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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 (DS Å 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 transfor-
mations 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 calcula-
tions obtained for a small number of transitions and are in reasonably good agreement with the measured
oscillator strengths and lifetimes. q 1998 Academic Press
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INTRODUCTION

Si II is one of the most common ions observed in or transition probabilities (A-values) have been described
absorption and emission spectra from astrophysical in previous works [20] and are not discussed in detail
sources, such as the interstellar medium, quasars, hot here. We present only the computational details pertaining
stars, and the sun. The oscillator strengths for transitions to the Si II calculations.
in Si II are used in the determination of abundances, In terms of accuracy, the strength of the present
temperatures, densities, and column densities (see, e.g., method lies in the fact that accurate bound-state wave-
Ref. [1]) . Si II has been investigated both experimentally functions may be obtained for an atom or ion using the
[2–9] and theoretically [10–17] by many workers. How- close-coupling approximation where the core ion, termed
ever, all these studies have remained confined to a limited the ‘‘target,’’ represents the N-electron system. The wave-
number of transitions until the work of the Opacity Project function expansion, C(E) , for any symmetry, SLp, of the
(OP) [10]. One of the aims of the OP [18] has been to bound (N / 1) electron system is represented in terms
obtain accurate atomic radiative data in an ab initio man- of the target states as
ner in the close-coupling (CC) approximation using the

C(E) Å A ∑
i

xiui / ∑
j

cjFj , (1)R-matrix method. The radiative work of the OP was car-
ried out in LS coupling; however, the laboratory plasma

where xi is the target ion wavefunction in a specific stateexperiments and the various astrophysical models usually
Si Lipi and ui is the wave function for the (N / 1)thconsider the fine-structure transitions (see, e.g., [2–5]) .
electron in a channel labeled as Si Lipi k

2
i li (SLp) ; k 2

i isThe extended non-LTE (low temperature equilibrium)
the electron energy, which for k 2

i õ 0 may representmodels which consider a number of transitions, such as
bound states of the e / ion system; and A is the antisym-ones observed in hot stars, require both radiative and
metrization operator. The Fj’s are correlation functionscollisional data for a large number of energy levels. Colli-
of the (N / 1) electron system that compensate for thesional data are now available for Si II [19] obtained in the
orthogonality condition on the total wavefunction, as wellclose-coupling approximation using the R-matrix method.
as account for short-range correlation effects, and cj’sThe aim of this work is to present an extensive set of
are the variational coefficients. The CC expansions implyradiative data of reliable accuracy for fine-structure transi-
extensive configuration interactions in the coupled wavetions in Si II to be used in collisional-radiative models
functions for each SLp at negative energies correspondingemployed in astrophysical applications. Similar sets of
to the bound states of the system.data for fine-structure transitions in other ions employing

The present work corresponds to CC calculationsthe present method have been reported earlier [20].
employing a 12-state expansion of the target ion Si

Summary of the Theoretical Work and III. The target states are: 3s 2 ( 1S e ) , 3s3p ( 3P o , 1P o ) ,
Computations 3p 2 ( 1D e , 3P e , 1S e ) , 3s3d ( 3D e , 1D e ) , 3s4s ( 3S e , 1S e ) ,

3s4p ( 3P o , 1P o ) . These states are optimized throughThe calculations of the oscillator strengths ( f-val-
ues) , line strengths (S-values) , and Einstein coefficients atomic structure calculations with spectroscopic con-
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figurations, 3s 2 , 3s3p , 3p 2 , 3s3d , 3s4s , 3s4p , and cor- affect the accuracy of the calculations. The R-matrix basis
set of 12 terms in the present work was checked forrelation configurations, 3d 2 , 3p3d , 3p4s , 3p4p ,

3d4s , 3d4p . convergence through unitarity of collision strengths for
excitation and dielectronic recombination as in Ref. [23].Computations for the line strengths are carried out

employing the R-matrix codes developed for the OP [21]. All possible configurations of the ion were included in
the bound channel second term of the CC expansion toWe obtain 65 calculated bound LS states of Si II below the

first ionization threshold and 390 corresponding oscillator complete the electron correlation effects. A larger number
of partial waves is included, l going up to 9 in the presentstrengths for transitions among these states. The number

of observed energy terms [22] is 45. The calculated ener- work as compared to 5 in the OP work, and this has
resulted in a larger data set.gies 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 Results and Discussion

are obtained through algebraic transformations of the LS
multiplet in the two ways as described in Ref. [20] and The f-, S-, and A-values for the 1122 dipole-allowed

fine-structure transitions in Si II, corresponding to 390employing the code JJTOLS [20] . The f , S , and A are
related as 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 electroni-Ef i Å 3gi ( fif /S) , Af i(a.u.) Å 1

2
a 3 gi

gf

E 2
f i fif ,

cally from the author at the address given at the end of
the Conclusion.

