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ABSTRACT

Results are presented from detailed study of inverse processes of photoionization and electron-ion recombination of
(hv + Al XI 2A1 XII + ), (hv + Al XI1 = Al XIII + ), (hv + Si XII 2 Si XIII +¢e), and (hv + Si X111 2Si XIV + ¢)
using ab initio unified method. These are the first results on photoionization cross-sections (0p(nSLJ)) with
autoionizing resonances and level-specific recombination rate coefficients, incorporating both the radiative and
dielectronic recombination, for these ions. All fine structure levels withn 6 10 and 0 6 | 6 9 are considered. A total of
98 fine structure levels with %2 <J < 17/2 for Al XI and Si XII, and 190 for Al XII and 189 for Si X1 with0<J<10
are found. Op (NSLJ) show background enhancements due to core excitations and narrow high-peak resonances.
Level-specific recombination rates show smooth decay with a small bump at high temperature. Present total
recombination rate coefficients with temperature (ar(T)) show good agreement with available rates. Recombination
rates over photoelectron energy (ar(E)) are presented for astrophysical and laboratory plasma applications. Total
recombination rates for H-like Al XIII and Si X1V are given for completeness. Calculations are carried out in the
relativistic Breit-Pauli R-matrix method using coupled channel wavefunctions. Inclusion of important atomic effects
such as radiation damping, channel couplings, interference of DR and RR, and relativistic fine structure effects should
provide accuracy within 10-15%. The comprehensive data-sets are applicable for various models such as for
ionization balance and recombination-cascade for UV and X-ray lines.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Highly charged He-like and Li-like ions, especially from carbon to iron, are most prevalent
in high temperature astrophysical and laboratory sources. The X-ray spectra taken by space
observatories Chandra, XMM-Newton contain many diagnostics lines of these ions (Lee et al.,
2001; Ness et al., 2003; Hillier, 2005). For example, the well-known Ka spectral lines in X-rays
involve transitions from the n = 2 levels in He-like ions and provides information of temperature,
density, and ionization state of the plasma (e.g. Oelgoetz and Pradhan, 2001, 2004). The ionization
balance in the source requires knowledge of ionization and electron-ion recombination rates for
the ionization stage of He-like as well as Li-like and H-like stages. Emission lines in general
contain a component due to electron-ion recombination, particularly in transient plasmas out of
ionization equilibrium. To model the recombination component, recombination-cascade
coefficients are computed from level-specific recombination rate coefficients for a large number of
excited levels, as presented in this report.

Present work reports detailed study of the inverse processes of photoionization and
electron-ion recombination using the unified method (Nahar and Pradhan, 1994) which enables
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self-consistent set of atomic data for both the processes. Compared to available separate rates for
radiative recombination (RR) and dielectronic recombination (DR), unified method provides the
total rates in an ab initio and unified manner. The aim of the present work is to study the highly
charged astrophysically abundant He-and Li-like aluminium and silicon ions and provide accurate
and self-consistent results. Relativistic effects and radiation damping are important for these ions.
The unified method is implemented through the powerful relativistic Breit-Pauli R-matrix
(BPRM) method. Earlier calculations for photoionization cross-sections for these ions were
carried out under the Opacity Project by Fernley et al. (1987) for He-like ions and by Peach et al.
(1988) for Li-like ions. They were computed in the non-rel-ativistic LS coupling approximation
and using wavefunctions smaller than the present ones. Existing recombination rates available are
for total radiative recombination from central field approximation (e.g. Verner and Ferland, 1996),
and for total dielectronic recombination using isolated resonance approximation (e.g. Romanik,
1988).

The present results should be useful for spectral analysis of X-ray observations from
Chandra X-ray Observatory and XMM-Newton, and UV observations, such as from the Far
Ultraviolet Spectroscopic Explorer (FUSE), the Solar and Heliospheric Observatory (SOHO), etc.
The data are presented at all energies and temperatures prevalent in high temperature sources such
as Active Galactic Nuclei, supernova remnants, hot stellar coronae, etc. (e.g. Canizares et al.,
2000).

2. Theory

The inverse processes of photoionization and electron-ion recombination can proceed in
two ways: directly as (i),

e+ X =hv+ X7, (1)

where right arrow indicates the direct or radiative recombination (RR) and the left arrow indicates
photoionization, or (ii) through an intermediate doubly excited autoionizing state as

efx——i(xﬂ”i{ (a) 2)

The autoionizing state leads either to autoionization (Al) where the electron goes free or to
dielectronic recombination (DR) by emission of a photon. The state introduces a resonance in
photoionization and recombination cross-sections. RR and DR are inseparable in nature. The
unified method subsumes both the RR and DR processes and considers photoionization from and
recombination into the infinity of (e + ion) levels. It is an ab initio method implemented in the
close coupling (CC) approximation and R-matrix method (Nahar and Pradhan, 1992, 1994) as
briefly outlined below.

In the CC approximation, the atomic system of the ion and an interacting electron, is
described by an N-electron system called the target (core) interacting with the (N + 1)th electron
which can be bound to the ion or in the continuum. The total wavefunc-tion, ¥(E), of the (N + 1)
electron-ion system of symmetry Jz is represented by an expansion of target eigenfunctions, y;, as

Y(ion +e;E) =AY y(ion)6; + > ¢dj(ion +e), (3)
i i



where the target is izn a specific Igvel Jimi. is the wavefunction of the (N+ 1)th electron in a
channel, SiL; (Ji)zik i €i(Jr) and k; is its kinetic energy. The channel is called open or closed

depending on positive or negative energy (k; ). The autoionizing resonances result from the
couplings of open and closed channels. The @&;’s are correlation functions of the (N+ 1)-electron
system and account for short range correlations and orthogonality between continuum and bound
orbitals.

The relativistic Hamiltonian, in the Breit-Pauli R-matrix (BPRM) method as adopted under
the Iron Project (Hummer et al., 1993), is given by

HJ]\}lil = H:'RH +Hanisis +HET1 _H;?H- (4)

HNR

where first term, "~ | is the nonrelativistic Hamiltonian,

. N+1 . 22 N+1 2 .
HREn-Z{—Vf—r—E‘FZE}: (5)
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and the additional relativistic one-body correction terms are the mass correction, #™* = 5 3pf, |
Darwin, H™ =%3:v*(}) and spin-orbit interaction, H*=2#%:3k-s. . The spin-orbit term splits
the LS term in to fine structure components. The set of SLz is recoupled for Jr levels of (e +
ion)-system which is followed by diagonalization of the Hamiltonian, Hx.. =E?." The positive
energy (E = k* > 0) and negative energy (E < 0) define the continuum Wr or bound W states which
are used in the transition matrix elements.
The reduced matrix element for the bound-free transition is obtained as (?sIPI¥r where D
=>ri is the dipole operator, the sum is the number of electrons. The dipole line strength,
S=(waIDIws 2, , gives the photoionization cross-section, or=[47°/(3gic)loS, v, where gi is the
statistical weight factor of the initial bound state.
Radiation damping of the resonances, which is important for the present H- and the He-like
recombining ions, is considered using a resonance fitting procedure (Sakimoto et al., 1990;
Pradhan and Zhang, 1997; Zhang et al., 1999). The radiative decay rates (A,) for transitions, 2p(*P

03 12112)— 15(°Ss) in H-like core and 1s2p(*P ci) — 15°(*Sy,) in He-like core are comparable to
autoioniza-tion rates, typically A, ~ 10'2-10* s, causing autoionizing resonances to damp
radiatively to a significant extent. All resonances, up to effective quantum number v < 10, have
been damped. Resonances beyond v > 10 are treated with DR theory discussed below.



Table 1

Target levels in the eigenfunction expansions of Al X1, Si XII, Al XII and Si XIII and their energies in Ry, calculated
E. and observed E, (NIST compilation)

Level Al XII Si X1l lLevel Al X1l Si X1V
E, E; E, Ec E, E; E, E.

1 15*1Sp 0.0 0.0 0.0 0.0 15”S175 0.0 0.0 0.0 0.0

2 1525, 115.75881 115.82 135.19508 135.29 2p%Pi 5 126.983 127.01 147.315 147.35

3 1s2p>Pj) 116.71369 116.75 136.2322 136.30 257811, 126.986 127.01 147.320 147.35

4 1s2p° P} 116.72500 116.76 136.24851 136.31 2p%P 127.078 127.11 147444 147.48

5 1s2p>Pg 116.77170 116.81 136.31363 136.38 3p*PY 150.531 150.56 174.640 174.68

6 1s2s'S, 116.7858 116.81 136.31419 136.36 35%S 150.532 150.56 174.642 174.68

2 152p' P} 117.47218 117.54 137.0731 137.17 3d’Dsy;, 150.560 150.59 174.679 174.72

8 153sS, 136.87653 136.93 159.89761 159.98 3p?P5 150.560 150.59 174.679 174.75

9 153s'Sy 137.14804 137.19 160.19315 160.26 3d’Dsp 150.569 150.60 174.692 174.73
10 1s3p*PY 137.15619 137.21 160.20703 160.29 4p?P] , 158.770 158.80 184.199 184.24
11 1s3p°P} 137.14236 137.19 160.18770 160.27 45”11 158.770 158.80 184.200 184.24
12 1s3p*P§ 137.13881 137.19 160.18279 160.27 4d°Dsp, 158.781 158.81 184.215 184.25
13 1s3d°D, 137.30050 137.19 160.36480 160.45 4p2Pf , 158.781 158.81 184.215 184.25
14 1s3d°D, 137.30092 137.35 160.36506 160.45 412, 158.785 158.81 184.221 184.26
15 153d°Dy 137.30604 137.36 160.37252 160.46 4d’Ds5p, 158.785 158.81 184.221 184.26
16 1s3d'D; 137.31310 137.36 160.37941 160.47 4K, 158.787 158.82 184.223 184.26
17 153p'P} 137.34746 137.41 160.41419 160.51

The correlation configurations and values of the A parameters of the orbitals are given below.

Al XII: correlations — 257, 2p?, 3s?, 3p?, 3d?, 2s2p, 253s, 253p, 253d, 254s, 2s4p, 2p3s, 2p3p, 2p3d, 2p4s, 2p4p.

At — 0.991(1s), 0.991(2s), 1(2p), 1(3s), 1(3p), 1(3d), 1(4s), 1(4p).

Si XI11: correlations — 25, 2p?, 3s?, 3p?, 3d?, 2s2p, 253s, 253p, 253d, 254s, 254p, 2p3s, 2p3p, 2p3d, 2p4s, 2p4p.

At — 0.991(1s), 0.991(2s), 1(2p), 1(3s), 1(3p), 1(3d), 1(4s), 1(4p).

