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Absiract. Photoionization cross sections, oscillator strengths and energy levels of the
silicon-like ions, 5i%, §2*, Ar® and Ca®* are calculated in the close coupling approximation
using the R-matrix method. A large number of bound states with n=10 have been
considered and oscillator strengths for transitions among all these states and photoionization
cross sections of all the bound states are obtained. Partial photoionization cross sections
of the ground state into various excited states of the residual ion are also obtained for
each ion. Detailed comparisons have been made for the calculated energies, oscillator
strengths and photoionization cross sections with available theoretical and experimental
values. Whereas we find good agreement for the oscillator strengths with recent experimental
data for 8i° and §7*, there are very few previous data available for Ar** and Ca®*, The
ground-state photoionization cross sections for Si° agree well with the previous close
coupling calculations, however the present R-matrix results show considerable differences
from the background cross sections for 5i° §2* and Ar** in the central field approximatiops.

1. Introduction

A description of the aim of the Opacity Project {oP) and the calculations of accurate
atomic radiative data in the close coupling {cc) approximation using the R-matrix
method is given by Seaton (1987) and Berrington et al (1987) in the atomic data for
opacity calculations (apoc) series. The radiative data include energy levels, oscillator
strengths and photoionization cross sections for nearly all astrophysically abundant
atoms and ions ions that contribute to steliar opacities. Several of these resulis have
been reported in previous papers in the ADoOC series.

With a few exceptions for heavy atomic systems that are treated individually, the
Apoc calculations are usually carried out along isoelectronic sequences since the
primary characteristics of the atomic eigenfunction expansions, and corresponding
computations, remain the same along the sequence so long as relativistic effects are
not considered. States belonging to the ground complex of configurations are usually
retained in the cc expansion. While this criterion serves well for sequences that are
isoeiectronic with the second row of elements of the periodic table, and enables the
same set of eigenstates to be employed in the cc calculations for all ions in a given
sequence, it is found that for the third row sequences the situation is more complicated
and different eigenfunction expansions need to be employed for different ions. In the
present work we present the first results for a third row sequence. Details are discussed
in section 3.

Relatively sparse calculations have previously been reported for some Si-sequence
jons, such as the ground state photoionization cross sections of Si’ (Mendoza and
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Zeippen 1988), dipole oscillator strengths for a small number of strong transitions in
S8i® (Mendoza and Zeippen 1988) and $** (Ho and Henry 1987), and a number of fine
structure transitions in Ar®* (Biemont 1986). The present calculations are comprehen-
sive; they include all bound states with n <10 and /= 3§, and amount to a few hundred
excited states for each atom and ion. Photoionization cross sections for all bound
states, and dipole oscillator strengths in length and velocity formulations for all
transitions, have been calculated. In the present paper we describe the computations
and some of the important results and associated features. Detailed comparisons are
made with available experimental and theoretical data.

2. Theoretical framework

In analogy with coilisional work where the N-electron ‘target’ ion is represented by a
coupled eigenfunction expansion in terms of the included target states, in the radiative
work we similarly represent the ‘core’ ion or the ‘residual’ ion, as in the case of
photoionization. The total (e-+ion) system is then expanded in terms of the N.electron
target wavefunctions given by

TILT(EY=A ‘IL x:(r 7)o+ i o®; 1
I=1 j=1

where x:(r™’) are the target states
Xi{x) =X(T;LtS:MLst,7Tilx)

x=r"" represents all the coordinates of the N-electron system that do not include r,
and 6, are the free electron wavefunctions with a radial part F,(r}. A denotes the
antisymmetrization operator. The second sum consists of square-integrable correlation
type function ®,, that have the form of bound states of the (N +1)-electron system,
with variational parameters ¢. The second sum represents the constraint on F(r)
requiring its orthogonality to the target orbitals of the same symmetry, and may also
include the short range correlation effects. I is the number of target states which
corresponds to the number of ‘free’ channels and J is the number of *bound’ channels
in the cc expansion of the (N +1)-electron wavefunction ¥ for a given symmetry SLar
at total energy E.

The bound- and continuum-state wavefunctions can be obtained for £ <0 and for
E =0 employing the R-matrix method as explained by Berrington et al (1987). With
the bound and the continuum (e +ion} states thus given by equation (1), we may obtain
both the bound-bound radiative transition probabilities, or the oscillator strengths, as

AE
3z,

f(b, a)=7—8(b; a) (2)

and the bound-free photoionization cross sections as

4r’ade E S(b, a)
3.7 g

3)

Fp =

where AE = E, — E, is the energy difference, in Rydbergs, between states b and 4, E,
is the photon energy, and g, is the statistical weight factor of the iritial state. S(b, a)
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is the line strength given by
S(b, a) =|(b||D|a)’ (4)

where D is the dipole operator. More complete theoretical details are given by Seaton
{1987) and Yu and Seaton (1987).

3. Cemputations

3.1. Target states: energies and oscillator strengths

The target states considered for each ion of the Si sequence are given in table 1. The
N-electron basis set is represented by an eight-state expansion for Si*, 16-state for
S**, thirteen-state for Ar’* and eighteen-state for Ca’". The wavefunction expansions
of Si* and §°* include some states dominated by the n =4 complex, but for Ar** and
Ca’* only the states from the n=3 complex are included as the n =4 states are
energetically too high to be of interest. An updated version of the SUPERSTRUCTURE
program (Eissner et al 1974) is used to generate the target orbitals that are optimized
with configuration interaction {c1} type target state wavefunctions. The cr target
expansion consists of two sets of configurations: spectroscopic configurations that
dominate the included target states and correlation configurations that are included
for c1 only, and not in the eigenfunction expansion. One important criterion in
determination of the c1 expansion for the target states is to optimize the expansion so
as to avoid pesudoresomances in photoionization cross sections. SUPERSTRUCTURE
employs a scaled Thomas-Fermi-Dirac potential to obtain the one-electron orbitals;
the scaling parameter A and the spectroscopic and correlation confignrations for each
ion are listed in table 1.

