 390 LS multiplets, have been calculated. The complete set of f-values is 
presented in Table II; a computer-readable listing including S- and A-values is available 



electronically from the author at the address given at the end of the Conclusion. 
To evaluate the uncertainties, comparison of the present weighted oscillator strengths gf is 

made for astrophysically important transitions with a number of other available theoretical and 
experimental values in Table A. Although the multiplet transitions have been studied more 
extensively for a number of transitions, much less data are available for the fine-structure 
transitions. Among the calculations, Mendoza et al. [10] and the present work correspond to ab 
initio R-matrix calculations which can be used for large-scale computations of the f-values. Most 
other works correspond to various atomic structure calculations requiring optimization and can be 
applied for a limited number of transitions. Differences in optimization may lead to differences in 
results as we discuss below, where comparison of the present results is made with some of the best 
results available at this time. 

For the transition 3s23p(z 2Po ) → 3s3p2 (a 2Pe ), the only other calculated gf-values 
available for the fine-structure components are by Luo et al. [15]. As can be seen in Table A, the 
present gf-values show good agreement with those of Luo et al. [15], while the measured values 
are about 17% lower. For the multiplet transition the present gf-value agrees consistently well with 
all other calculated numbers, but the measured values are again somewhat lower than the 
calculated values. The transition 3s23p(z 2Po ) → 3s3p2 (a 2De ) has been studied by a number of 
investigators, but both the measured and the calculated values show a large spread. This is a rather 
sensitive transition because the upper a 2De state is a mixture of 3s3p2 and 3s23d which causes 
cancellations in the relevant matrix elements. The latest measurement for both the LS and the 
fine-structure transitions of 3s23p(z 2Po ) → 3s3p2 (a 2De ) was carried out by Berjeson and Lawler 
[2]. The agreement of their 
 
 
 
 
 
 
 
 

 
 

TABLE A 
Comparison of the Present gf-values with Experiments and Other Calculations 

 



 
measured LS multiplet value with the present f-value is fair, while the agreement is good with the 
present J = 1/2–3/2 fine-structure component. Their results also agree well with the atomic 
structure calculations of Hibbert et al. [13] for the LS multiplet and reasonably well with those of 
Dufton et al. [12] for the fine-structure transitions. The present gf value agrees quite well with that 
given by Mendoza et al. [10] for this transition and for other transitions. For the second transition 
of this symmetry, z 2Po → b 2De, good agreement is found between the present value with the 
measured value of Livingston et al. [7] and with all other theoretical calculations. The 
fine-structure components agree well with Luo et al. [15], while the measured value [4] is lower. 
For the third transition, z 2Po → c 2De , the present gf value agrees very well with the measured 
value of Van Buren [4] and with a few of the other theoretical values [10, 13, 16]. For the three 
transitions z 2Po → (a, b, c) 2Se , all the calculated values agree with each other in general, but the 
measured values show poor agreement with the calculations. 

Comparison is also made of the present lifetimes with other measured and calculated 
values in Table B. The lifetimes can be measured in general with less uncertainty 

 
TABLE B 

Comparison of the Present Lifetimes (τ) with Experiments 
and Other Calculations 



 

 
Note. Numbers in parentheses give the experimental errors. 

 
 
than the gf values. The lifetime value is obtained easily once the A-values are known since 
 

 
 
where Af is the total radiative transition probability for the state f, i.e., 
 

 
The present lifetime of the state z 4So agrees with the calculations by Mendoza et al. [10] and 
Hjorth-Jensen and Aashmar [14], but is lower than the measured value by Berry et al. [8]. The 
lifetime of the a 2De state of the present work is within the spread of various measured 
values and agrees closely only with the value calculated by Mendoza et al. [10]. However, the 
measured lifetime of the a 2De state by Berjeson and Lawler [2] agrees very well with the atomic 
structure calculations of Hibbert et al. [13], which is expected since both groups agree well with 
each other for the relevant gf values. As in the case of the gf value, the present lifetime for the b 2De 



state agrees well with the value measured by Livingston et al. [7] and with all calculated values. 
The present lifetime for a 2Pe is consistent with all other calculated values and with the measured 
values of Livingston et al. [7] and of Savage and Lawrence [9]. Good agreement is obtained among 
the calculated and measured lifetimes for a 2Se. The measured lifetime of b 2Se is much lower than 
all the calculated values. The present lifetime for the c 2Se state is about 28% larger than the recent 
value measured by Schectman and Povolny [3], but agrees very well with the value calculated by 
Hibbert et al. [13]. Good agreement is achieved among calculated and measured lifetime values for 
the states y 2Po and z 2Fo. 

An estimate of the accuracy for the present f-, S-, and A-values is approximately 10–30% 
for most of the transitions, based on the general uncertainty estimate in the close-coupling method, 
the low uncertainty in the calculated energy values, and the comparison of the gf and lifetime 
values with those given in other works. For weak transitions, the uncertainties can be larger. A few 
points should be noted as follows. The present method obtains the fine-structure components 
through a purely algebraic transformation and does not include any relativistic mixing of LS terms 
explicitly in the wave functions. Hence, for the transitions between highly excited states, the 
uncertainty may be higher if LSJ-mixing becomes significant. Intercombination transitions 
between levels of different spin multiplicity could then redistribute the line strengths somewhat 
differently among the allowed fine-structure components. 
 
Conclusion 
 

A reasonably complete set of f-, S-, and A-values for 1122 dipole-allowed fine-structure 
transitions in Si II is obtained for the first time. The values should be accurate to within 10–30%. 
The uncertainty due to neglect of relativistic effects is expected to be low for this singly charged 
ion. However, the uncertainty for transitions among highly excited levels may be higher owing to 
intermediate-coupling effects. Present results should be applicable to detailed analysis of the 
absorption and emission spectra of Si II from a variety of astrophysical sources. 

The full table of transition probabilities and energies is available in electronic form from 
the author at nahar@astronomy.ohio-state.edu. A FORTRAN77 code is also attached to the table 
to read the A-values and calculate the lifetimes for any LS term or fine-structure level. 
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