The electron-ion recombination cross-section ogrc Can be obtained from photoionization
cross-sections op, Using principle of detailed balance as, in Rydberg units,

orcle) = Tz
Al

Table 2

Uf_zgi (e+1)?
€

P,

(6)

Radiative decay rates, A¢ (in s ™) for allowed core transitions to the ground level, 1s*S, for Al XI1, Si XI11, and 1s°S1/,

for Al X111, Si XIV

Level Ag

ALXTI Si X
1s2p(*PY) 6.60(10) 1.39(11)
152p{'PY) 2.76(13) 3.78(13)
153p{3P)) 9.18(10) 420(10)
1s3p('P}) 7.90(12) 1.08(13)

Al X1 Si XIV
2p(2P; ) 1.78(13) 2.40(13)
2p2P ) 1.79(13) 2.40(13)
3p(3P} 5) 3.68(12) 6.28(12)
3p(PS,) 472(12) 6.34(12)
4p(*Pt 5) 1.85(12) 2.46(12)
4p(2P5 ) 1.88(12) 2.51(12)




which is known as the Milne relation. Here « is  the fine structure constant, € is the photoelectron
energy, gj is the statistical weight factor of the recombined ion and I is the ionization potential. cx¢
computed from o, with sufficiently large number of energies to delineate the non-resonant
background and the autoionizing resonances represents both RR and DR processes. For the
recombining ion in its ground state, opl corresponds to partial photoionization cross-sections,
leaving the ion in the ground state. Recombination rate coefficients, ar(nSLJ), of individual
recombined levels are obtained by convolving crc Over Maxwellian electron distribution

3/

. 12 e .
f(v) =2 () "v2e Tl at a given temperature as
v

(i, T) = L " Vi (Were(idv, 7

where i = nSLJ. The sum of these individual rates > ;jor(i, T) provides the contribution to the total
recombination rate coefficient, ag and the total recombination cross-sections, orc.

Total recombination rates of the electron-ion system correspond to contributions from
infinite number of recombined states. In unified method, the recombined states are divided into
two groups: group (A) states n < n, with all possible fine structure J= symmetries and group (B)
states with ny < n < oo, with n, ~ 10.
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Fig. 1. (a) Total and (b) partial photoionization cross-sections of the ground level 1s? 2s(*S,;,) of Al XI. The large
enhancement in the total rp, around n = 2 thresholds (~175.5 Ry) is due to K-shell ionization (hv + 15?21 — 152l
+e). No jump is in partial cross-section since ionization in to the excited core are not included.

The recombination rates coefficients of group (A) states are obtained from the photoionization
cross-sections as described above.

Group (B) levels, ny < n <o, are treated through quantum defect theory of DR within the
close coupling approximation (Bell and Seaton, 1985; Nahar and Pradhan, 1992,1994). The
energy region is dominated by narrow high-n resonances due to DR. The background contribution
of these levels is negligible except at very low temperature. The DR contributions from these
levels are obtained from the collision strengths, Q(DR), using radiation damping theory as

Q(DR) =Y 3 7(1/2)(25 + 1)(2L + 1)P;(DR), (8)

St n



where the DR probability P2~ in entrance channel n is, Pr"0OR) = (1~ #LF e “e is the matrix
for electron scattering including radiation damping. The cross-section, ogc in Mb, and collision
strength, Qgc, for recombination are related as

T

orc(i — J)(Mb) = 5 @ec(ij)(a5/10 ), (9)

i

where & s in Rydbergs. For numerical stability, Qgrc is preferable to ogrc for calculation of
recombination rate coefficient since orc diverges at zero-photoelectron energy. Background
photoionization cross-sections for the high-n group (B) levels are computed hydro-genically, and
the corresponding contribution to ag is referred to as the ‘‘high-n top-up” (Nahar, 1996).

The total recombination cross-sections orc, Summed from contributions of group A and B
states, is an important quantity as it provides information on satellite lines (Nahar and Pradhan,
2006) and the recombination rates orc(E) which can be measured experimentally in terms of the
photoelectron energy (E). The velocity (v) or energy dependent photorecombination rate can be
obtained as

opc(E) = vope(E)

(10)
The measurable feature is the resonant part of arc(E) convolved with the monochromatic

bandwidth of the experimental beam in synchrotron facilities such as the Test Storage Ring in
Heidelberg (e.g. Pradhan et al., 2001).

3. Computation
The calculations for photoionization and electron-ion recombination involve number of

stages. The first step is to obtain the target, or the core, orbital wavefunctions. These
wavefunctions are
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Fig. 2. (a) Total and (b) partial photoionization cross-sections of the ground level 1s? 2s(>Sy;,) of Si XII. The large
enhancement in the total op around n = 2 thresholds (~175.5 Ry) is due to K-shell ionization (hv + 15?21 — 1521 + e).
No jump is in partial cross-section since ionization in to the excited core are not included.

10°*

obtained from configuration interaction atomic structure calculations using the code
SUPERSTRUCTURE (Eissner et al., 1974).

The wavefunction expansions for the Li-like Al XI and Si XII contain 17 fine structure
levels of the spectroscopic configurations 1s2, 1s2s, 1s2p, 1s3s, 1s3p, and 1s3d of the target core
Al XII and Si XIII, respectively. The levels and their energies are given in Table 1. The set of
correlation configurations and the Thomas-Fermi scaling parameters for each orbital in the atomic
structure calculations are also given in Table 1. As seen in Table 1, the calculated energies are very
close, within 0.1%, to the observed values compiled in the NIST Compiled Database website:
http://www.nist.gov. However, the observed energies used as they provide more accurate
resonance positions.

The second term of the wavefunction in Eqg. (3) representing bound state correlation
functions includes all possible (N + 1)-particle configurations with 0 to maximum orbital
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occupancies of 2s%, 2p?, 3s?, 3p?, 3d?, 4s and 4p for both Al X1 and Si XI1. The radial integrals for
the partial wave expansion are specified for 0 < | <9, with a R-matrix basis set of 40 continuum
functions. The R-matrix boundary was chosen to be large enough, to 5a, for cores Al XII and Si
XI11, to accomodate the bound orbitals. Computations are carried out for all angular momenta, 0 <
L<11,1/2<3<17/2.

The coupled channel wavefunction expansions for Al XII and Si XIII contain 16 fine
structure levels of Al X111 and Si XIX of configurations 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d and 4f. The
levels and their energies are given in Table 1. For single electron hydrogen-like systems, such as
the core Al XIIl and Si XIV, accurate energies are obtained easily and hence correlation
configurations are not necessary. The Thomas-Fermi parameter for the orbitals were taken to be
unity. The bound state correlation functions included all possible configurations from 0 to
maximum orbital occupancies of 1s% 2s%, 2p?, 3s?, 3p?, 3d?, 4s% 4p?, 4d and 4f. The partial wave
expansion includes all orbitals 0 <1< 9, with a R-matrix basis set of 30 continuum functions. The
R-matrix boundary was chosen to be 7a, for core Al XIlI and 6a, for core Si XIV. Computations
are carried out for all angular momenta, 0 <L < 14, 0 <J <10.

Both the partial and the total photoionization cross-sections are obtained for all bound
levels using the BPRM R-matrix codes (Berrington et al., 1995; Nahar and Pradhan, 1994; Zhang
et al., 1999). They are extensions of the Opacity Project codes (Berrington et al., 1987) to include
the relativistic effects (Scott and Burke, 1980; Scott and Taylor, 1982). The energy levels are
obtained from STGB and are identified using the code PRCBPID (Nahar and Pradhan, 2000).
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Table 3

Level specific recombination rate coefficients for the ground and excited 21l and 3l levels of Al XI and Si XI|I