Comparison is made in table 1 of the calculated and observed target energies
relative to the ground state 3s°3p(*P°) energy. The present calculated energies compare
well with the observed energies; the largest difference is less than 6% for all the ions.

A more sensitive indicator of the accuracy of the target state wavefunctions is in
the oscillator strengths, or f-values, for dipole allowed transitions within the target.
The f~values are presented and compared with available observed and calculated values
in table 2. We compare the present calculated f~values in the length from. Comparison
of Si* oscillator strengths shows that, except for the transitions 3s°3p “P°-3s3p°(*D, °S),
the present f values are within 5% of very accurate calculated values of Luo et al
{1988), who employed a large c1 expansion in their calculations optimized for a few
selected transitions. The agreement with the experimentally measured values is also
found to be good.

For the target ions §8°*, Ar** and Ca™" we compare with the most accurate previous
theoretical values, which are from the op calculations for the Al-sequence ions (Men-
doza et al 1992). In the case of $**, present £, values are within 8% of the op values
by Mendoza et al. Both the present and the Mendoza et al values agree reasonably
well with the experimental values. Similarly for Ar°* the present values and the Mendoza
et al values agree well (except for the transition 3s3p” “P-3p3d *P°), and both agree
better with the measured values of Livingston et al (1976) than with those of Morton
{(1978). Oscillator strengths of Ca’" in the present work and that of Mendoza et al
differ by less than 8%, except for the tramsitions 3s°3p “P°-3s3p*’D and 3s3p® *P-
3p3d *D°. In general we find that the target data for the ions considered, energies and
oscillator strengths, compare reasonably well with previously available data, usually
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Table 1, Target states {eight for 8i¥, 15 for 8%, 13 for Ar®*, and 18 for Ca™) for the cc
expansions and comparison of their calculated energy values (cal.) with the observed ones
(obs). The observed energies are from Martin and Zalebas (1983) for Si*, Martin er af
(1990} for 5**, Kelly (1987) for Ar®* and Sugar and Corliss (1985) for Ca”*. The spectro-
scapic and correlation configurations in the eigenfunciion expansion of these target ions
and the values of scaling parameter A in Thomas-Fermi potential are given below. A bar
ott an orbital represents correfation orbital.

State

cal obs State cal obs State cal obs

3s°3p 2p°
353p® *P
3s3p® 2D

i
0 000174 3s%578 0.61193 050688 3s%4p’P° 0.76241 074023
036919 039186 3s3p?’S 071398 0.69863 3s3p**P 077660 0.764 89
050302 0.50410 35%3d°D 0.74180 0.72308

3s*3p7p°
3s3p?*P
3s3p22D
3s3p° %S
353p? 2P
3s23d D

83+
0 0.00069 35%s57S 165496 1.65348 3s53p°P"3d*P° 201619 2.02645
0.62456 0.65378 3p*?D° 165611 1.68685 353p°P°3d*“D° 204640 2.04607
0.34484 085779 3p9s° 179446 179023 3s3p’P°3d*D° 2.18563 2.12893
119577 1.12550 3s3p3P°3d*F° 183582 1.85816 3s3p’P°3d7F° 225460 2.20608
123228 122143 3p° 2w 194055 192614
143258 1.38641 3s%4p’P° 196473 194697

35%3p *p°
3s3p2°p
353p? 7D
3s3p? 7S
353p* P

AI‘S*
0 001341 35%3d4°D 20480 199231 3s3p°P®3d°P° 28677 288639
0.8758  0.92440 3p*?D° 2.3215 3s3p P*3d D" 29058 291360
1.1810 120772 3p*“8° 24552 246510 3s3p’P°3d°D® 3.0664
1.6306  1.54734 3s3p’P°3d*F° 2.6260
1.6687 1.66864 3p*?P° 27032

38%3p 2P°
3s3p?*P
3s3p? D
3s3p* %8
3s3p? 2P
3523d 1D

Ca?+
0 0.02617 3p*D° 296389 3s3p*P°3d?D° 389982
1.12690 1.19920 3p*“g° 310219 3.14637 3s3pP°3d?F° 4,093 74
1.508 16 1.56489 3s3p°P°3d*F° 338648 3x3p*P°3d*P° 4.467 35
2.04004 197367 3p°%P° 3.42201 3s3p 'P°3d P 4.56992
209047 212083 3s3p3P°3d?P® 3.68329 3.72392 3s3p!P°3d’D® 477734
2616350 2.57423 3s3piP°3d*D° 372386 3.76028 3s3p 'PP3dP° 478940

sit:

sQ+:

Ar**:

Ca'.‘-i-.

Spectroscopic: 35%3p, 353p%, 3573d, 35%4s, 35%4p

Correlation: 3s%4d, 353p3d, 3s3pds, 3s3pdp, 3s3p4d, 3s3d4s, 3s3ddp, 3s3d4d, 3s3d4f, 3p°, 3p73d,
3p%4s, 3p74p, 3p”4d, 3p3dds, 3p3ddp, 3p3ddd, 3p3d4f, 3p3d?, 3d®

A: 1.0874 (1s), 1.0874 (2s), 10154 (2p), 1.0449 (35), 1.03591 (3p), 1.18176 (3d), 1.1114 (4s), 1.1515
{4p), 1.50001 (4d), 2.99166 (4f)

Spectroscopic: 3s%3p, 3s3p%, 3p°, 35734, 3s3p3d, 3s74s, 35%dp

Correlation: 3s%4d, 3s3pds, 353pdp, 3s3pdd, 3s3d4s, 353d4p, 3s3d4d, 3p?3d, 3pds, 3p74p, 3p™dd,
3p3dds, 3p3ddp, 3piddd

