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Ab initio close-coupling calculations are reported using Biatrix method for photoionization cross
sections ¢p)), oscillator strengthsf(valuesg, and energy level&E) for oxygen ions: Q, O, Oui, Oiv, Ov,
Ov1, and Ovil. Total, partial, and state-specific photoionization cross sections are computed and investigated
in detail. Important features are found that should affect overall photoionization and recombination, especially
at high temperatures and energies. Although these ions have been previously studied individually, present work
aims at studying them as an isonuclear sequence and obtaining more accurate and complete results for appli-
cations. More extended eigenfunction expansions than in previous works, includifgstates, show corre-
lation effects primarily manifested as additional groups of resonances in photoionization of oxygen ions such
as Ovi and Owvil that are of importance in extreme ultraviolet and x-ray laboratory and astrophysical plasmas.
Lifetimes of excited bound states are obtained from the present oscillator strengths and compared with experi-
ments. The computed radiative atomic parameters, energy levels, oscillator strengths, and photoionization cross
sections constitute a larger dataset than the Opacity ProjecfMath Seaton, J. Phys. B0, 6363(1987)],
with which comparisons are made&1050-2947@8)08711-3

PACS numbd(s): 32.80.Fb

[. INTRODUCTION oxygen ion, into the ground and a number of excited states of
the residual ion, are also presented. A further reason for the
Oxygen is an important element because of its existenceecomputation of the radiative data for the oxygen ions in a
in the Earth’s atmosphere as well as in many astrophysicanore complete manner was to calculate the total recombina-
and laboratory spectra. For the analysis of the spectra aritbn rate coefficientsag(T), for these ions employing the
various other applications, radiative atomic quantities are reunified treatmenf13]. The unified treatment for total recom-
quired for all ionization stages. The present work reports thdination rate coefficients requiresartial photoionization
radiative data for energy valueg), oscillator strengthsf( ~ Cross sections leaving the residual core in the ground state,
values, and photoionization cross sectionss) for the oxy- rather than théotal cross sections that are usually computed
gen ions Q—Ovii. These ions were previously studied indi- (such as in the OP woykThe f values are also needed for
vidually, along isoelectronic sequences, under the Opacity’adiative transition probabilities in the calculations for the
Project(OP) [1]. These studies include work oni®y Butler  dielectronic recombination cross sections. Hence a consistent
and Zeipperi2], on Ou by Burke and Lennof3], on Ol set of radiative parameters for both the bound-bound transi-
by Luo et al. ([5], see also Nahar and PradH#&j), Oiv by  tions,fvalues, and the bound-free transitions;, in oxygen
Fernleyet al. [7], Ov by Tully et al. [8], on Ovi by Peach ions are obtained.
et al. [9], on Ovi by Fernleyet al. [10], and on Ovii by
Seaton[12]. The OP close coupling calculations for the ( Il. COMPUTATIONS

+ion) system limited the eigenfunction expansions to the i ) , )
n=2 states of the target ion, thereby restricting some elec- The theoretical details for the computations of photoion-

tron correlation effects important at higher energies and fof?ation cross sections and oscillator strengths in the close-

photoionization of excited states. The calculations forrO COUPling approximation employing tfematrix method are

and Ovii did not include any electron-electron correlation 91VeN in previous papeid, 15]. Here only the computational

effects. Inclusion of these effects in the present work hadetails r_elevant to the _present work for the ra(_jlatlve data of

resulted in detailed resonance structures in the photoioniz&2XY9en ions are described. The residual core ion, termed the

tion cross sections and enhancement in the background cros@9€et,” is represented as ax-electron system. The wave-

sections at the additional ionization thresholds in the eigenfUnction expansion¥(E), for a given symmetrySL, of

function expansions employed. One important high-energyl® total (N+1):‘electrc3'n_ system is represented in terms of

feature in the cross sections is thhotoexcitation of core € core or the “target” ion states as