logioT (K) ag (cm*s ')
25°S 1 35Sy, 2p%P5 P, 3d’Dy;, 2p?P}, 3p%PY, 3d°Dy,
AIXI

BE: 32.5 14.1 30.9 136 135 30.8 13.6 135

1.0 9.35E 11 2.98E 11 9.23E 11 3.40E 11 451E 11 1.84E 10 6.78E 11 G.74E 11
1.1 8.33E 11 2.66E 11 8.23E 11 3.03E 11 4.02E 11 1.64E 10 G.OAE 11 GOIE 11
12 743E 11 237E 11 7.34E 11 2.70E 11 358E 11 1.46E 10 5.38E 11 5.36E 11
13 6.62E 11 211E 11 G.54E 11 241E 11 3.19E 11 1.30E 10 4.80E 11 477E 11
14 5.90E 11 1.88E 11 5.83E 11 2.14E 11 2.84E 11 1.16E 10 4.28E 11 425E 11
15 5.26E 11 1.68E 11 5.19E 11 191E 11 253E 11 1.03E 10 381E 11 3.79E 11
1.6 469E 11 1.49E 11 4.63E 11 1.70E 11 226E 11 9.20E 11 340E 11 338E 11
1.7 4.18E 11 1.33E 11 412E 11 152E 11 201E 11 8.20E 11 3.03E 11 3.01E 11
1.8 3.72E 11 1.19E 11 3.68E 11 135E 11 1.79E 11 7.31E 11 2.70E 11 2.68E 11
19 3.32E 11 1.06E 11 3.28E 11 121E 11 1.60E 11 G.51E 11 241E 11 239E 11
2.0 2.96E 11 9.43E 12 2.92E 11 1.07E 11 142E 11 5.81E 11 214E 11 213E 11
2.1 2.64E 11 8.40F 12 2.60E 11 9.57E 12 127E 11 517E 11 1.91E 11 1.90E 11
22 235E 11 7.49E 12 2.32E 11 853 12 1.13E 11 461E 11 1.70E 11 1.69E 11
2.3 2.09E 11 G.G8E 12 2.07E 11 7.61E 12 1.01E 11 4.11E 11 1.52E 11 151E 11
24 1.87E 11 5.95E 12 1.84E 11 6.78E 12 8.99E 12 3.66E 11 135 11 1.35E 11
25 1.66E 11 5.30E 12 1.64E 11 G.04E 12 801E 12 3.26E 11 121E 11 120E 11
2.6 148E 11 4.73E 12 1.46E 11 5.38E 12 7.14E 12 291E 11 1.07E 11 1.07E 11
2.7 132E 11 421E 12 1.30E 11 4.80E 12 G.36E 12 259E 11 9.57E 12 9.52E 12
2.8 1.18E 11 3.75E 12 1.16E 11 428E 12 567E 12 231E 1 8.53E 12 849E 12
2.9 1.05E 11 3.35E 12 1.04E 11 3.81E 12 505E 12 2.06E 11 7.60E 12 7.56E 12
3.0 9.35E 12 2.98E 12 9.23E 12 3.40E 12 450E 12 1.84E 11 6.78E 12 6.74E 12
3.1 8.34E 12 2.66E 12 8.23E 12 3.03E 12 401E 12 1.64E 11 G.04E 12 G.OOE 12
33 743E 12 237E 12 7.33E 12 2.70E 12 357E 12 1.46E 11 5.38E 12 535E 12
33 6.62E 12 211E 12 G.54E 12 240E 12 3.19E 12 1.30E 11 4.80E 12 4.77E 12
34 5.90E 12 1.88E 12 5.82E 12 2.14E 12 2.84E 12 1.1GE 11 4.28E 12 425E 12
35 5.26E 12 1.68E 12 5.19E 12 1.91E 12 253E 12 1.03E 11 3.81E 12 3.78E 12
36 4.69E 12 1.49E 12 4.63E 12 1.70E 12 225E 12 9.19E 12 3.39E 12 337E 12
3.7 4.18E 12 1.33E 12 4.12E 12 1.52E 12 201E 12 8.19E 12 3.03E 12 3.00E 12
3.8 3.72E 12 1.19E 12 3.67E 12 135E 12 1.79E 12 7.30E 12 2.70E 12 267E 12
3.9 3.32E 12 1.06E 12 3.27E 12 1.20E 12 159E 12 G6.50E 12 2.40E 12 2.38E 12
4.0 2.96E 12 9.43E 13 292E 12 1.07E 12 141E 12 5.79E 12 2.14E 12 212E 12
4.1 264E 12 841E 13 2.60E 12 9.55E 13 126E 12 5.16E 12 1.91E 12 1.88E 12
42 2.35E 12 7.49E 13 2.31E 12 851E 13 112E 12 4.60E 12 1.70E 12 1.68E 12
43 2.10E 12 G6.G8E 13 2.06E 12 7.58E 13 9.95E 13 4.09E 12 151E 12 149E 12
44 1.87E 12 5.95E 13 1.83E 12 6.75E 13 884E 13 3.64E 12 1.35E 12 132E 12
45 1.66E 12 5.31E 13 1.63E 12 G.O1E 13 7.85E 13 3.24E 12 1.20E 12 1.17E 12
46 148E 12 4.73E 13 145E 12 5.35C 13 G.9GE 13 2.89E 12 1.07E 12 1.04E 12
47 1.32E 12 422E 13 1.29E 12 4.76E 13 G.1GE 13 2.57E 12 9.49E 13 922E 13
438 1.18E 12 3.76E 13 1.15E 12 423E 13 544E 13 228E 12 8.44E 13 8.15E 13
49 1.05E 12 3.36E 13 1.02E 12 3.76E 13 4.80E 13 2.03E 12 7.50E 13 7.19E 13
5.0 9.38E 13 2.99E 13 9.06E 13 3.34E 13 423E 13 1.80E 12 G.66E 13 6.33E 13
5.1 8.36E 13 2.67E 13 8.03E 13 2.96E 13 371E 13 1.60E 12 5.90E 13 5.55E 13
5.2 7.4G6E 13 2.38E 13 7.11E 13 2.62E 13 3.25E 13 141E 12 5.23E 13 486E 13
5.3 G.G5E 13 2.12E 13 G.29E 13 2.32E 13 2.83E 13 1.25E 12 463E 13 423E 13
5.4 5.94E 13 1.90E 13 5.56E 13 205E 13 245E 13 1.10E 12 4.09E 13 367E 13
5.5 5.30E 13 1.69E 13 4.89E 13 1.81E 13 211E 13 9.72E 13 3.60E 13 3.16E 13
5.6 473E 13 1.51E 13 430E 13 1.59E 13 1.81E 13 8.54E 13 3.17E 13 2.71E 13
57 422E 13 1.35E 13 3.77E- 13 1.39E 13 154E 13 7.48E 13 2.78E 13 231E 13
5.8 3.76E 13 1.20E 13 3.29E 13 1.22E 13 1.30E 13 6.53E 13 2.42E 13 1.95E 13
5.9 3.36E 13 1.07E 13 2.86E 13 1.06E 13 1.09E 13 5.67E 13 2.11E 13 1.63E 13
6.0 299E 13 9.53E 14 247E 13 9.15E 14 9.06E 14 4.90E 13 1.82C 13 1.35E 13
6.1 2.67E 13 8.48E 14 2.13E 13 7.87E 14 744E 14 4.22E 13 1.57C 13 1.11E 13
6.2 2.38E 13 7.55E 14 1.83E 13 6.74E 14 GO7E 14 3.62E 13 1.35E 13 9.0GE 14
6.3 2.15E 13 6.78E 14 1.59E 13 5.81E 14 495E 14 3.15E 13 1.18E 13 731E 14
6.4 1.98E 13 G.29E 14 1.45E 13 521E 14 417E 14 2.87E 13 1.12E 13 5.88E 14
6.5 1.90E 13 6.25E 14 1.42E 13 5.11E 14 3.83E 14 2.81E 13 1.25E 13 4.76E 14
6.6 1.88E 13 G.71E 14 1.50E 13 5.58E 14 3.97E 14 2.94E 13 1.58E 13 3.95E 14
6.7 1.90E 13 7.51E 14 1.62E 13 G.AGE 14 446E 14 3.18E 13 2.06E 13 340E 14
6.8 191E 13 8.34L 14 1.72E 13 7.40E 14 505E 14 3.38E 13 2.55E 13 3.00E 14
6.9 1.86E 13 8.8GE 14 1.75E 13 8.04F 14 547E 14 344E 13 2.90E 13 2.69E 14
7.0 1.75E 13 8.89E 14 1.69E 13 8.20E 14 557E 14 3.32E 13 3.03E 13 239E 14
7.1 159E 13 8.44E 14 1.55E 13 7.85E 14 534E 14 3.04E 13 295E 13 209E 14
72 1.39E 13 7.62E 14 1.36E 13 711E 14 4383C 14 2.67E 13 2.70E 13 1.77E 14
7.3 1.18E 13 G6.58E 14 1.14E 13 G.14E 14 417E 14 2.25E 13 2.35E 13 147E 14
74 9.72E 14 5.49E 14 9.34E 14 511E 14 347E 14 1.83E 13 1.96E 13 1.18E 14
7.5 7.85E 14 445E 14 7.42E 14 4.11E 14 2.79E 14 1.46E 13 1.58E 13 931E 15
7.6 6.23E 14 3.52E 14 5.77E 14 3.23E 14 219E 14 1.13E 13 124 13 7.20E 15
77 487C 14 2.74E 14 441E 14 249E 14 1.68E 14 8.66E 14 9.58E 14 547E 15
7.8 3.76E 14 2.09E 14 3.33E 14 1.89E 14 127 14 G.53E 14 7.26E 14 411E 15
7.9 2.88E 14 1.58E 14 2.48E 14 141E 14 948E 15 4.87E 14 542C 14 3.05E 15
8.0 2.19E 14 1.19E 14 1.83E 14 1.04E 14 7.00E 15 3.60E 14 4.01C 14 224E 15
8.1 1.65E 14 8.82E 15 1.35E 14 7.67E 15 5.12E 15 2.64E 14 2.94E 14 1.64E 15



Table 3 (continued)

log,oT (K) i (em®s ')

25%S1 3s%S112 2p?P , 3p?P; , 3d*Dypy 2p?P3 , 3p?Py, 3d°Dy

Al XI
BE: 325 14.1 30.9 13.6 135 30.8 13.6 135
8.2 1.24E 14 652E 15 9.83E 15 559E 15 3.72E 15 1.93E 14 2.14E 14 1.19E 15
8.3 9.26E 15 4.80E 15 7.15E-15 4.06E 15 2.69E 15 1.40E 14 1.55E 14 8.63E 16
8.4 G.90E 15 351E 15 5.18E 15 2.94E 15 1.94E 15 1.02E 14 1.12E 14 622E 16
85 5.12E 15 257E 15 3.74E 15 2.12E 15 1.39E 15 7.34E 15 8.05E 15 447E 16
8.6 3.79E 15 1.87E 15 2.70E 15 1.52E 15 997E 16 529E 15 5.78E 15 321E 16
8.7 2.80E 15 1.36E 15 1.94E 15 1.09E 15 7.12E 16 3.81E 15 4.13E 15 229E 16
8.8 2.07E 15 9.89E 16 1.40E 15 7.81E 16 5.08E 16 2.74E 15 2.95E 15 1.64E 16
8.9 1.52E 15 7.17E 16 1.00E 15 5.59E 16 3.62E 16 1.97E 15 2.11E 15 1.17E 16
9.0 1.12E 15 5.19E 16 7.18E 16 3.99E 16 257E 16 1.41E 15 1.50E 15 8.3GE 17