A L1(1s), 1.08576 (2s), 1.03329 (2p), 1.07439 (3s), L.O4779 (3p), 1.03206 (3d), 1.14812 (4s), 1.15514
{4p), 1.42067 (3d)

Spectroscopic; 3s5%3p, 3s3p%, 3p*, 35°3d, 3s3p3d

Correlation; 3s%4s, 35%4p, 3s3pds, 3s3pdp, 3s3d4s, 3s3ddp, 3p?3d, 3p¥4s, 3pPap, 3p3dds, 3piddp
A: 1.1 (1s), 108576 (2s), 103329 (2p), 0.93817 (35), 0.96008 (3p}, 11118 (3d), 2.64572 (35), 2.12666
{4p)

Spectrascopic: 3573p, 3s3p%, 3p?, 35°3d, 3s3p3d

Correlation: 3s%4s, 3s74p, 353p4s, 3s3pdp, 353dds, 353ddp, 3p?3d, 3pds, 3pPdp, 3p3dds, 3p3ddp
AZ_I)I (1s), 1.08576 (2s), 1.03329 (2p), 0.9470 {3s), 0.90957 (3p}, 1.10689 (3d), 3.25982 (3s), 2.69876
(4p
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Table 2. Oscillator strengths of the target ions Si*, 8**, Ac®™*, and Ca®*. f; corresponds to
calculated oscillator strengths and ‘expt’ to measured values. LPs, Luo et af (1988).

Si*
fl. fL f
Transition (present) {LPS) {expt)
35*3p 2P°-353p® *P 0.895 0.880 .74, 0.96°
35%3p 2P°-35%3d 2D 1.103 1.162 1.14°
35%3p 2P°-353p% 2D 0.0015 0.0035 0.0036°
3s24p *P*-353p° "D 0.101 0.108°
35%3p *P°-353p 7S 0.107 0.091 0.147°
35%3p IP°-35245 28 0.115 0.118 0.077°
35°4s 25-35%4p °P° 1.227 1.185°
SB+
(present) {oP) (expt)
35%3p 2P°-353p7 2 2D 0.037 0.048 0.041 = 0.0029, 0.035+0.002°
35%3p 2P°-3573¢ ’D 1.216 1.183 0.91+0.15°
3s3p? *P-3p3d *D° 1.290 1.192 0.92+0.12°
35%3p TP°-353p7 2P 0.759 0.762 0.56+0.15%, 1,112 0.15
3s3p? *P-3p® 48° 0.258 0.254 0.210.03°
35%3p *P°-353p* %S 0.104 0.105 0.15+0.029, 0.132 £0,0005°
35%3p 2P°-3p74s 25 0.089 0.087 0.096 = 0,006
Ar?
{present) (or} {expt)}
3sM3p 2P°-35%3d °D 0.961 0.942 0.667 £0.175, 0.617 = 0.07"
35%3p 2P°-353p7 7D 0.054 0.065 0.06+0,0058, .06 0,005"
3s%3p ZP°-383p? 2P 0.652 0.655
3523p 2P°-353p° 8 0.086 0.0%7 0.067 £ 0,005%, 0.0617 £ 0,007°
353p® TP-3p° *5° 0.225 0.220 0.152+ 0,017
3s3p? *P-3p3d *p° 0.403 0.340
3s3p° *P-3p3d “D° 1.032 0.958
Ca'.‘+
(present) (oF) {expt)
35%3p *P°-3s3p° °D 0.061 0.070
35%3p *P°-353p? 28 0.077 0.076
35%3p *P°-353p? 2P 0.367 0.572
35%3p 2P°-3523d ’D 0.781 0.763
3s3p? *P-3p* 5° 0.197 0.194
3s3p? 4P-3p3d *P° 0.328 0.277
3s3p? *P-3p3d *D° 0.840 0.777

2 Livingston et al (1976).

¥ Morton (1978).

¢ Shulz-Gulde {1969}

9 {rwin and Livingston {1976).
 Berry et al (1970).

* Reistad and Enystrom (1988),
¢ Livingston et al (1981).

€ Buchet-Poulizac et al (1982).
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to within 5-10%, sufficient to ensure accurate eigenfunctions for the ¢¢ calculations
for the (e+ion) system (described in the following section).

3.2. (N+1)-electron system

The R-matrix package of codes employed for the (N + 1} electron system is described
by Berrington et af (1987). The one-electron target basis set, optimized with SUPER-
STRUCTURE, is used to construct target state wavefunctions. The radiative calculations
consider free electron angular momenta up to <35, which when coupled with the
target states S,L 7, listed in table 1, yield a large number of bound (e +ion) symmetries
SLy ="%(S, P, D, F, G, H, I)*° below the first ionization threshold as given in table 3.

Table 3. Total number of (5,17 }ni bound symmetries (Ng; ), bound states (Nynq) and
the range of each bound spin multiplet with =10, /=5 for the Si-like jons; N; is the
number of oscillator strengths for each ion, and o, (Mb) is the threshold phatoionization
cross section of each jon.

Ion NSL‘W and Siﬂglﬂt TﬂpIEt Quintet Nf Tg

si° 27 218 18- 531 3149 65.93
1pe_ipe 3pe_te sge

s 31 236 's-11 25-31 Sp.SF 39713 0.372
IPB_I Be 3S°.-"’H° Sso_s o°

A 36 342 8- 35-31 *p-"H 7863 0820
IPo__lHo BSo_SHo Sso_SGo

Ca*t 40 497 1 51 *s-5H 16961 0.627
lpa_tye 3go_310 sso_SIo

The diagonalization of the Hamiltonian matrix is carried out for each SLm indepen-
dentily and the bound states of the (e-+ion) systern correspond to negative eigenvalues.
These are then assigned spectroscopic level identifications, in terms of the dominant
configuration, primarily by analysing quantum defects along Rydberg series for the
various angular momenta. A pumber of positive eigenvalues are also obtained on
Hamiltonian diagonalization. These correspond to bound states that lie above the
ionization limit but are forbidden to autoionize in pure LS coupling. The positive
eigenvalue states are not considered in radiative calculations. Dipole oscillator strengths
are computed for all transitions between the negative eigenvalue states allowed by the
selection rules.