(PEQO, which introduces a wider resonance affecting the

background considerably. The present work studies the oxy- V(E)=AD xifi+> ¢®;, (2.1

gen isonuclear sequence to illustrate these features, and pro- [ ]

vides more consistent and complete data for applications, ) _ o N

such as for determination of oxygen ionization fractions in avhere x; is the target ion wave function in a specific state

p|asma source. SLi"Ti and 0i is the wave function for theN+ 1)th electron
The calculations are carried out in the close-couplingn @ channel labeled a§L;mik?/;(SLw), ki being its en-

(CC) approximation employing thB-matrix method. Partial ergy. ki2 is <O for bound states ang 0 for free statesb;’s

cross sections for photoionization of the ground state of eachre the bound channel wave functions of thieH1)-electron
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system that represents correlations not included in the firdfon, Bell et al. [18] have employed an 11-CC expansion,
term and compensates for the orthogonality condition of thevhich includes both théP states as in the present case. The
total wave function. three additional states they have considered are not expected

In principle, the first expansion of the above equationto contribute significantly, as they lie high for bound-state
should have an infinite number of target terms, however, iformation and not connected to the ground state via a dipole
reality the number is limited based on a few criteria. Theallowed transitions, yet may provide better high energy be-
target terms are selected such that electron-electron correlfavior for the cross sections. For the second term of(Ex.
tions effects are well represented within the energy range givhich is the sum over the bound-channel wave functions, all
consideration and the term contributions have converged. Rossible combination ofN+ 1)-electron configurations up
is also important to include all the terms at all energies ofto 3p? and 3? are included.
interest. For example, the expansion may contain overlap- A 12-CC eigenfunction expansion is employed for the
ping states from two different complexes, such as from (e+O1)—Oi radiative calculations. In a previous work
=2 and 3 of Qi, as shown in Table I. Omission of states of Burke and Lennon3] also implemented a 12-CC expansion
the higher complex from the expansion, which was often gut did not include the 8orbital, thereby missed the impor-
choice in the earlier works, would affect the results in severafant 25°2p3s(*P°) state that is connected via a dipole al-
ways. If an omitted state is a low-lying onéy ¢ 1)-electron  lowed transition to the grounds?2p?(°P) state and gives
bound states with the omitted target state can not be objise to a PEC resonance. The bound-channel expansion of
tained, and the corresponding oscillator strengths for transikN + 1)-electron configurations includes all states dominated
tions involving these states will also be missing. The effecty configurations witm= 4 orbitals up to the ¢ and the 4.
on the photoionization cross sections will be seen as missing For the radiative calculations fore¢-Oiv)—OII a
Rydberg series of resonances belonging to the omitted staté3-CC eigenfunction expansid@0] (Table ) including or-
The loss may be considerable if the omitted state is acceditals up to 3l is chosen. The expansion in the earlier works
sible via dipole allowed transition from the target ground[5,6] is limited to the target states of time=2 complex. The
state, which introduces the prominent PEC resonance ipresent expansion includes 11 dipole allowed transitions of
excited-state photoionization cross sections. The PEC resthe target ground state p2?P°), compared to 3 in the pre-
nanceq 16] occur when the outer electron remains a spectavious 8-CC expansiof5,6]. The bound channel expansion
tor while the core is excited via a dipole allowed transition.includes all possible N+ 1)-electron states dominated by
One important criterion in the choice of the eigenfunctionconfigurations %, 3p?, and 312, i.e., configurations with
expansions is the inclusion of PEC resonances at relativelyp to 4 electrons in the2 orbital and 2 electrons in thep3
high energies. The effect of PEC decreases at very high taend the 8 orbitals.
get energies when transition probability for the core transi- For (e+OvVv)—OIv radiative data, a 12-CC eigenfunc-
tion reduces significantly. Present eigenfunction expansionon expansion is used that includes states with target con-
are selected so as to optimize the inclusion of these effectfigurations including the & (given in Table ). The earlier
The targets in an isonuclear sequence do not show a specifiecork of Fernleyet al. [7] considers the 6 lowest statesrin
order of terms as often seen in the case of the isoelectronie 2 complex. However, contributions from thre=3 com-
sequence. Thus, the number of terms and importance of comlex can be significant in the high-energy region forvQas
plexes are different for each ion in the sequence. we show below. Analogous to the case ofiQthe bound