Si X1l
BE: 385 16.7 36.7 16.2 16.0 36.6 16.2 16.0
1.0 1.10E 10 353E 11 1.10E 10 4.04E 11 5.36E 11 2.18E 10 8.04E 11 8.02E 11
1.1 9.77E 11 3.14E 11 9.77E 11 3.60E 11 478E 11 1.94E 10 7.17E 11 7.15E 11
12 8.71E 11 2.80E 11 8.71E 11 3.21E 11 426E 11 1.73E 10 6.39E 11 6.37E 11
13 7.76E 11 250E 11 7.76E 11 2.86E 11 3.79E 11 1.54E 10 5.69E 11 5.68E 11
14 G.92E 11 222E 11 G.92E 11 2.55E 11 3.38E 11 1.37E 10 5.08E 11 5.06E 11
15 G.16E 11 1.98E 11 G6.16E 11 2.27E 11 301E 11 1.22E 10 452E 11 451E 11
1.6 5.49E 11 1.77E 11 5.49E 11 2.02E 11 269E 11 1.09E 10 4.03E 11 4.02E 11
157 4.90E 11 157E 11 4.90E 11 1.80E 11 239E 11 9.72E 11 3.59E 11 358E 11
1.8 4.36E 11 140E 11 4.36E 11 1.61E 11 213E 11 8.GGE 11 3.20E 11 3.19E 11
19 3.89E 11 1.25E 11 3.89E 11 143E 11 1.90E 11 7.72E 11 2.85E 11 2.84E 11
2.0 3.47E 11 1.11E 11 3.47E 11 1.28E 11 1.69E 11 G.88E 11 2.54E 11 254E 11
2.1 3.09E 11 993E 12 3.09E 11 1.14E 11 151E 11 G.13E 11 227E 11 226E 11
22 2.75E 11 8.85E 12 2.75E 11 1.01E 11 135E 11 5.47E 11 2.02E 11 201E 11
23 245E 11 7.89E 12 245E 11 9.03E 12 120E 11 487E 11 1.80E 11 1.79E 11
24 2.19E 11 7.03E 12 2.19E 11 8.05E 12 1.07E 11 4.34E 11 1.60E 11 1.60E 11
25 1.95E 11 G27E 12 1.95E 11 7.18E 12 953E 12 3.87C 11 1.43E 11 143E 11
2.6 1.74E 11 559E 12 1.74E 11 G.A40E 12 849E 12 3.45E 11 1.27E 11 127E 11
27 1.55E 11 498E 12 1.55E 11 5.70E 12 7.57E 12 3.07E 11 1.14E 11 1.13E 11
2.8 1.38E 11 444E 12 1.38E 11 5.08E 12 G.74E 12 2.74E 11 1.01E 11 1.01E 11
2.9 1.23E 11 3.96E 12 1.23E 11 453E 12 GOIE 12 244E 11 9.02E 12 8.99E 12
3.0 1.10E 11 353E 12 1.10E 11 4.03E 12 5.36E 12 2.18E 11 8.04E 12 801 12
3.1 9.77E 12 3.14E 12 9.77E 12 3.60E 12 477E 12 1.94E 11 7.17E 12 7.14E 12
3.2 8.71C 12 2.80E 12 8.70E 12 3.20E 12 425E 12 1.73E 11 G.39E 12 G.36E 12
3.3 7.76E 12 250E 12 7.76E 12 2.86E 12 3.79E 12 1.54E 11 5.69E 12 5.67E 12
34 G.92E 12 222E 12 G91E 12 2.55E 12 3.38C 12 1.37E 11 5.07E 12 5.05E 12
35 G.16E 12 198E 12 G.16E 12 2.27E-12 3.01E 12 1.22E 11 4.52E 12 450E 12
3.6 5.49E 12 1.77E-12 5.49E 12 2.02E 12 2.68E 12 1.09E 11 4.03E 12 401E 12
3.7 4.90E 12 1.58E 12 4.89E 12 1.80E 12 239E 12 9.71E 12 3.59E 12 357E 12
3.8 4.36E 12 1.40E 12 4.36E 12 1.61E 12 2.13E 12 8.65E 12 3.20E 12 3.18E 12
3.9 3.89E 12 125E 12 3.88F 12 1.43E 12 1.89E 12 7.71E 12 2.85E 12 2.83E 12
40 3.47E 12 1.12E 12 3.46E 12 1.27E 12 1.69E 12 G.87C 12 2.54E 12 252E 12
4.1 3.09E 12 994E 13 3.08E 12 1.14E 12 150E 12 G.12E 12 2.26E 12 224E 12
42 2.75E 12 8.8GE 13 2.75E 12 1.01E 12 133E 12 5.45E 12 2.02E 12 2.00E 12
43 246E 12 7.90E 13 245E 12 9.01E 13 1.19E 12 4.86E 12 1.80E 12 1.78E 12
44 2.19E 12 7.04E 13 2.18E 12 8.02E 13 1.05E 12 4.32E 12 1.60E 12 158E 12
45 1.95E 12 6.28E 13 1.94E 12 7.14E 13 9.3GE 13 3.85E 12 1.42E 12 140E 12
46 1.74E 12 5.G0C 13 1.73E 12 G.36E 13 831E 13 3.43E 12 1.27E 12 124E 12
4.7 1.55E 12 499E 13 1.54E 12 5.66E 13 7.36E 13 3.05E 12 1.13E 12 1.10E 12
48 1.38E 12 445E 13 1.37E 12 5.03E 13 652E 13 2.71E 12 1.00E 12 9.75E 13
49 1.23E 12 397 13 121E 12 447E 13 5.76E 13 241E 12 8.92E 13 8G1E 13
5.0 1.10E 12 3.54E 13 1.08E 12 3.98C 13 5.08E 13 2.14E 12 7.92E 13 7.60E 13
5.1 9.80E 13 3.15E-13 9.57E 13 3.53E 13 447E 13 1.90E 12 7.03E 13 G.G8E 13
5.2 8.74E 13 281E 13 8.48E 13 313E 13 392E 13 1.68E 12 6.24E 13 5.86E 13
5.3 7.79E 13 251E 13 7.51E-13 2.77E 13 342E 13 1.49E 12 5.53E 13 5.12E 13
5.4 G.95E 13 224E 13 G.G4E 13 245E 13 298E 13 1.32E 12 4.89E 13 446E 13
5.5 G.20E 13 2.00E 13 5.86E 13 2.17E-13 258E 13 1.16E 12 431E-13 3.86E 13
5.6 5.54E 13 1.78E 13 5.16E 13 1.91E 13 222E 13 1.02E 12 3.80C 13 3.32E 13
5.7 4.94E 13 1.59E 13 453E 13 1.68E 13 1.90E 13 8.99E 13 3.34E 13 2.84E 13
5.8 441E 13 142E 13 3.96E 13 147E 13 1.62E 13 7.86E 13 2.92E 13 242E 13
5.9 3.94E 13 127E-13 3.46E 13 1.28E 13 1.36E 13 G.85E 13 2.55E 13 2.04E 13
6.0 3.51E 13 1.13E 13 3.00E 13 1.11E 13 1.14E 13 5.95E 13 221E 13 1.70E 13
6.1 3.13E 13 1.01E 13 2.59E 13 9.G0E 14 942E 14 5.13E-13 1.91E 13 141E 13
6.2 2.80E 13 895E 14 2.22E 13 8.24E 14 7.73E 14 441E 13 1.64E 13 1.16E 13
6.3 2.51E 13 7.97E 14 1.91E 13 7.05E 14 G29E 14 3.80E 13 1.40E 13 941E 14
6.4 2.28E 13 7.18E 14 1.66E 13 G6.05E 14 5.15E 14 3.34E 13 1.21E 13 7.71E 14
6.5 2.14E 13 G.GIE 14 1.48E 13 5.35E 14 439E 14 3.11E 13 1.08E 13 G.GOE 14
6.6 2.09E 13 G.G2E 14 1.40E 13 5.04E 14 410E 14 3.12E 13 1.05E 13 6.23E 14
6.7 2.12E-13 G95E 14 1.40E 13 5.11E 14 427E 14 3.32E 13 1.11E-13 G57E 14
6.8 2.18E 13 751E 14 1.42E 13 5.40E 14 472C 14 3.58E 13 1.22E 13 7.35E 14
6.9 2.19E 13 8.00E 14 1.43E 13 5.70E 14 520 14 3.76E 13 1.33E 13 8.15E 14

(continued on next page)



Table 3 (continued)

Si Xl

BE: 38.5 16.7 36.7 162 16.0 36.6 16.2 16.0

7.0 2.14E 13 8.18C 14 1.39E 13 5.80E 14 5.4GE 14 3.76E 13 1.38E 13 86G1E 14
7.1 2.01E 13 7.96E 14 1.29E 13 5.62E 14 542E 14 3.58E 13 1.36E 13 8.57C 14
72 1.81E 13 7.37E 14 1.16E 13 5.18C 14 5.07E 14 3.23E 13 1.26E 13 8.03E 14
7.3 1.57E 13 G.52E 14 9.94E 14 4.56E 14 451E 14 2.80E 13 1.12E 13 7.15E 14
7.4 1.32E 13 5.55C 14 8.26E 14 3.85C 14 3.83C 14 2.33E 13 946E 14 6.09E 14
7.5 1.08E 13 4.58E 14 G.G7E 14 3.15E 14 3.15C 14 1.89E 13 7.7GE 14 5.00E 14
7.6 8.G7E 14 3.G8E 14 5.26E 14 251 14 251 14 1.49E 13 G.19E 14 399C 14
17 G.84E 14 290E 14 4.07C 14 1.9GE 14 1.95C 14 1.15E 13 482E 14 3.10E 14
7.8 5.32E 14 2.25C 14 3.10E 14 1.50E 14 1.49E 14 8.7GE 14 3.69E 14 237 14
7.8 4.09E 14 1.72E 14 2.33E 14 1.13E 14 1.12E 14 G.59E 14 2.78E 14 1.78C 14
8.0 3.12E 14 1.30E 14 1.74E 14 8.43E 15 8.33C 15 4.90E 14 2.08E 14 1.33C 14
8.1 2.3GE 14 9.73E-15 1.29E 14 6.23E 15 6.13E 15 3.61E 14 153E 14 9.76E 15
8.2 1.77E 14 7.24E 15 946E 15 4.58C 15 448E 15 2.65E 14 1.12E 14 Z13E-15
8.3 1.33E 14 5.36E 15 G.92E 15 3.34C 15 3.25E-15 1.93E 14 820E 15 517 15
84 9.87E 15 3.96E 15 5.04L 15 243E 15 2.35E 15 1.40C 14 595E 15 3.74E 15
8.5 7.33E 15 291E-15 3.66E 15 1.76E 15 1.69E 15 1.02E 14 430E 15 269E 15
8.6 543E 15 2.13E 15 2.G6GE 15 1.27E-15 1.21E-15 7.33E 15 3.10E 15 193E 15
8.7 4.01E 15 1.56E 15 1.92E 15 9.15E 16 8.6GE 16 5.28F 15 223E 15 1.38E 15
8.8 2.96E 15 1.14E 15 1.39E 15 G.58E 16 6.18E 16 3.80E 15 1.60E 15 9.85E 16
8.9 2.18E 15 8.28F 16 1.00E 15 4.73E 16 441E 16 2.73E 15 1.15E 15 7.02E 16
9.0 1.60E 15 6.02E 16 7.20E 16 3.39E 16 3.14E 16 1.96E 15 8.24E 16 5.00E 16

BE is the binding energy of the level in Rydberg.
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Fig. 4. (a) Total unified (e + ion) recombination cross-sections, orc, and (b) unified recombination rate coefficients,
arc(E), versus photoelectron energy for (e + Al XII — Al XI). Separated resonance complexes, KLL, KLM, etc., of n
=2 and KMM, etc., of n = 3 thresholds are noted in (a). arc(E) can be measured experimentally.

Radiation damping of resonances up to n = 10 are included using the extended codes STGF and
STGBF (Nahar and Pradhan, 1994; Zhang et al., 1999). The narrow resonances of these ions were
delineated at a very fine energy mesh. The program PBPRAD extends the total photoionization
cross-sections in the high energy region beyond the highest threshold in target ion by a ‘tail” using

a fitting formula, o »(E%E)™, where E°is the last tabulated energy beyond the resonances, that i,
at an energy beyond the highest target threshold and -1 > m > -3, as described in Nahar and
Pradhan (1994). m = -3 for Kramers fit at very high energies. The DR collision strengths for the
narrow and dense resonances in the energy region, v, < v <o, below each target excited threshold
were obtained using STGFDR. The radiative decay rates for the allowed excited thresholds used
for Q(DR) are given in Table 2.

Level-specific recombination cross-sections, orc(i), into various bound levels i = n(SLJ) of
the recombined (e + ion) system, are obtained from partial photoionization cross-sections op(i,g)
of the level i using the program RECXS. It sums up the level specific rates and adds with the



resonant contributions of high-n (v, <v <) DR for the total recombination rates. As an additional
check on the numerical calculations, the total recombination rate coeffi-

cients, og, are also calculated from the total recombination collision strength, Qgc, obtained from
all the photoionization cross-sections, and the DR collision strengths. The difference between the
two numerical values is a few percent.

4. Results and discussions

Self-consistent set of results are presented for photoionization and electron-ion
recombination of (Al X1 + hv = Al XII +¢), (Al XII + hv = Al XIII + ¢), (Si XII + hv = Si XIII +
e) and (Si X1l + hv = Si XIV + e). The set includes total and partial photoionization cross-sections
and recombination rate coefficients for all fine structure levels up to n < 10.

Main features of photoionization and electron-ion recombination of Li-like Al XI and Si
Xl and He-like Al XII and Si XII1 are presented in separate sections below.

4.1. Al Xl and Si XII

A total of 98 bound levels are obtained for Li-like Al XI and Si X1l withn<10,0<1<9,0
<L <11, and total angular momentum 1/
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Fig. 5. (a) Total unified (e + ion) recombination cross-sections, orc, and (b) unified recombination rate coefficients,



arc(E), versus photoelectron energy for (e + Si X111 — Si XII). Separated resonant complexes, KLL, KLM, etc., of n =
2 and KMM, KMN, etc., of n = 3 thresholds are noted in (a). arc(E) can be measured experimentally.

2 < J < 17/2 (Nahar, 2002). The earlier results (Nahar, 2002) are for oscillator strengths for
radiative transitions in the BPRM approximation and hence are consistent with the present results
for photoionization and electron-ion recombination as they are obtained using the same
wavefunction expansion.

4.1.1. Photoionization

The total photoionization cross-section (op;), Which include contributions from all channels
for ionization in to ground and various excited states of the residual ion, are presented for all 98
fine structure levels of Al XI and Si XII. Partial photoionization refers to ionization in to the
ground state of the core ion. These are also presented for all 98 fine structure bound levels.
Important characteristics in op; are illustrated below.