For photoionization calculations, the free electron wavefunctions are obtained at
a fine mesh of pogitive energies. Autoionizing resonance structures in the photoioniz-
ation cross sections are delineated at a mesh in effective quantum number », rather
than the energy, since the resonance patterns are repeated when » is incremented by
unity. Thus a »-mesh with a constant A» ensures a fixed number of points in each
interval (», #+ 1) even as the resonances get narrower in terms of energy with increasing
v. In most of the op work, resonances have been resolved up to an effective quantum
number ¥ = v,, = 10.0, using Av=0.01 (i.e. 100 points in each interval of 1.0 in »).
The small energy region below an excited target threshold, corresponding to 100 v <
&0, contains closely spaced narrow resonances which are averaged over using the
Gailitis averaging procedure described by Yu and Seaton (1987). If more than one of
the target states lie close to each other such that they have overlapping Gailitis averaging
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regions, the states are treated as degenerate. For example, 3p®> °D° and “S° states of
Ca’" lie very close to each other (table 1) and hence are treated as degenerate in the
photoionization calculation for Ca®",

4. Results

4.1. Energy levels

Almost all the bound states in LS coupling of Si°, Si**, Ar*" and Ca®" with n <10 are
obtained and identified. Table 3 shows the number of pure bound states { Ny,4) with
n=10 and I=<35, and corresponding SLws, for the four ions. The number of bound
states increases as the ion charge increases, Ni,4 being 218 for neutral Si° going up
to 497 for Ca®*.

Calculated energies are compared with available observed energies in table 4. With
very few exceptions the agreement of the present calculated energy values with the
observed values is very good in general for all the four ions, usually within 1%. The
exceptions, from among the large number of bound states, are: the 3s3p® °S° state of
Si® (6%) and a few highly excited states, for example, 3p8s 'P°, 3p9s 'P° and 3p9d *F°
that show larger discrepancies. For 5**, the calcunlated energies are within 3% of the
observed energies. For calculated A** energies the largest difference is 2.1% for 3p3d 'P°,
and for Ca®" the maximum discrepancy is 2% compared to the observed energies.

4.2, Oscillator strengths

Before the op, relatively few accurate calculations were carried out for radiative atomic
parameters of importance in astrophysics and laboratory plasmas. In the present work
we obtain a large number of oscillator strengths, for dipole allowed transitions in LS
coupling, for the four elements of the Si sequence. While table 3 shows the total number
of oscillator strengths obtained for each ion, comparisons of present oscillator strengths
with other calculated and the observed values are made in table 5. Both the length,
fL, and the velocity, fy, forms of the oscillator strengths are presented. Agreement
between the two forms is in general a measure of the accuracy of the wavefunctions
of the initial and the final states. In the R-matrix calculations the wavefunctions in
the asymptotic region, outside the R-mairix boundary, are better represented. Although
the length and velocity formulations generally agree well (e.g. Yu and Seaton 1987,
Luo et af 1988), the former are somewhat more reliable in terms of accuracy. The level
of agreement between the two is usually a few per cent; for A** and Ca®* the agreement
is better than for Si® and §**.