Af i(s01) Å Af i(a.u.)
t0

, (2) To evaluate the uncertainties, comparison of the
present weighted oscillator strengths gf is made for astro-
physically important transitions with a number of otherwhere Ef i is the transition energy in rydbergs; S is the

line strength in atomic units (a.u.) , a is the fine structure available theoretical and experimental values in Table A.
Although the multiplet transitions have been studied moreconstant; gi , gf are the statistical weight factors of the

initial and final states [g Å (2S / 1)(2L / 1) in LS extensively for a number of transitions, much less data
are available for the fine-structure transitions. Among thecoupling and Å (2J / 1) in JJ coupling]; and t0 Å

2.4191 1 10017 s is the atomic unit of time. Spectroscopic calculations, Mendoza et al. [10] and the present work
correspond to ab initio R-matrix calculations which canobserved energies [22] are employed whenever available

as these are measured with higher accuracy than the calcu- be used for large-scale computations of the f-values. Most
other works correspond to various atomic structure calcu-lated values. As the present calculated energies agree

quite well with the observed energies for most of the lations requiring optimization and can be applied for a
limited number of transitions. Differences in optimizationterms, implementation of the observed energies improves

the accuracies of the total f- and A-values only slightly. may lead to differences in results as we discuss below,
where comparison of the present results is made withTable I lists all the bound LS terms among which the

dipole allowed fine-structure transitions are considered, some of the best results available at this time.
For the transition 3s 23p (z 2P o ) r 3s3p 2 (a 2P e) ,resulting in 1122 transitions. In Table I, each LS term

is prefixed by a degeneracy symbol for convenience of the only other calculated gf-values available for the fine-
structure components are by Luo et al. [15] . As canidentification, in accordance with the National Institute of

Standards and Technology convention. An alphabetically be seen in Table A, the present gf-values show good
agreement with those of Luo et al. [15] , while the mea-ascending order of letters is chosen for the even parity

states and a descending order for the odd parity states of sured values are about 17% lower. For the multiplet
transition the present gf-value agrees consistently wellthe same symmetry.

The target expansion in this work is the same as with all other calculated numbers, but the measured val-
ues are again somewhat lower than the calculated values.that which Mendoza et al. [10] used for the OP radiative

data. The R-matrix computations are carried out indepen- The transition 3s 23p (z 2P o ) r 3s3p 2 (a 2D e ) has been
studied by a number of investigators, but both the mea-dently in both works. Although the level of accuracy in

both the works is about the same, the extent of the present sured and the calculated values show a large spread.
This is a rather sensitive transition because the uppercomputations is not exactly the same as that of theirs.

(The details of the OP work are yet to be published.) The a 2 D e state is a mixture of 3s3p 2 and 3s 23d which causes
cancellations in the relevant matrix elements. The latestdifferences between the two works come from the choice

of number of terms in the R-matrix basis set, number of measurement for both the LS and the fine-structure tran-
sitions of 3s 23p (z 2P o ) r 3s3p 2(a 2D e ) was carried outpartial waves, and number of bound channels in the sec-

ond sum of the CC expansion [Eq. (1)] , all of which by Berjeson and Lawler [2] . The agreement of their
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TABLE A
Comparison of the Present gf-values with Experiments and Other Calculations

LS multiplet Fine structure

Transition Present Expt Theo gi gf Present Expt Theo

3s23p(z 2Po) r 3s3p2(a 2Pe) 5.233 4.5 [5] 5.226 [13] 4 4 2.906 2.943 [15]
4.32 [4] 5.32 [14] 4 2 0.580 0.607 [15]
4.44 [7] 5.28 [15] 2 4 0.583 0.489 [4] 0.587 [15]

5.32 [10] 2 2 1.164 0.964 [4] 1.159 [15]
5.46 [17]

3s23p(z 2Po) r 3s3p2 (a 2De) 0.0148 0.0112 [2] 0.0149 [10] 2 4 0.0049 0.00417 [2] 0.00631 [12]
0.0312 [4] 0.0099 [11] 0.0103 [4] 0.00626 [15]
0.033 [5] 0.0112 [13] 0.0110 [5]

0.0208 [15] 0.00631 [8]
0.0060 [16] 4 6 0.00880 0.00661 [2] 0.00646 [12]

0.0198 [5] 0.0108 [15]
4 4 0.00098 0.000513 [2] 0.000398 [12]

0.00220 [5] 0.00116 [15]