Photoionization cross-section of the ground level are needed for various models. op, for the
ground 15°2s%Sy,, level of Al X1 and Si XII shown in Figs. 1 and 2, respectively. They show typical
features of a few electron systems: decaying smoothly over a wide energy range before appearance
of resonances belonging to high lying core states. In Figs. 1 and 2, the top panel (a) presents the
total photoionization cross-section and the bottom panel (b) presents the partial cross-sections
for ionization to residual ions Al XIlI and Si XIII. The resonances in op are due to various
Rydberg series 1snlvl converging on to the n = 2,3 levels of the core ion. v is the effective quantum
number for the autoionizing state. The first resonance complexes are the well known KLL, KLM,
etc., complexes belonging to n = 2 core thresholds. KLL denotes the series 152121, KLM denotes
1s213l, etc. The total and partial cross-sections are identical below the first excited level of the
residual ion. However, the total op is enhanced beyond n = 2 thresholds by the added contributions
from excited channels in contrast to the partial cross-sections where they are not added. The
enhancement at the excited n = 2 thresholds in Fig. 1 is due to the K-shell photoionization:

hv + (15%2s) — e + (1s52s,1s2p)

which is at about 150 Ry (sum of ground level energy 32.485 Ry and core excitation, 1s%'S -
132p1P01 , energy 117.4Ry) for Al X1 and 175.5 Ry (sum of ground level energy 38.47 Ry and core
excitation, 1s?'S - 1s2p' P'; , energy 137.07 Ry) for Si XII. This inner-shell edge plays an
important role in X-ray photoionization models.

Fig. 3 presents total op; of excited Rydberg series of levels 1s*np(? Pol 2),2<n<7of Al XI
illustrating the resonant structures
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Fig. 6. Total unified recombination rate coefficients ag(T) (solid curves) for (a) Al XI and (b) Si XII. The RR rates are
by Verner and Ferland (1996, dash) and the DR rates are by Romanik (1988, dot-dash).

at higher energies, especially the photoexcitation-of-core (PEC) resonances. Contrary to
hydrogenic decay of the excited state cross-sections, PEC resonances enhance the background.
These resonances are manifested by dipole transitions in the core ion and appear at the excited
thresholds of transitions. At photon energies that equal to core excitation energies, the core goes
through the allowed AJ = 0-1 transitions while the outer electron remains a ‘spectator’ in a
doubly-excited resonant state. The state decays via autoionization in to the ground level of the
core. PEC resonances are pointed by arrows in Fig. 3, at about 117 Ry for n = 2 thresholds 1s2p

P°1 - P°1 and at about 137 Ry of n = 3 threshoulds 1s3p® Pol - Pol . These resonances are more
enhanced than the narrow Rydberg resonances and can increase the background cross-sections by
orders of magnitude. The effect becomes increasingly prominent in cross-sections of higher
excited levels. PEC resonances exist in op; Of all excited bound levels of Al XI and Si XII.

The partial cross-sections also show PEC resonances due to core excitation. However, the
partial cross-sections have lower background cross-sections and less resonances.



4.1.2. Electron-ion recombination
Level-specific recombination rate coefficients ag(T,nSLJ) are obtained for all 98 fine
structure levels of Al XI and Si XII. Table 3 presents og(T,nSLJ) for recombination in to the

ground and lowest seven excited n = 2 and 3 levels of Al X1 and Si X11: 15225%So, 15°2pP 17232,

15%35%So, 15%3p? P1/2.32, and 15?3d°Day.5. Spectral modeling in the UV region often requires these
rates. Typical feature of these rates show smooth decay with a DR ‘shoulder’ at high temperature.

The total recombination cross-sections orc(E) and the recombination collision strengths
orc(E) are related to each other through kinematic factors and hence show similar detailed
resonant features. Hence only orc(E) is discussed. The unified total orc for Al X1 and Si XII are
presented in the top panel of Figs. 4 and 5, respectively. It diverges at zero photoelectron energy,
but decays fast smoothly with energy until the emergence of resonance complexes at high
energies. A few resonance complexes are marked in the figures — KLL, KLM, KLN, etc.,
converging onto the n = 2 thresholds, and KMM, KMN, etc., converging onto the n = 3 thresholds.
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Fig. 7. Level-specific photoionization cross-sections of Al XI1: (a) the ground level, 1s%(*S,), and four excited (b)

1s2p(P3), () 152p(Py), (d) 1s2p(® P3), (€) 1525(3S,) levels corresponding to the prominent resonance (w),
intercombination (y), and forbidden(x,z) diagnostic X-ray lines. K-shell ionization edge is noticed at the n = 2
thresholds for the excited levels.



These resonances, especially the KLL resonances manifest themselves as dielectronic satellite
lines observed in tokamaks, Electron-Beam-lon-Traps (EBIT), ion storage rings, and high
temperature astrophysical sources. The profiles and intensities from the unified cross-sections can
be directly compared with measured quantities and observed recombination spectra of satellite
lines (Nahar and Pradhan, 2006).

The photorecombination rates, arc(E) where E is the photoelectron energy, for Al X1 and
Si XII are presented in the lower panels of Figs. 4 and 5, respectively. These are of interest for
comparison with experiments and hence are presented in the energy range where the resonant part
of arc(E) converge on to the n = 2 thresholds of the respective cores. They show high-peak narrow
resonances. In experiments these resonances appear in overlapped broad resonances due to
convolution by the monochromatic bandwidth of the detector.

The total recombination rate coefficient arc(T) for Al X1 and Si XII are given for a wide
range of temperature in Table 5 and the main features are illustrated and compared with the
available data in Fig. 6a and b. These three-electron atomic systems show the basic features of total
unified recombination rate coefficient (solid curves): starting high in the very low temperature, the
rate decays until the rise due to DR at high temperature and then follows a monotonic decay. Low
temperature recombination is dominated by radiative recombination (RR) into an infinite number
of high-n levels while the rise at high temperature is due to appearance of resonances and the
consequent dominance of DR.

The low-T unified recombination rate coefficients for Al X1 and Si XII agree very well
with the RR rate coefficients by Verner and Ferland (1996, dash). The agreement of high
temperature DR rate for Si XII by Romanik (1988, dot-dash) who employed isolated resonance
approximation is also good with the total unified rate. Good agreement between unified rates with
the individual RR and DR rates are expected as the interference between RR and DR is negligible
for these highly charged few electron systems.

4.2. Al Xll and Si XIl1I

He-like Al X11 and Si X111 have more bound levels than the Li-like ions. A total of 190 fine
structure levels for Al X1l and 189 for Si XIII
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Fig. 8. Level-specific photoionization cross-sections of Si XI11: (a) the ground level, 1s%(*S,), and four excited (b)

152p(* P1), (c) 1s2pCP; ), (d) 152p(® P3), (€) 152s(3Sy) levels corresponding to the prominent resonance (w),
intercombination (y), and forbidden (x,z) diagnostic X-ray lines. K-shell ionization edge is noticed at the n = 2
thresholds for the excited levels.

withn <10,0<1<9, 0 <L <14, and total angular momentum 0 < J < 10 are found. The energies
agree very well, in less than 1%, with the available observed energies compiled by NIST.

The following two subsections describe the important features for photoionization and
recombination for these ions.

4.2.1. Photoionization

Total photoionization cross-sections for Al X1 and Si XII, leaving the target or core ion in the
ground and 15 excited levels, are presented for all bound levels with n < 10. Partial
photoionization cross-sections leaving the target in the ground level are also obtained for all fine
structure levels of these ions.



Illustrative features of the total op, of the ground and low lying excited levels are shown in
Fig. 7 for Al XII and Fig. 8 for Si XIII, respectively. In each figure, the top panel presents op, Of ()
the ground level 1s%(*S) and the lower four panels (b-e) present level-specific cross-sections of the
four lowest n = 2 excited levels corresponding to the prominent X-ray lines in the Ka complex: (b)
resonant line (w: 1s%(*So) «1s2p(* P31 ), (c) forbidden line (x: 152(*So)«— 1s2p(P °»)), (d)
intercombination line (y: 1s%(!Se)«— 1s2p(® P1)), and (e) forbidden line (z: 1s%(*So)«— 1s2s(°S1)),
respectively. These four lines are the most commonly used spectral diagnostics of temperature,
density, ionization balance, and abundances in plasma sources.

The figures show that the cross-section for both Al X1l and Si X111 decrease monotonically
over a large energy range for all levels. As the excited core levels of these ions are in high energy,
the resonances in photoionization cross-sections do not appear for a relatively large energy range.
op Of the ground level has smooth background with some narrow resonances belonging to n = 2
thresholds. However, more resonances are formed in excited state op;. In Figs. 7 and 8 the
well-separated resonance complexes are the LL (2121), LM (2131°), etc., resonances converging on
to n = 2 thresholds of the core and are more distinct than those of the ground level. In contrast to
the ground level, the excited levels have a K-shell jump at the n = 2 threshold due to 1s - 2p
transition:

hv + (1s2s,1s2p) — e + (2s,2p).

The ground level does not have an excited core electron to introduce such a jump.
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Fig. 9. Photoionization cross-sections of the Rydberg series of levels, 1sns(*So) with 2 6 n 6 7, of Si XlII. Positions of
prominent PEC (photoexcitation-of-core) resonances are shown by arrows at about 147 Ry for core excitations of n =

2 levels 2p2 Pi,z,yz, at about 175 Ry for n = 3 core levels 3p2 P?[/2'3/2, and at about 184 Ry for n = 4 core levels
0
4p% Py 1o 312



Table 4

Level specific recombination rate coefficients for the ground and excited 21l and 3s levels of Al XII and Si XIlII

logoT (K) w (am’s ')

1s11S 1525'S, 153s'S, 152p°P 1525, 1535, 152p3P9 152p!P§ 152p°P)