The present Si° oscillator strengths are compared in table 5 with the six-state cc
calculation of Mendoza and Zeippen (1988), and two sets of measured values (O’ Brian
and Lawler 1991, Becker et al 1980). The few f-values computed by Mendoza and
Zeippen compare reasonably well with our values. The present f-values compare quite
well in general with those of O’Brian and Lawler (1991) measured using the recently
developed technique of laser induced flourescence (with the exception of a weak
transition 3p” 'D-3p3d 'P°), usually within experimental uncertainties. Agreement of
the present f-values with Becker ef al is also good except for the same weak transition.
Present calculations for oscillator strengths for very weak transitions may not be very
accurate. Iglesias and Rogers (1992) have carried out atomic structure calculations
using a parametric potential which does not explicitly include electron correlation
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Table 4; Comparison of calculated energies (cal) of bound states of 5°, §%*, Ar** and Ca®* (where
the negative sign has been omitted for convenience) with the observed (obs) ones. The abserved energies
are from Martin and Zalubus {1983) and with a dot at the end from the compiletion by Moore (1949)
for $1°, from Johansson ef af {1992) except 58" which is from Martin f af (1990} for $**, from Keily
(1987} for A**, and from Sugar and Corliss {1985) for Ca®*. All energies in Ryd.
State obs cal state obs cal State obs cal
si°
3p?2p 0.598 55 0.6013 ipspiD  79T4(-2) 7580(~2) 3ps5fiG 3819(-2) 4.026(-2)
P 'D 0.542 52 0.5433 3psp’P 7683 (=2) 7.642(-2} 3ps5riD 3787(~2) 3.993(-2)
3p*'s 0.459 63 0.4543 Ipdd®F  7.604(-2)  7749(=2) 3pTsPP" 3.680{-2) 3.820(-2)
3s3p”’5° 029623 03159 3pspls 7.556{~2) 7.629(=2) 3p7s'P"  3.528(-2) 3.731(=2)
3pdsIP® 023660 0.2376 3psp'D 7.322(-2)  7282(-2) 3p5d’P°  3.521(-2} 3.495(-2)
Ipds'P° 0.22637 0.2255 3p5p '8 6.854(~2) 6.766(-2) 3p6d'D®  3.350(-2) 3.430(-2)
Isiptip® 018708 0.1981 3p4d'P° 6.408(~2)  6.422(~2) 3p6d’F° 3.004{-2) 3.197(~2)
Jpdp P 0.169 03 0.1670 3paf 'F 6.360(~2)- 6428(-2) 3p6d’P®  2.386(-2) 2.840(-2)
3p3d'D" 015842 0.1764 3paf’F 6,252 (~2)- 6.425(-2) 3p6f°F 2811(-2) 2.831(=2)
3pdp’D 0.161 04 0,151 Ipdd'F° 6324(-2)  6410(-2) 3p&d'F®  2762(-2) 2.820(-2)
3pdp P 415223 0.1478 1p4d°D°  6157(-2) 6297{-2) 3p6d’D°  2691(-2) 2.818(-2)
3pdp 8 0.14976 0.1432 1paf*G 6.115(~2)- 6288({-2) 3p8s’P°  2631(-2) 2671(-2)
3p3d’F° 014460 0.1504 1paf D 6.015(-2) 6234 (=2) 3p8&s'P°  2390(-2) 2.418(-2)
3pdp'D 014256 0.1378 3paf'D 6.053(-2) 6221{-2; 3p7d'D"  2257(-2) 12.443(-2)
3p3dF° 013942 0.1454 3p6s P° 5793 (=2} 5816(~2) 3pTd’F°  2233(-2) 2.300(-2)
3pap 'S 0.129 60 0.1239 3p6s 'P° 5.574(-2) 5.750({=2) 3pTd'P®*  2138(-2) 2.081(-1)
Ipad'F* 0.11365 0.1170 3psd®P® 5277(-2) 5462(-2) 3prd'F° 1897(-1) 2.068(-2)
Ip3d'P* 011342 0.1154 3p5d D" 5.042(~2) 5.164(=2) 3p7d*D°  L94T(=2) 2.071(-2)
3p3d?D® 010578 0.1093 1Ip5d*F° 4630(~2)  4743(-2) 3p9s'P®  L703(-2) 1.938{=2)
3pSs Pe 0.103 96 0.1042 3p5d'P° 4126(-2) 4100(-2) 3p8d'D°  LEM(-2) 1.829(-2)
3pss 'P° 9.950(-2) 0.1005 3p57'D 4055 (-2 3.991(~2) 3p8d F°  1666(-2) 1.734(-2)
3p4d'D®  8.502(~2) 8.640(-2) 3pst’F 4053 (-)- 4.089(-2) 3p8d'P®  1652(-2) 1.590(-2)
3pdd 'P° 8324 (~2) 8.557({-2) 3psd'F°  4.019(~2) 4075(-2) 3p8d'F°  L500(-2) 1.581(-2)
3psp'P 8250(=2) 8228(=2) 3p5d D 3931(~2) 4050(-2) 3Ip8d F  1296(=2) 1354 (=2}
S2+
]t 2.57353 2,574 3pdsP° 1.234 32 1.219 3pdp's 0.908 11 0.8996
3p*'D 247035 1,469 3p3d D" 121768 1.20% pad 'D° 070408 0,6855
Ip*'s 2,326 01 2.308 3pds 'P° 1.221 2% 1213 3pad P> 0.70392 0.6891
3s3p°°5°  2.03887 2.0m p3d'D° 118860 1.156 Ipdd’D®  0.689 41 0.6684
353p°°D° 1.80746 1.824 3p3 ' L1378 1116 Ip4d’P°  0.67810 0.6610
Is3p? 7P 167360 1.674 3p3d!P° LT T 1.030 IpssPFT 065678 0.6452
3s3p° 'D° 1.62437 1630 3pdp 'P 1.046 68 1.046 3pdd'F® 064940 0.6291
1p3d . 145718 1.454 1pdp D 102199 1021 3p5s TP 0447T6 0.6377
3s3p” P 132652 1.293 3pdp°P 0.997 08 0.9961 Ipdd'P® 0.627 59 0.6172
353p®5° 131537 1.281 Ipdp S 0.987 58 0.9864
3p2d?P°  1.26933 1.262 3pdp'D 0.96073 0.9573
ArtH'
3p*ip 551471 3.4%9 3" D0 410924 4.109 3p3a'F 327928 3.230
1p*'D 5.366 17 5.355 383p°7°8° 3769729 3721 3p3d'P° 321713 3.149
3p?'s 516922 5128 33p° 'P° 37449 3.686 3pds®P° 230728 2.75)
353p®*D° 440542 4.424 1p3d *P° 352876 3492 Ipds'P° A76906 2,705
3s3ptiP° 422283 4.223 3p3d’D°  3.46849 3.430
Ca**
3p??p 9,388 58 9,364 Is3p° 'D° 7.55628 7.545 3p3d'F° 645119 6.383
3p* D 9.212 52 9.187 3s3p° 8% 717697 7,123 3p3d'P° 637268 6.303
3pt's 8.965 41 8.927 33" 'P° 711091 7.064 3pds'P° 486743 4780
353p°3D°  7.95053 7.963 3p3d’F° 679480 6.738 Ipas’P° 492213 4539
33pP %P0 172228 T8 3p3d?D° 67612 666D
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Table 5. Oscillator strengths or f~values for trapsitions in 8i%, §**, Ar** and Ca%*. f_ and
fv are the calculated oscillator strengths in length and velocity forms respectively. mz,
Mendoza and Zeippen 1988; IR, Iglesias and Rogers (1992); HH, Ho and Henry (1987);
EB, Biemont {1986).