3s23p(z 2Po) r 3s23d(b 2De) 7.104 6.84 [7] 7.07 [10] 4 4 0.473 0.46 [15]
5.76 [5] 6.98 [13] 4 6 4.26 4.18 [15]
5.1 [4] 7.17 [11] 2 4 2.374 1.70 [4] 2.32 [15]

6.97 [15]
6.83 [16]

3s23p(z 2Po) r 3s24d(c 2De) 0.971 0.96 [4] 1.02 [10] 4 4 0.065 0.053 [5]
0.798 [5] 1.44 [11] 4 6 0.582 0.477 [5]

1.05 [13] 2 4 0.324 0.320 [4] 0.403 [15]
1.62 [15] 0.266 [5]
1.10 [16]

3s23p(z 2Po) r 3s24s(a 2Se) 0.802 1.38 [5] 0.786 [10] 4 2 0.534 0.916 [5] 0.467 [15]
1.23 [4] 0.773 [11] 2 2 0.268 0.460 [5] 0.233 [15]

0.780 [13] 0.414 [4]
0.78 [17]

3s23p(z 2Po) r 3s3p2(b 2Se) 0.504 0.882 [5] 0.531 [10] 4 2 0.336 0.587 [5] 0.353 [15]
0.822 [4] 0.633 [11] 2 2 0.168 0.294 [5] 0.203 [15]

0.529 [13] 0.272 [4]
0.548 [15]
0.54 [17]

3s23p(2Po) r 3s25s(c 2Se) 0.087 0.169 [5] 0.090 [10] 4 2 0.058 0.113 [5]
0.119 [13] 2 2 0.029 0.56 [5]

measured LS multiplet value with the present f-value is lations. The fine-structure components agree well with
Luo et al. [15] , while the measured value [4] is lower.fair, while the agreement is good with the present J

Å 1/2–3/2 fine-structure component. Their results also For the third transition, z 2P o
r c 2D e , the present gf

value agrees very well with the measured value of Vanagree well with the atomic structure calculations of Hib-
bert et al. [13] for the LS multiplet and reasonably well Buren [4] and with a few of the other theoretical values

[10, 13, 16] . For the three transitions z 2P o
r (a , b , c )with those of Dufton et al. [12] for the fine-structure

transitions. The present gf value agrees quite well with 2S e , all the calculated values agree with each other in
general, but the measured values show poor agreementthat given by Mendoza et al. [10] for this transition and

for other transitions. For the second transition of this with the calculations.
Comparison is also made of the present lifetimessymmetry, z 2P o

r b 2D e , good agreement is found
between the present value with the measured value of with other measured and calculated values in Table B.

The lifetimes can be measured in general with less uncer-Livingston et al. [7] and with all other theoretical calcu-
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TABLE B values and agrees closely only with the value calculated
Comparison of the Present Lifetimes (t) with Experiments by Mendoza et al. [10]. However, the measured lifetime

and Other Calculations
of the a 2De state by Berjeson and Lawler [2] agrees
very well with the atomic structure calculations of Hibbertt (ns)
et al. [13], which is expected since both groups agree

State Present Experiment Theory well with each other for the relevant gf values. As in the
case of the gf value, the present lifetime for the b 2De

z 4So 0.270 0.35 (.1) [8] 0.258 [10]
state agrees well with the value measured by Livingston0.27 [14]
et al. [7] and with all calculated values. The presenta 2De 335.7 439 (44) [2] 342 [10]

200–400 [9] 442 [13] lifetime for a 2Pe is consistent with all other calculated
210.5 [14] values and with the measured values of Livingston et al.
850 [16] [7] and of Savage and Lawrence [9] . Good agreement
128 [17]

is obtained among the calculated and measured lifetimesb 2De 0.337 0.35 (.04) [7] 0.339 [10]
for a 2Se . The measured lifetime of b 2Se is much lower0.7 (.2) [9] 0.343 [13]

0.45 (.05) [8] 0.35 [16] than all the calculated values. The present lifetime for the
0.37 [14] c 2Se state is about 28% larger than the recent value
0.33 [17] measured by Schectman and Povolny [3], but agrees very

a 2Pe 0.245 0.29 (.04) [7] 0.235 [10]
well with the value calculated by Hibbert et al. [13]. Goodõ0.4 [9] 0.246 [13]
agreement is achieved among calculated and measured0.23 [14]

0.26 [17] lifetime values for the states y 2Po and z 2Fo .
a 2Se 0.876 0.89 (.05) [3] 0.901 [10] An estimate of the accuracy for the present f-, S-,

0.91 (.04) [3] 0.904 [13] and A-values is approximately 10–30% for most of the
0.9 (.2) [9] 0.83 [14]

transitions, based on the general uncertainty estimate in0.90 [17]
the close-coupling method, the low uncertainty in theb 2Se 1.017 0.58 [5] 0.929 [10]