ALXII
BE: 153.0 365 162 366 376 16.4 366 358 36.5
10 423E 10 274K 11 9.09E 12 271K 11 852K 11 2.76E 11 8.14E 11 731K 11 1.35E 10
1.1 3.77E 10 244K 11 8.10E 12 242E 11 759 11 2.46E 11 725K 11 651E 11 1.20E 10
12 336K 10 218K 11 722K 12 215E 11 6.77E 11 219 11 646E 11 580E 11 1.07E 10
13 3.00E 10 1.94E 11 6.44E 12 1.92E 11 6.03E 11 1.95E 11 5.76E 11 517E 11 953K 11
14 267E 10 1L73E 11 5.74E 12 1L71E 11 5.13E 11 461E 11 8.50E 11
15 2.38E 10 1.54E 11 5.11E 12 1.53E 11 458E 11 4.11E 11 7.57E 11
16 212E 10 1.37E 11 456E 12 1.36E 11 408E 11 366E 11 6.75E 11
1.7 1.89E 10 1226 11 406E 12 121E 11 363K 11 326E 11 6.02E 11
18 1.68E 10 1.09E 11 362K 12 1.08E 11 324K 11 291E 11 5.36E 11
19 1.50E 10 9.73E 12 323K 12 9.62E 12 289 11 2.59E 11 478E 11
20 1.34E 10 8.67E 12 288E 12 8.58E 12 257E 11 231E 11 426E 11
21 1.19E 10 7.73E 12 2.56E 12 7.65E 12 229E 11 206E 11 3.80E 11
22 1.06E 10 6.89E 12 228E 12 681E 12 204E 11 1.84E 11 338E 11
23 947E 11 6.14E 12 2.04E 12 6.07E 12 1.82E 11 1.64E 11 3.01E 11
24 8.44E 11 5.47E 12 181E 12 541E 12 1.62E 11 146E 11 2.69E 11
25 7.52E 11 4.87E 12 1.62E 12 482E 12 145E 11 1.30E 11 239E 11
26 6.70E 11 4.34E 12 1.44E 12 430E 12 129E 11 1.16E 11 213K 11
27 5.98E 11 387K 12 1.28E 12 3.83E 12 115E 11 1.03E 11 1.90E 11
28 533E 11 3.45E 12 1.14E 12 341K 12 1.02E 11 920E 12 1.70E 11
29 475K 11 3.08E 12 1.02E 12 3.04E 12 9.13E 12 820 12 1.51E 11
3.0 423E 11 274K 12 9.09E 13 271K 12 8.13E 12 7.31E 12 1.35E 11
3.1 3.77E 11 244K 12 8.10E 13 242K 12 7.25E 12 6.51E 12 1.20E 11
32 336E 11 218 12 7.22E 13 2.15E 12 6.46E 12 580E 12 1.07E 11
33 2.99E 11 1.94E 12 6.44E 13 1.92E 12 5.76E 12 517E 12 953K 12
34 267E 11 1.73E 12 5.74E 13 1.71E 12 5.13E 12 461E 12 8.49E 12
35 238 11 1.54E 12 5.11E 13 1.52E 12 457E 12 4.11E 12 7.57E 12
36 212 11 137612 456E 13 1.36E 12 407E 12 3.66E 12 6.74E 12
37 1.89E 11 1.22E 12 406E 13 121E 12 363K 12 326K 12 6.01E 12
38 1.68E 11 1.O9E 12 362E 13 1.08E 12 324E 12 291E 12 5.36E 12
39 1.50E 11 9.73E 13 323K 13 9.61E 13 288K 12 2.59E 12 4.77E 12
40 1.34E 11 8.67E 13 288E 13 8.56E 13 257K 12 231E 12 425E 12
41 L19E 11 7.72E 13 256E 13 7.63E 13 220E 12 2.05E 12 3.79E 12
42 1.06E 11 6.88E 13 228 13 6.80E 13 2.04E 12 1.83E 12 337E 12
43 947E 12 6.14E 13 204K 13 6.05E 13 1.82E 12 1.63E 12 3.00E 12
44 $.44E 12 547K 13 181E 13 5.39E 13 1.62E 12 145E 12 2.68E 12
45 7.52E 12 487E 13 1.62E 13 4.80E 13 1.44E 12 1.29E 12 238K 12
46 6.70E 12 434K 13 144E 13 427E 13 128E 12 1.15E 12 212 12
47 3 3.87E 13 128E 13 3.80E 13 1.14E 12 1.02E 12 1.89E 12
48 345K 13 1.14E 13 338K 13 1.01E 12 9.09E 13 1.68E 12
49 3.07E 13 1.02E 13 3.00E 13 9.00E 13 8.08E 13 1.49E 12
50 274K 13 9.10E 14 267E 13 $.00E 13 7.17E 13 1.32E 12
5.1 244K 13 8.11E 14 2.37E 13 7.10E 13 6.36E 13 1L17E 12
52 218K 13 7.23E 14 2.10E 13 629 13 5.64E 13 1.04E 12
53 1.94E 13 644E 14 1.86E 13 557K 13 499 13 9.22E 13
54 1.73E 13 5.74E 14 1.64E 13 492E 13 441E 13 8.15E 13
55 1.54E 13 5.11E 14 1.45E 13 434F 13 388K 13 7.19E 13
5.6 1.37E 13 455E 14 1.27E 13 382K 13 341K 13 6.33E 13
5.7 1.22E 13 405E 14 112E 13 335K 13 2.99E 13 5.55E 13
58 1.08E 13 360E 14 9.79E 14 293 13 261E 13 486E 13
59 9.64E 14 320K 14 8.53E 14 256K 13 227E 13 423E 13
6.0 8.57E 14 284K 14 7.40E 14 22213 196 13 3.67E 13
6.1 7.60E 14 252E 14 6.39E 14 191E 13 1.69E 13 3.17E 13
6.2 6.76E 14 223E 14 548K 14 1.64E 13 1.45E 13 272K 13
6.3 6.10E 14 1.98E 14 467E 14 1.40E 13 128 13 232E 13
64 5.72E 14 1.79E 14 3.96E 14 1.19E 13 1.19E 13 1.98E 13
6.5 5.72E 14 1.71E 14 3.33E 14 1.01E 13 123E 13 1.69E 13
6.6 6.07E 14 1.76E 14 2.78E 14 8.63E 14 1.38E 13 1.45E 13
6.7 6.60E 14 192E 14 231K 14 740K 14 1.58E 13 1.25E 13
6.8 7.04E 14 2126 14 191E 14 6.38E 14 1.75E 13 1.09E 13
6.9 7.22E 14 227E 14 1.56E 14 549K 14 1.84E 13 941K 14
7.0 7.04E 14 231E 14 127E 14 468 14 1.80E 13 8.05E 14
7.1 6.53E 14 222K 14 1.03E 14 394K 14 167E 13 6.79E 14
22 5.79E 14 203E 14 8.20E 15 326E 14 1.48E 13 5.62E 14
7.3 4.95E 14 1.78E 14 6.50E 15 2.66E 14 1.25E 13 457E 14
74 410E 14 1.50E 14 5.10E 15 213E 14 1.02E 13 3.65E 14
75 331K 14 1.22E 14 3.98E 15 1.68E 14 8.14E 14 2.87E 14
7.6 262K 14 9.76E 15 3.08E 15 1.30E 14 6.33E 14 223E 14
7.7 2.04E 14 7.62E 15 2.37E 15 1.00E 14 484 14 1.72E 14
7.8 1.56E 14 586E 15 1.81E 15 7.66E 15 3.65E 14 1.31E 14
79 1.19E 14 445E 15 1.38E 15 580E 15 272 14 9.88E 15
8.0 8.95E 15 335E 15 1.04E 15 436E 15 201E 14 7.42E 15
8.1 6.70E 15 250K 15 7.87E 16 326E 15 147E 14 554E 15
82 4.98E 15 1.85E 15 5.92E 16 243E 15 1.07E 14 413E 15




Table 4 (continued)

log ol (K) aw (em®s )

1s¥'s 1525'S, 153s'S, 152p7Pg 1525%S, 153s7S, 1s2p*P 1s2p' P} 152p*P)

ALXI
BE: 153.0 36.5 162 36.6 376 16.4 36.6 35.8 36.5
8.3 2.60F 14 3.69E 15 1.37E 15 4.44E 16 7.76E 15 149E 15 1.81E 15 7.79E 15 3.06E 15
84 202 14 2.73E 15 1.00E 15 3.32E 16 5.79E 15 1.13E 15 1.34E 15 563k 15 2.26E 15
85 157E 14 201E 15 7.35E 16 247K 16 431E 15 853k 16 9.88E 16 406E 15 1.67E 15
8.6 121E 14 147E 15 5.36E 16 1.84E 16 3.20E 15 643E 16 7.28E 16 292E 15 1.23E 15
8.7 9.28E 15 1.08E 15 391E 16 1.37E 16 237E 15 482E 16 535k 16 2.10E 15 9.03E 16
8.8 7.09E 15 791E 16 2.84E 16 LO1E 16 1.75E 15 361E 16 3.93E 16 151K 15 6.62E 16
89 539E 15 5.78E 16 2.06E 16 7.49E 17 129E 15 2.69E 16 2.88E 16 1.08E 15 4.85E 16
9.0 409k 15 422K 16 1.50E 16 5.53E 17 951k 16 2.00E 16 2.11E 16 7.73E 16 3.55E 16

Si X1
BE: 179.0 43.0 440 19.3 429 421 428
1.0 492E 10 317E 11 998E 11 3.24E 11 9.52E 11 8.59E 11 1.57E 10
1.1 439E 10 2.83E 11 8.90E 11 2.89E 11 8.49E 11 7.66E 11 1.40E 10
12 252E 11 7.93E 11 257E 11 7.56E 11 6.82E 11 1.25E 10
13 2.25E 11 7.07E 11 229E 11 6.74E 11 6.08E 11 1.11E 10
14 2.00E 11 6.30E 11 2.04E 11 6.01E 11 542E 11 9.93E 11
15 1.78E 11 561E 11 1.82E 11 5.35E 11 483E 11 8.85E 11
16 1.59E 11 5.00E 11 1.62E 11 4.77E 11 431E 11 7.89E 11
1.7 142E 11 446E 11 145E 11 4.25E 11 3.84E 11 7.03E 11
18 1.26E- 11 397E 11 1.29E 11 3.79E 11 342611 6.26E 11
19 1L13E 11 3.54E 11 1.15E 11 3.38E 11 3.05E 11 5.58E 11
2.0 1.00E 11 3.16E 11 1.02E 11 3.01E 11 272E 11 498E 11
2.1 8.94E 12 281E 11 9.13E 12 2.68E 11 242E 11 443E 11
22 7.97E 12 251E 11 8.14E 12 239E 11 2.16E 11 3.95E 11
23 7.10E 12 223E 11 7.26E 12 2.13E 11 1.92E 11 3.52E 11
24 6.33E 12 1.99E 11 6A7E 12 1.90E 11 1.71E 11 3.14E 11
25 5.64E 12 1.78E 11 5.76E 12 1.69E 11 1.53E 11 2.80E 11
26 5.03E 12 1.58E 11 5.14E 12 1.51E 11 1.36E 11 249 11
2.7 448E 12 141E 11 458E 12 1.34E-11 1.21E 11 2.22E 11
28 3.99E 12 1.26E 11 4.08E 12 1.20E 11 1.08E 11 1.98E 11
29 3.56E 12 1.12E 11 3.64E 12 1.07E 11 9.64E 12 1.77E 11
3.0 317E 12 998E 12 324E 12 9.52E 12 8.59E 12 1.57E 11
3.1 2.83E 12 8.90E 12 2.89E 12 8.48E 12 7.66E 12 140E 11
32 2.52E 12 7.93E 12 257E 12 7.56E 12 6.82E 12 1.25E 11
3.3 2.25E 12 7.07E 12 229E 12 6.74E 12 6.08E 12 L1E 11
34 2.00E 12 6.30E 12 2.05E 12 6.01E 12 542E 12 9.92E 12
35 1.78E 12 561E 12 1.82E 12 5.35E 12 4.83E 12 8.84E 12
3.6 1.59E 12 5.00E 12 1.62E 12 4.77E 12 4.30E 12 7.88E 12
3.7 1.42E 12 446E 12 145E 12 4.25E 12 3.83E 12 7.02E 12
3.8 1.26E 12 397E 12 1.29E 12 3.79E 12 342E 12 6.26E 12
3.9 L12E 12 3.54E 12 1.15E 12 3.37E 12 3.04E 12 5.58E 12
40 1.OOE 12 3.16E 12 1.03E 12 3.01E 12 271E 12 497E 12
4.1 8.93E 13 281E 12 9.14E 13 2.68E 12 242E 12 4.43E 12
42 7.95E 13 251E 12 8.14E 13 2.39E 12 2.15E 12 3.94E 12
43 7.08E 13 223E 12 7.26E 13 213E 12 1.92E 12 3.51E 12
44 6.31E 13 1.99E 12 6A47E 13 1.89E 12 1.71E 12 3.13E 12
45 5.62E 13 1.78E 12 577E 13 1.69E 12 1.52E 12 2.78E 12
46 5.00E 13 1.58E 12 5.14E 13 1.50E 12 1.35E 12 248E 12
47 445E 13 141E 12 458E 13 1.33E 12 1.20E 12 221E 12
48 3.96E 13 1.26E 12 408E 13 1.19E 12 1.07E 12 1.96E 12
49 3.52E 13 112K 12 3.64E 13 1.06E 12 952K 13 1.74E 12
5.0 3.13E 13 998E 13 3.24E 13 9.38E 13 8.45E 13 1.55E 12
5.1 2.78E 13 8.90E 13 2.89E 13 8.33E 13 7.50E 13 1.38E 12
52 246E 13 7.93E 13 258E 13 7.39E 13 6.65E 13 1.22E 12
5.3 2.18E 13 7.06E 13 230E 13 6.55E 13 5.89E 13 1.08E 12
54 1.93E 13 6.29E 13 2.05E 13 5.79E 13 521E 13 9.58E 13
55 1.71E 13 561E 13 1.82E 13 5.12E 13 460E 13 8.46E 13
5.6 1.50E 13 5.00E 13 1.62E 13 451E 13 405E 13 7.46E 13
5.7 1.32E 13 445E 13 145E 13 3.97E 13 356E 13 6.56E 13
5.8 1.16E 13 3.96E 13 1.29E 13 3.48E 13 311E 13 5.75E 13
59 1.01E 13 3.53E 13 1.15E 13 3.04E 13 272K 13 5.02E 13
6.0 8.82E 14 3.14E 13 1.02E 13 2.64E 13 236E 13 437E 13
6.1 7.64E 14 279 13 9.04E 14 229E 13 2.04E 13 3.78E 13
6.2 6.58E 14 248E 13 8.01E 14 1.97E 13 1.75E 13 3.26E 13
6.3 5.64E 14 2.20E 13 7.10E 14 1.69E 13 1.51E 13 2.79E 13
6.4 4.80E 14 1.97E 13 632E 14 1.44E 13 1.35E 13 238E 13
6.5 4.05E 14 1.80E 13 5.72E - 14 1.22E 13 1.30E 13 2.03E 13
6.6 340 14 1.68E 13 5.39E 14 1.04E 13 1.39E 13 1.73E 13
6.7 2.84E 14 161E 13 5.34E 14 8.94E 14 157E 13 1.49E 13
6.8 2.36E 14 1.56E 13 548E 14 7.71E 14 1.78E 13 1.28E 13
6.9 1.95E 14 1.50E 13 5.65E 14 6.67E 14 1.92E 13 1L1E 13
7.0 1.60E 14 140E 13 5.69E 14 5.74E 14 1.96E 13 9.50E 14
7.1 1.30E 14 1.28E 13 550E 14 4.89E 14 1.89E 13 8.04E 14