Transition Multiplet fi. N i f f
8i°
(present) MZ IR expt

3p%-3p3s  *p-3p° 0.236 0.216 0.214 0.216 p.211°

ptpe 0.195 0.180 0.193 0.162%, 0.170%

1g-tpe 0.101 0.085 0.140  0.0913° 0.098°
3p*-3pss  ’p-*P° 0.029 0.028 0.033
3p*-3p3d  p-*P° 0.053 0.054  0.042 0.0513*

ip.ipe 0.269 0.244 0.296

D-tpe 0.0056  0.0057 0.0029%, 0.0036°

Ip-'pe 0.041 0.041 0.040%

s I o 0.358 0.334 0282

1s-1p° 0.409 0.400 0.300%, 0.355"
ipi-ipad  Pp-PP° 0012 0009 0020

ip3pe 0.155 0.147 0.146
3p’-3s3p°  ?P-’D° 0.051 0.052 0.022 €.056°
3pds-ipdp 'P°-'S 0.096 0.090 0.184

tpe_lp 0.360 0.343 0.240

lpe D 0.680 0.613 0.730

3peig 0121 0.121 0.145

ipe_3p 0.435 0.382 0.482

plD 0.622  0.574 0.649
3pdp-3p4d P-'D° 0.530 0.547 0.043

1p_ipe 0.0075  0.0061 0.040

D-AF° 0.396 0.410 0.108

SZ+
{present) HH expt

Ipi-3s3p®  *P-'D° 0.024 0.021 0022 0025 0.022:£0.002°, 0.022¢
plpe 0.043 .038 4.034 0.050 0.036¢
ip.3g° 0.360 0.340 0.35 0.33
lp-1p° 0.38 0.37 037 0.33
D-D° 0.021 0.019 1.03 1.03 0.01670,0005°,
0.99:£0.10¢
o 0.0023 00052 0002 0.014
3p?-3p3d 3PP 0780  0.760 0.39 0.30
pipe 1.670 1.630 1.86 1.62 0.96+0.19°
Ip-1p° 0024 0024 0014  0.042
tp-1pe 1.02 0982 0107 0.027
p-1pe 1.36 1.35 1.54 1.60

) 27 2.64 2.74 291
3pdp-3p4d >D-F° 0.947 0.380 0.685+0.05°
3p®-3pds PP 0.087  0.083 057 0.51

ip-ipe 0.094 0.094  0.10 0.14 0.0720.04°
lg.1pe 0.066 0.062 0.064 0.1m 0.08+0.05°
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Table 5. {continued)

Ar‘”"
(present) expt
3p*-3s3p®  P-ip° 0.061 0.059 0.0570.002"
ip-tye 0.306 0300
ipipe 0.042 0.041
3p%-3p3d PP 0.581 0.569
p-ip° 1.411 1140
'p-1pe 1.212 1.208
1g-1p° 2270 2.220
3pi-lpds PP 0.147 0.143
Ca6+
(present) EB

3p*-3s3p® *p-*D° 0.050 0.049  0.047
3p_ipe 0.067 0.064  0.064
3p_ige 0.268 0.264 0249
D-tpe 0.250 0246 0236
D-'pe 0.088 0085  0.09

5.tp2 0.175 0166  0.191
3pt-3p3d  PP-*D* 1.133 1.133 1.082
Ip3pe 0.460 0.457  039%

p-1p° 0.678 0.674 0.504
iptRe 0.574 0.974 0.896

3p°-3p4s  PP-P° 0.150 0.147 0.143
D-p? 0.141 0.137 0.133
15-tpe 0.115 0109 0.120

* (O"Brian and Lawler {1991).
b Becker et al (1930).

¢ Berry et af (1970).

4 Livingston et af (1976).

% Ryan et al (1989).

f Irwin e af (1973).

effects. Their oscillator strengths from the ground configuration agree with the present
results, but significant differences are found for other transitions, especially for the
3p4p-3pdd transitions where differences range from 40% to up to an order of magnitude.

The calculated S** oscillator strengths show a better agreement between the length
and velocity forms, except for the weak transition 3p® '$-3s3p® 'P°, than the atomic
structure calculations by Ho and Henry (1987). The present f~values differ significantly
from those of Ho and Henry for the transition 3p” *P-3p3d *P° and 'D-'D° transitions.
Comparisons are also made with available experimental values using the beam-foil
technique. The present values are somewhat higher than those measured by Berry et
al {1970). Agreement of the present calculated f-values is reasonably good with those
of Livingston ¢t al (1976) and Ryan et al (1989) except for the transition 3p* *P-
3p3d°D°. The measured value for a single transition by Irwin et af (1973) lies much
higher than the present value, as well as that by Berry ef al.

Oscillator strengths for some transitions of A** are presented in table 5. Only one
published measured value has been found. The present oscillator strengths appear to
be the first calculated values. The single measured transition (Irwin et al 1973) by the
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beam-foil technique agrees well the calculated value. The present f~values should be
of good accuracy since the difference between the length and velocity forms is found
to be very small.

Some oscillator strengths of Ca®* are presented in table 5 and compared with the
atomic structure calculations by Biemont (1986), who included some relativistic effects.
The parameters in his model were adjusted to reproduce the observed energy values.
Our results agree well with those listed by Biemont. The present fi and fy values also
agree with each other to about 5%.

4.3. Total and partial photoionization cross sections

Detailed photoionization cross sections which include autoionizing resonances through
interchannel couplings are calculated for all calculated bound states of Si°, 8%, Ar**
and Ca®" as quoted in table 3. The Rydberg series of autoionizing resonances arise
from the (N +1)-electron quasi-bound states of the type (S, L7 )nl, where S.L,7, are
the various states of the target ion included in the cc expansion.

Ilustrative results are presented for some of the important states, in particular the
ground and the metastable states; °P, 'D and 'S. In addition, we describe in detail two
other significant features of the present calculations: (i) partial photoionization cross
sections, with the residual ionm in an excited state, and (ii} an important type of
resonances known as photoexcitation-of-core (PEC) resonances, first discussed by Yu
and Seaton (1987), that manifest themselves strongly in the photoionization of excited
bound states in a Rydberg series.