0.968 [13] calculated energy values, and the comparison of the gf
1.08 [14] and lifetime values with those given in other works. For
0.94 [17] weak transitions, the uncertainties can be larger. A few

c 2Se 2.552 1.99 (.2) [3] 2.36 [10]
points should be noted as follows. The present method2.501 [13]
obtains the fine-structure components through a purelyy 2Po 9.478 8.3 (.8) [8] 9.31 [10]

9.1 (5) [6] 9.51 [13] algebraic transformation and does not include any relativ-
9.7 [16] istic mixing of LS terms explicitly in the wave functions.
8.29 [14] Hence, for the transitions between highly excited states,

z 2Fo 3.355 3.2 (.4) [9] 3.26 [10]
the uncertainty may be higher if LSJ-mixing becomes3.4 (3) [6] 3.1 [16]
significant. Intercombination transitions between levels of

Note. Numbers in parentheses give the experimental errors. 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-valuestainty than the gf values. The lifetime value is obtained
for 1122 dipole-allowed fine-structure transitions in Si IIeasily once the A-values are known since
is obtained for the first time. The values should be accu-
rate to within 10–30%. The uncertainty due to neglecttf Å

1
Af

, (3)
of relativistic effects is expected to be low for this singly
charged ion. However, the uncertainty for transitionswhere Af is the total radiative transition probability for
among highly excited levels may be higher owing to inter-the state f , i.e.,
mediate-coupling effects. Present results should be appli-

Af Å ∑
i

Af i . (4) cable 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 energ-The present lifetime of the state z 4So agrees with the
calculations by Mendoza et al. [10] and Hjorth-Jensen ies is available in electronic form from the author at nahar

@astronomy.ohio-state.edu. A FORTRAN77 code is alsoand Aashmar [14], but is lower than the measured value
by Berry et al. [8] . The lifetime of the a 2De state of the attached to the table to read the A-values and calculate

the lifetimes for any LS term or fine-structure level.present work is within the spread of various measured
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EXPLANATION OF TABLES

TABLE I. Bound States of Si II

This table presents the bound states of Si II among which the dipole
allowed transitions are considered.

Term Electronic configuration and LS term. Each LS term is prefixed by
a degeneracy symbol in alphabetically ascending order for
successive even parity and descending order for successive
odd parity states of the same symmetry

Eexpt(Ry) Experimental term binding energies of Si II ( in rydbergs) , derived
from statistically averaging over the measured levels of Si II
from Ref. [22]

Ecal(Ry) Term binding energies (in rydbergs) obtained in the present calcu-
lations

TABLE II. Energies and Oscillator Strengths for Allowed Transitions in Si II

In Table II, data are given in subsets, with the first line corresponding
to the LS transition and subsequent lines to its fine-structure components. The
subsets are ordered by observed states up to a 4Pe

r z 4Do followed by the
calculated states starting with transition h 2Se

r q 2Po . The calculated transi-
tion energy is used for a transition where one or both states are unobserved.

Transition The transition i r f , with states i and f in the notation of
Table I

Ei , Ef Term binding energies of the initial and final LS terms given in
rydberg on the first line and the excitation energies of the
initial and final fine structure levels given in cm01 in subse-
quent lines. Negative signs for LS term binding energies are
omitted for convenience. For transitions between observed
levels, experimental energies are listed. For transitions where
one or both states are unobserved, theoretical binding energ-
ies are listed and no calculated fine-structure energies are
given. The energy for these latter transitions can be obtained
as Ef i Å 3gi ( fif /S) from the f- and S-values given in the
electronic version of the table.

gi , gf The statistical weight factors of the initial and final states
fif Oscillator strength
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TABLE I. Bound States of Si II
See page 189 for Explanation of Tables
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TABLE II. Energies and Oscillator Strengths for Allowed Transitions in Si II
See page 189 for Explanation of Tables
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TABLE II. Energies and Oscillator Strengths for Allowed Transitions in Si II
See page 189 for Explanation of Tables
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TABLE II. Energies and Oscillator Strengths for Allowed Transitions in Si II
See page 189 for Explanation of Tables
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TABLE II. Energies and Oscillator Strengths for Allowed Transitions in Si II
See page 189 for Explanation of Tables
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TABLE II. Energies and Oscillator Strengths for Allowed Transitions in Si II
See page 189 for Explanation of Tables
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TABLE II. Energies and Oscillator Strengths for Allowed Transitions in Si II
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TABLE II. Energies and Oscillator Strengths for Allowed Transitions in Si II
See page 189 for Explanation of Tables
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