(continued on next page)



Table 4 (continued)

logoT (K)

aw (cm?s 1)
1s3%S 152s'S, 1s3s'S, 152p3 P 1525°S, 153s%S, 1s2p*P 1s2p'P§ 1s2p°P%
Si Xl
BE: 179.0 429 19.0 43.0 440 193 429 42.1 428
72 3.07E 13 6.68E 14 2.19E 14 1.05E 1 1.13E 13 5.09E 14 4.10E 14 1.71E-13 6.70E 14
7.3 2.60E 13 5.83E 14 1.97E 14 837E 15 9.71E 14 452E 14 3.38E 14 1.49E 13 5.48E 14
74 2.19E 13 492E 14 1.70E 14 6.62E 15 8.13E 14 3.87E 14 2.74E 14 1.24E 13 441E 14
75 1.83E 13 403E 14 141E 14 5.19E 15 6.67E 14 322E 14 2.18E 14 1.01E 13 3.50E 14
7.6 1.51E 13 322E 14 1.14E 14 4.03E 15 5.37E 14 2.60E 14 1.71E 14 793E 14 2.74E 14
7.7 1.24E 13 2.53E 14 9.05E 15 3.11E 15 426E 14 2.06E 14 1.32E 14 6.13E 14 ;
78 1.01E 13 1.96E 14 7.03E 15 239E 15 3.33E 14 161E 14 1.02E 14 466E 14
79 820E 14 1.50E 14 539E 15 1.82E 15 2.59E 14 1.24E 14 7.72E 15 3.50E 14
8.0 6.59E 14 1.13E 14 408E 15 1.38E 15 1.99E 14 940 15 5.83E 15 260E 14
8.1 525E 14 853E 15 3.06E 15 1.05E 15 1.52E 14 7.09E 15 438E 15 191E 14
82 4.16E 14 6.37E 15 228E 15 7.89E 16 1.16E 14 531E 15 327K 15 1.40E 14
8.3 3.27E 14 473E 15 1.69E 15 592E 16 8.73E 15 3.96E 15 243K 15 1.02E 14
84 2.56E 14 3.50E 15 1.25E 15 443E 16 6.57E 15 293E 15 1.80E 15 7.38E 15
8.5 1.99E 14 259E 15 9.15E 16 331E 16 4.93E 15 2.17E 15 1.33E 15 534k 15
8.6 1.54E 14 1.90E 15 6.70E 16 246E 16 3.69E 15 1.60E 15 9.82E 16 3.85E 15
8.7 1.18E 14 1.40E 15 489E 16 1.83E 16 2.75E 15 1.17E 15 7.23E 16 15
88 9.07E 15 1.02E 15 3.57E 16 1.36E 16 2.04E 15 8.60E 16 531E 16 15
8.9 6.92E 15 7.50E 16 2.60E 16 1.01E 16 1.52E 15 6.29E 16 3.90E 16 15
9.0 5.26E 15 548E 16 1.89E 16 7A43E 17 1L12E 15 460K 16 2.85E 16 15

BE is the binding energy of the level in Rydberg.
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Fig. 10. (a) Total unified (e + ion) recombination cross-sections, orc and (b) unified recombination rate coefficients,

arc(E) versus photoelectron energy for (e + Al XI11 2 Al XII). The separated resonance complexes, LL, LM, etc., of n
=2 and MM, MN, etc., of n = 3 and those of n = 4 thresholds can be noted in (a). arc(E) is a measurable quantity.
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Fig. 11. (a) Total unified (e + ion) recombination cross-sections, orc and (b) unified recombination rate coefficients,
arc(E) versus photoelectron energy for (e + Si XIV ? Si XII1). The separated resonance complexes, LL, LM, etc., of n
=2 and MM, MN, etc., of n = 3 and those of n = 4 thresholds can be noted in (a). arc(E) is a measurable quantity.

Similar to the excited levels of the Li-like ions (Fig. 3 for Al X1), all excited levels of the
He-like Al XI1 and Si X111 show existence of PEC resonances in cp;. Fig. 9 presents level specific
total op; Of the excited Rydberg series of levels, 1sns(*Sp) with 2 < n < 7 for Si XIII. The PEC
resonances can be seen at energies (pointed by arrows) about 147 Ry due to core excitations to n =

2 levels, 2p® P23, about 175 Ry due to n = 3 levels 3p?P 1.3, and at about 184 Ry due to n = 4

levels 4p? P0](2’3/2 transitions. The background enhancement due to PEC are distinct from that of
narrow Rydberg autoionizing resonances.

Partial photoionization cross-sections for Al XII and Si XIII are similar to those of the
total, except they have less resonances and lower background.

4.2.2. Electron-ion recombination



Level-specific recombination rate coefficients ag(nSLJ) are presented for all 190 fine
structure levels of Al XI1 and 189 levels of Si Xl with 0 <J <10 and n < 10. Table 4 presents a
sample set of level specific recombination rates for the ground level 1s%(*S), and excited levels

1525(1S0), 1525(3S1), 152p(*P1), 152p(°Po) 1s2pC P1), 152p(P3), 13s(*So), and 1s3s(Sy). The set
includes the levels corresponding to the X-ray w, X, y, and z lines of Al XII and Si XIII. The rates
show a relatively smooth decay with temperature and a small shoulder at high temperature due to
DR resonances.

Both the total electron-ion recombination collision strength (crRC) and total recombination
cross-sections (orC) are obtained for the recombined He-like ions Al XII and Si XIIl. Both
quantities have similar features. Only unified oxc IS presented in the top panel of Fig. 10 for Al X1I
and of Fig. 11 for Si XIII. The unified ogc diverges at zero photoelectron energy, but decays
smoothly with energy until resonance complexes appear at very high energies. The resonance
complexes LL (21217), LM (2131"), etc., converging on to the n = 2 thresholds, MM, MN, etc.,
converging on to the n = 3 thresholds, and NN, etc., converging on to the n = 4 thresholds. LL
LM complexes can be observed in the recombination spectra as satellite lines. The resonances
become much weaker by orders of magnitude and narrower beyond n = 2 thresholds.

The lower panels of Figs. 10 and 11 present the velocity dependent photorecombination
rates arc(E) for Al X1I and Si XIII, respectively. The high-peak resonant part up to n = 2 of arc(E)
is presented as these resonant features can be observed in experiment.



Table 5

Total recombination rate coefficients ag(T) for Al XI, Al XII, Al X111, Si XII, Si XIII, Si XIV

a (em?s ')