4.3.1. Total cross sections. The total photoionization cross sections for the ground state
of Si-like jons are presented in figure 1. The threshold photoionization eross section,
oy, for the ground state °P of each ion is given in table 3. o, for Si° shows a large
value compared with the other three ions indicating a strong resonance at the threshold.
The presence of a large and wide resonance spanning more than an order of magnitude
in the *P photoionization cross section can be observed from the detailed plots in
figure 1(a). The same resonance at the threshold is observed in the work by Mendoza
and Zeippen (1988). The bottam panels of figures 1(b), (¢) and (d} show similar plots
of the *P ground state of the other three elements. All cross sections show extensive
resonance structures throughout the range of energies from the ionization threshold
up to the highest target threshold considered. These resonances form from the bound
channel states and autoionizing states of Rydberg series belonging to the target states
and enhance the background cross sections significantly. The Rydberg nature of the
resonances is evident from the patterns that are seen to converge on to the various
target states; the most easily discernable is the first excited state *P of the residual ion.

In the ground state photoionization cross sections in the lowest panels of figure 1,
the circles correspond to cross sections calculated in the central field approximation
(Reilman and Manson 1979). For neutral silicon, the central field approximation
underestimates the background cross sections significantly, by about a factor of two
and a half near threshold to a factor of four at higher energy. For $**, it overestimates
the threshold cross sections by 50% and falls by about a factor of two in the high
energy region. The comparison for Ar** in figure 1{¢) may be difficult because the first
circle corresponds to their near threshold cross section as tabulated, not at a higher
photoelectron energy. This cross section in the central field approximation is about
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twenty times lower from the present calculations. Their cross sections rise at higher
energy but stay about 40% below the average background cross sections of the present
work. The central field approximation agrees well with our R-matrix results only for
Ca®, the most highly charged jon considered in the present work.

Unlike the central field approximation, which does not take into account channel
couplings, a simple Z-dependent variation for oy of the elements of the Si sequence
cannot be obtained because of the enhancement and variations in the background
cross sections at and near threshold region by the autoionizing resonances. The same
is true of many other detailed close coupling calculations of photoionization which
include autoionization effects (e.g. the carbon sequence (Nahar and Pradhan 1991)).
This is discussed further later.

The upper two panels of figure 1 show the total photoionization cross sections of
the metastable states 'D and 'S dominated by the ground configuration 3s*3p® of Si°,
§**, Ar** and Ca®". Metastable states are of considerable practical importance since
they are unable to decay to the ground state via dipole transitions and consequently
have long lifetimes. A significant fraction of the level population in experimental beams
or laboratory or astrophysical plasmas may be present in metastable states. For Si°,
each state of the ground configuration shows the presence of a large resonance near
the threshold in figure 1(a). Si° cross sections behave differently from the other three
ions in terms of the large cross section near the threshold and in the background
variations for all three lowest states. In the case of S*", Ar*™ and Ca®" the resonance
structures in the states dominated by the ground configuration are different for each
ion though the average magnitude of the background cross sections of the metastable
states remains in the same range as that for the *P ground state.

4.3.2. Partial photoionization cross sections. Partial photoionization cross section of
atoms and ions into various excited states of the residual ion are important astrophysi-
cally for the determination of level populations in these states under conditions of
non-LTE. Partial photoionization cross sections of the 3s°3p*°P ground state of Si’,
$**, Ar*" and Ca®", leaving the residual ion in the ground and various excited states
(as given in table 1), are obtained and presented in figures 2(a)~(d). The bottom panels
show the total, that is the sum of the partial cross sections, while the upper panels
correspond to partial photoionization cross sections leaving the residual ion in various
excited states, as specified in each panel in figure 2. For Ca®", the upper two panels
specify more than one target state which means that those panels correspond to the
combined cross sections for those states, The reason for this is that these target states
lie very close to each other and have been treated as degenerate. In these figures arrows
point to the threshold energies of the target states with respect to the ground level.
Slight differences in the resolution and resonance positions in photoionization cross
sections for the *P ground state of Si® and S** can be noticed in the bottom panels of
figures 1 and 2. These are due to the use of calculated target energies in figure 1, and
observed target energies for the partial photoionization cross sections; the two sets of
energies are, as pointed out earlier with table 1, very close to each other.

From figure 2 it can be seen that the photoionization into the “P° ground state of
the residual ion dominates the process and the other partial cross sections contribute
relatively small amounts to the total background. The important feature to be noticed
is the extensive autoionizing resonance structure in maost of the partial cross sections,
often at or in the near threshold region. Each resonance may correspond to a high
probability for a line formation at a given frequency. Determination of the branching
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Figure 2. (a) Partizl photoionization cross sections of 3s*3p® *F ground state of Si%. The
bottom panel shows the total cross section and the upper panels partial cross sections
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point at the threshold eross sections, The upper limit of the panels are not specified except
for the top pancl. (b) Same as figure (@) except for §%*. {c} Same as (a) except for Ar**.

{(d) Same as (a) except for Ca®",
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ratios of these partial cross sections at ionization thresholds may not be obtained
accurately because of the resonances (see Nahar and Pradhan 1992),

4.3.3. z dependence. As shown in table 3, for the Si sequence ions there appears to be
no systematic trend in threshold cross sections, o,, with ion charge z=2Z— N, as
usually obtained in simpler approximations such as the central field approximation.
Figure 3 shows z-scaled photoionization cross sections of the *P ground state of the
four Si-like ions. The slight differences in the resolution and the resonance positions
of ground state photoionization cross sections of Si® and $** between figures 1 and 3
are due to the use of calculated and observed target energies, as explained in the above
section for partial photoionization. The purpose of figure 3 is to examine an overall z
dependence of the cross sections. It was found by Nahar and Pradhan (1992) for the
carbon sequence ions that even though no generally precise z dependence can be
obtained for individual cross sections, the background on the whole did show some z
dependence for the different elements of the C-isoelectronic sequence, especially for
the more highly charged members.

For the Si-sequence ions although we find no discernible z dependence for Si’ and
8%*, for Ar** and Ca®" the value of lg[z°op] is about 1.4 for both ions, indicative of
a similar charge dependence of the background cross sections for all other higher
members of the sequence (as in Nahar and Pradhan 1992). For $**, the value of
lg[z°e] is about 0.8, while for S8i° an average background value cannot be obtained

Si-like ions: 3s%3p° P

10810[0'91(313 )22] (Mby)

1ok b

=14 i

.0 - 243
Ephnt/ElF

Figure 3. z-scaled photoionization cross sections of Si like ions: Si°% §%*, Ar** and Ca**,
The energy axis in each panel is scaled by the ionization energy of the corresponding ion
and the energy range goes from 1.0 to the value printed or the bottom right of each panel,
The upper limit of the panels is not specified for the top panel.
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due to the presence of large resonance structures. Si° is a complex neutral system with
a number of electrons and the correlation effects are more involved than in the other
members of the sequence. It might be emphasized that while the resonances appear
narrower for highly charged ions due to the energy scale that increases as z?, the
autoionization rates themselves are independent of ion charge and therefore the relative
importance of resonances in photoionization cross sections persists even for the higher
members of an isoelectronic sequence. This fact may be important in practical applica-
tions where the photon frequency dependence in a given energy region needs to be
considered, usually in the near threshold region.

4.3.4. Photoionization of excited states. Photoionization of excited bound states with
n=10 and /=35 for the active electrons is considered. The number of bound states
Nyna in table 3 corresponds to the total number of states for which photoionization
cross sections have been calculated. These results have been used in the calculation
of stellar opacities and are also being utilized in the calculation of total electron-ion
recombination rate coefficients, as discussed by Nahar and Pradhan (1991, 1992).

There are two prominent features exhibited by the detailed excited state photoioniz-
ation cross sections. First, all the excited states show the presence of a large number
of autoionizing resonances (e.g. metastable states in figure 1) and consequently no
smooth fitting procedure can be formulated. Most of the Rydberg excited states, in
addition to narrow resonances, show large wide resonances known as pec (photoexcita-
tion-of-core) resonances, at energies corresponding to strong dipole transitions in the
core ion, usually from the ground state. The outer electron in the Rydberg state remains
a ‘spectator’ as in the dielectronic recombination process, PECS are more prominent
in highly excited states where the valence electron is far removed and is weakly coupled
to the core states. Figure 4 shows the wide peC resonances in the photoionization cross
sections of 3s°3pnd 'F° series of excited states of Si°, n ranging from 4 to 11,
corresponding to dipole allowed Si* core transitions 3s%3p “P°- 3s3p® (°D, %8, °P),
35%3d 2D, 35°4s 5. As we go up high in the excited nd series of states, PECs become
more and more prominent, located at photon energies corresponding to the transition
energy between the core states mentioned above. The series show a monotonic decrease
of cross sections in the low energy region similar to cross sections calculated in the
hydrogenic or central field approximation, but at higher energies the cross sections
are considerably enhanced as pEC resonances begin to manifest themselfes. This appears
to be one of the crucial differences between photoionization calculations in the cc
approximation and the simpler approximations that provide only the background cross
sections and are therefore likely to severely underestimate the effective cross sections.
It can be noticed that the enhancement due to PEC resonances can be such that the
effective cross sections at higher energies may even be greater than the cross section
value at the first ionization threshold.

The second important effect of interchannel coupling is that photoionization may
occur through autoionizing channels at energies below the ionization threshold of the
optical electron. Figure 5 shows the photoionization of the 3s3p® *S° excited state of
S** with energy range going up to the highest excited state considered in the cc
expansion of target $**. Figure 5(a) plots the total cross sections with positions of
various target states shown by arrows and figure 5(&) shows an expanded version of
the region between “P° and *P. The threshold for ionization of the 3p optical electron
of the 8° state corresponds to the residual or target ion 3s3p”*P state. Therefore,
excluding interchannel coupling would result in a zero cross section below this
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Figure 4. Photoionization cross sections of Rydberg series of states 3s*3pnd 'F°, 4= n=11,
of Si° iHlustrating the PEC resonances due to five dipole allowed core transitions: 3s*3p?P°-»
3s3p? (3D, 28, 7P), 35%3d 2D, 3s%4ds 2S. The upper limit of the panels is not shown except
for the top panel,

threshold. On the other hand the effective cross section, although entirely due to
autoionization, is quite large as it is dominated by large autoionizing resonances (figure
5). The resonances of the *P np series are identified in figure 5. The wide *P Sp
resonance above the “P° ground state of $*" shows a rise by several orders of magnitude,

5. Conclusion

Extensive close coupling calculations for the radiative data, energy levels, oscillator
strengths and photoionization cross sections corresponding to a large pumber of bound
states have been carried out for the four ions Si% §**, Ar** and Ca®" in the silicon
sequence. Calculations for Fe'”” have been carried out by Mendoza (1992), also as
part of the op, and will be reported independently. Estimates of uncertainties in
computed energies and f~values can be inferred from detailed comparisons with the
experimental values that are given. As there are very few measurements for photoioniz-
ation cross sections, it is difficuit to assess the uncertainties in general but we estimate
these to be at the level of 10%, based on the accuracy of the energies and the f-values,
The calculated oscillator sirengths and energy levels agree quite well with available
measured values and previous calculations of high accuracy. Partial photoionization
cross sections of the ground state of each ion are presented. The z-scaled behaviour
of photoionization cross sections of the sequence is studied and found to have some
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Figure 5. Photoionization of the 3s3p® ’S° state of §**. The top part shows the total cross
sections up to the highest excited target state of §°* where arrows point to positions of
various target states. The bottom part shows the expanded region between P° and *P where
photoionization proceeds through autoionizing channels only. The autoionizing resonances
of the *P np series are shown by arrows.

uniform dependence for the background cross sections for Ar** and Ca®*. To our
knowledge this work reports the first calculation of Ar** oscillator strengths and detailed
photoionization cross sections of §°*, Ar** and Ca’™.
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