log1oT (K)
AL XI Al X1l Al X1 Si Xn Si X111 Si X1V

1.0 5.00E 09 6.33E 09 7.87E 09 5.97E 09 746E 09 9.16E 09
1.1 442E 09 5.61E 09 6.98E 09 5.29E 09 6.62E 09 8.12E 09
1.2 391E 09 4.97E 09 6.19E 09 4.68E 09 5.87E 09 7.20E 09
13 345E 09 4.39E 09 5.48E 09 4.13E 09 5.19E 09 6.39E 09
14 3.05E 09 3.88E 09 4.84F 09 3.65E 09 458E 09 5.65E 09
1.5 2.69E 09 3.43E 09 4.28E 09 3.22E 09 4.05E 09 4.99E 09
1.6 2.37E 09 3.02E 09 3.78E 09 2.84E 09 3.58E 09 441E 09
1.7 2.08E 09 2.66E 09 3.33E 09 2.50E 09 3.15E 09 3.89E 09
1.8 1.83E 09 2.35E 09 2.94E 09 2.20E 09 2.78E 09 343E 09
1.9 1.61E 09 2.06E 09 2.59E 09 1.93E 09 245E 09 3.03E 09
2.0 141E 09 1.81E 09 2.28E 09 1.70E 09 2.15E 09 2.67E 09
2.1 1.24E 09 1.59E 09 2.00E 09 1.49E 09 1.89E 09 2.35E 09
22 1.08E 09 1.40E 09 1.76E 09 1.31E 09 1.66E 09 2.06E 09
2.3 948E 10 1.22E 09 1.54E 09 1.14E 09 1.45E 09 1.81E 09
24 8.29E 10 1.07E 09 1.36E 09 1.00E 09 1.28E 09 1.59E 09
25 7.25E 10 9.39E 10 1.19E 09 8.75E 10 1.12E 09 1.39E 09
2.6 6.33E 10 8.21E 10 1.04E 09 7.64E 10 9.77E 10 1.22E 09
2.7 5.52E 10 7.18E 10 9.13E 10 6.67E 10 8.55E 10 1.07E 09
2.8 481E 10 6.27E 10 8.00E 10 5.82E 10 748E 10 9.39E 10
29 4.19E 10 5.48E 10 6.99E 10 5.07E 10 6.53E 10 8.20E 10
3.0 3.65E 10 4.78E 10 6.11E 10 4.42E 10 5.70E 10 7.18E 10
3.1 3.17E 10 4.17E 10 5.34E 10 3.84E 10 497E 10 6.27E 10
3.2 2.76E 10 3.63E 10 4.66E 10 3.34E 10 433E 10 548E 10
33 2.40E 10 3.16E 10 4.07E 10 291E 10 3.78E 10 4.78E 10
34 2.08E 10 2.75E 10 3.54E 10 2.52E 10 3.29E 10 4.17E 10
35 1.81E 10 2.40E 10 3.09E 10 2.19E 10 2.86E 10 3.63E 10
3.6 1.56E 10 2.08E 10 2.70E 10 1.90E 10 249E 10 3.18E 10
3.7 1.36E 10 1.81E 10 2.35E 10 1.65E 10 2.16E 10 2.76E 10
3.8 1.17E- 10 1.57E 10 2.04E 10 1.42E 10 1.88E 10 240E 10
3.9 1.01E 10 1.36E 10 1.78E 10 1.23E 10 1.63E 10 2.09E 10
4.0 8.76E 11 1.18E 10 1.54E 10 1.07E 10 142E 10 1.82E 10
4.1 7.56E 11 1.02E 10 1.34E 10 9.20E 11 1.23E 10 1.58E 10
4.2 6.52E 11 8.85E 11 1.16E 10 7.94E 11 1.06E 10 137E 10
4.3 561E 11 7.66E 11 1.01E 10 6.84E 11 9.19E 11 1.19E 10
44 483E 11 6.62E 11 8.75E 11 5.89E 11 7.94E 11 1.03E 10
45 4.14E 11 5.72E 11 7.59E 11 5.07E 11 6.87E 11 8.95E 11
4.6 3.56E 11 4.93E 11 6.57E 11 4.35E 11 593E 11 7.78E 11
4.7 3.05E 11 425E 11 5.68E 11 3.73E 11 511E 11 6.72E 11
438 261E 11 3.66E 11 491E 11 3.20E 11 441E 11 581FE 11
49 223E 11 3.15E 11 4.24F 11 2.74E 11 3.79E 11 5.02E 11
5.0 1.90E 11 2.70E 11 3.66E 11 2.34E 11 3.26E 11 433E 11
5.1 1.62E 11 2.32E 11 3.15E 11 1.99E 11 2.80E 11 3.74E 11
5.2 1.38E 11 1.99E 11 2.72E 11 1.70E 11 240F 11 3.22E 11
5.3 1.17E 11 1.70E 11 2.34F 11 1.44E 11 2.06E 11 2.77E 11
5.4 9.89E 12 1.46E 11 2.00E 11 1.22E 11 1.76E 11 2.38E 11
55 8.35E 12 1.24E 11 1.72E 11 1.03E 11 1.51E-11 2.04E 11
5.6 7.03E 12 1.06E 11 1.48E 11 8.72E 12 1.29E 11 1.76E 11
5.7 591E 12 9.03E 12 1.26E 11 7.34E 12 1.10E 11 1.50E 11
5.8 496E 12 7.67E 12 1.08E 11 6.17E 12 9.32E 12 1.29E 11
59 4.14E 12 6.51E 12 921E 12 5.17E 12 7.92E 12 1.10E 11
6.0 345E 12 551E 12 7.85E 12 4.32E 12 6.71E 12 9.37E 12
6.1 2.87E 12 4.65E 12 6.68E 12 3.59E 12 567E 12 7.98E 12
6.2 2.38E 12 3.93E 12 5.67E 12 2.98F 12 4.79E 12 6.78E 12
6.3 1.99E 12 331E 12 4.80F 12 248E 12 4.04E 12 5.76E 12
6.4 1.71E 12 2.82E 12 4.05E 12 2.07E 12 341E 12 488E 12
6.5 1.56E 12 2.45E 12 3.43E 12 1.79E 12 291E 12 4.11E 12
6.6 1.54E 12 2.22F 12 2.88E 12 1.64E 12 2.54E 12 347E 12
6.7 1.62E 12 2.09E 12 2.42E 12 1.60E 12 2.30E 12 291E 12
6.8 1.72E 12 2.03E 12 2.02E 12 1.64E 12 2.16E 12 244F 12
6.9 1.78E 12 1.97E 12 1.68E 12 1.68E 12 2.06E 12 2.04E 12
7.0 1.75E 12 1.87E 12 1.40E 12 1.68E 12 1.96E 12 1.70E 12
7.1 1.64E 12 1.73E 12 1.16E 12 1.61E 12 1.82E 12 141E 12
22 147E 12 1.54E 12 9.54E 13 1.48E 12 1.65E 12 1.16E 12
73 1.26E 12 1.33E 12 7.83E 13 1.30E 12 144E 12 958E 13
74 1.04F 12 1.11E 12 6.37E 13 1.09E 12 1.22E 12 7.85E 13
7.5 8.40F 13 9.03E 13 5.18E 13 8.96E 13 1.01E 12 6.37E 13
7.6 6.60F 13 7.20F 13 4.18E 13 7.15E 13 8.17E 13 5.18E 13
7.7 5.09E 13 5.64F 13 3.35E 13 5.59E 13 648E 13 4.16E 13
7.8 3.87E 13 436E 13 2.67E 13 4.29E 13 5.05E 13 3.33E 13
7.9 290E 13 3.34E 13 2.12E 13 3.25E 13 3.90E 13 2.65E 13
8.0 2.16E 13 2.53E 13 1.67E 13 243E 13 298E 13 2.10E 13
8.1 1.59E 13 1.90E 13 1.31E 13 1.81E 13 2.25E 13 1.65E 13
8.2 1.17E 13 1.42E 13 1.02E 13 1.33E 13 1.70E 13 129E 13



Table 5 (continued)

logoT (K) g (em?s ')
AL XI AL XII AL X Si X1l Si XN Si XIV

8.3 8.51E 14 1.06E 13 7.89E 14 9.79E 14 127E 13 1.00E 13
8.4 6.19E 14 7.86E 14 6.05E 14 7.15E 14 947E 14 7.74E 14
8.5 4.48E 14 5.82E 14 4.64F 14 520F 14 7.04E 14 592F 14
8.6 3.24F 14 429E 14 353E 14 3.78E 14 521E 14 455E 14
8.7 2.34E 14 3.16E 14 2.67E 14 274 14 3.85E 14 344E 14
8.8 1.68E 14 2.33E 14 201E 14 1.98E 14 2.84F 14 2.60F 14
8.9 1.21E 14 1.71E 14 1.51E 14 143E 14 2.09E 14 1.96E 14
9.0 8.71E 15 1.25E 14 1.13E 14 1.03E 14 1.54E 14 147E 14

The calculated rates show detailed resonant structures except for a small energy range right before
the n = 2 threshold where they are averaged as discussed in Section 2.

Total unified recombination rate coefficients ar(T) for Al XI1 and Si XIII are presented for
a wide range of temperature, 1 <logioT <9, in Table 5. The features are illustrated and compared
with the available rates in Fig. 12a and b. The BPRM unified ar(T) (solid curve) for these ions start
high at very low temperature due to dominance of RR in to an infinite number of high-n levels,
decrease with increasing temperature for a large temperature range since the autoionizing
resonances do not appear until at high energy. ar(T) forms a small ‘‘bump” at high temperature
due to dominant DR process, and follows to a smooth decay due to damping of recombination
cross-sections by the exponential of the Max-wellian electron distribution.

The present BPRM total unified recombination rate coefficients, or(T), for Al XII and Si
X111 agree very well with the RR rate coefficients by Verner and Ferland (1996, dash) as expected
for a two electron system.



10°

[SSBUNLILLLLLL B LI N R LLL B R LLL I IR IR
1010 E (a) e + Al XTIT -> Al XII -
]0—]] _? ?_
102 g~ — Present: Unified Total N . =
= ~ 3
— - — - RR:Verner & Ferland(1996) ™o -
o* E
g 10 B
= .
N/
£ N
10" &=
10M E
- Present: Unified Total
10" = - = - RR:Verner & Ferland(1996) =%
g—— DR:Romanik
[ i
10" B DR:shull,steenberg ,"
— ::l'
- i
10— ::: '
SRR B ERRRTT R R AT B (AR ETII AR ATTTT AR RETTT:.
10° 10* 10° 10° 107 10* 10°

T(K)

Fig. 12. Total unified recombination rate coefficients ar(T) (solid curves) for (a) Al XII and (b) Si XIII. The RR rates
are by Verner and Ferland (1996, dash), the DR rates are by Romanik (1988, dot) and by Shull and van Steenberg
(1982, dot and dash).

The high temperature DR rates from isolated resonance approximation by Romanik (dot-dash) and
fit by Shull and van Steenberg (1982, short and long dash) for Si XII1I agree well with the unified
rates although slightly lower. The slight rise in the unified rate can be explained from inclusion of
excitation of n = 4 thresholds in the core and high resolution of resonances in the photoionization
Ccross-sections.

5. Conclusion
Extensive sets of results from the unified method employing relativistic BPRM method are

presented for the total and level-specific photoionization and recombination cross-sections and
rate coefficients for Li-like Al XI, Si XII and He-like Al XII, Si XIII for study of X-ray and UV



spectroscopy of laboratory and astrophysical sources. The method provides self-consistent atomic
parameters for these inverse processes. This report presents the first ab initio relativistic
calculations for photoionization and total electron-ion recombination for these ions. The results
include (i) level-specific photoionization cross-sections, both partial and total, with inclusion of
autoionizing resonances, for levels up to n = 10, (ii) level-specific recombination rate coefficients,
including RR and DR, for all fine structure levels up to n <10 and 0 <1 <9, (iii) total unified
recombination rate coefficients, incorporating both RR and DR, over a wide temperature range,
(iv) total unified recombination cross-sections and velocity averaged recombination rate
coefficients as functions of the photoelectron energy for comparison with experiments.

Total recombination rate coefficients have featureless hydro-genic behavior at lower
temperature with isoelectronic z-depen-dency similar to that of a hydrogenic ion, zar(H,T/Z%).
Hence the rate increases with higher ionic charge. However, the trend does not continue to high
temperature where resonances, which do not depend on z, appear. The present arc(T) agree very
well with the combination of existing RR, DR rates.

The present data are expected to be of high accuracy of about 10-15% based on (i) the very
good agreement, less than 1%, of the energies with the experimental values, (ii) inclusion of
important atomic effects such as relativistic effects, radiation damping of resonances, channel
couplings, (iii) accuracy of the method from benchmarking with a number of experiments for
photoionization (e.g., Nahar, 2004) and electron-ion recombination (e.g., Zhang et al., 1999;
Pradhan et al., 2001), and good agreement of the present results with existing rates. The present
data are more than sufficient for extrapolation to high n, ¢ necessary to account for all
recombination-cascade contributions.

All photoionization and recombination data are available electronically from NORAD
(NaharOSURadiativeAtomicData) website:
www.astronomy.ohio-state.edu/nahar/nahar_radiativeatomicdata.
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