The target states in the CC eigenfunction expansion fochannel expansion it includes all N+ 1)-electron states
each oxygen ion employed are given in Table I. The orbitalup to configurations @3, 3s?, 3p?, and 32
wave functions of the targets are obtained from the atomic The radiative calculations fog+Ovi—OV use a 9-CC
structure calculations using the coslePERSTRUCTURH17].  target expansiofiTable )). This is an extension of the 5-CC
The spectroscopic and correlation configurations and the vakigenfunction expansion used in the work by Tudlyal. [8]
ues of the scaling parametex(nl), of the Thomas-Fermi- by four additional states of the=4 complex, up to $24f
Dirac potential for each ion are also listed. The calculatedand including the statest4p(?P°) for the dipole allowed
target state energies are replaced by the observed ones, giveansition by the ground states32s(?S) of Ovi. For the
in Table I, in theR-matrix computations to obtain more ac- bound channel expansion all states from configurations of
curate positions for the Rydberg series of resonances. Songp?, and 312, and those with single occupancy,44p, 4d,
details of the eigenfunction expansion for each ion are disand 4 orbitals are included.
cussed below. Calculations for radiative data fore¢Ovi)—Ovi are

An eigenfunction expansion of eightS terms of QI obtained using an 11-CC eigenfunction expansion including
(Table ), which includes the 8 orbital states states up to the orbitalB(Table |). In the previous OP work
2p?3s(*P,*P), is employed in the computation for the ra- Peachet al. [9] employ a very limited 2-CC expansion. In
diative data of €+O1)—Ol. The 3 states were not in- spite of the small number of electrons, it turns to be rather
cluded in the OP calculations by Butler and Zeipp2hwho  difficult to carry out close-coupling-matrix calculations for
employed an eigenfunction expansion restricted torts€  the He-like and H-like target ions. Numerical instabilities
complex. The target states with the rbital lie between the associated with th&matrix basis functions in the inner re-
states 22p*(?D,2S) and play a crucial role in terms of en- gions could introduce unphysical oscillations in the photo-
ergy levels and resonances, especially for PEC resonancgshization cross sections. It is therefore required to optimize
due to dipole allowed transition of the ground stat&? to  the calculations with a largB-matrix basis, as, for example,
the 3s(*P) state in Qi. In a recent calculations for photo- in the work of Ref.[14] for He-like and H-like carbon and
ionization cross sections of the 3 states of ground configuranitrogen ions. The present work uses a basis set of 50 func-
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TABLE |. The target states with their energiés Rydberg in the eigenfunction expansions of oxygen ions: the spectroscopic and
correlation configurations, and the values of Thomas-Fermi scaling paran{etd; are as follows. @: Spectroscopic: £2p3, 2s2p?,
2522p?3s. Correlation: 222p23p, 2s22p?3d, 2p°, 2s2p®3s, 2s2p®3p, 2s2p3d. A(nl): 1.35(1s), 1.25(%), 1.12(), 1.07(>),
1.05(3p), 2.10(3l). Om: Spectroscopic: £2p?, 2s2p®, 2s?2p3s, 2p*. Correlation: 223s?, 2s?3p?, 2s?3d3, 2s?4s?, 25%4p?,
2s?2p3p, 25°2p3d, 2s22p4s, 2s?2p4p, 2s?3s3p, 2523s4s, 2s?3p3d, 2s2p?3s, 252p23p, 252p?3d, 2p®3s, 2p33p, 2p3d. A(nl):
1.47637(5), 1.27184(3), 1.19306(D), 1.22385(3), 1.32(3p), —0.96476(3), —0.74971(4), —0.79911(4h). OIv: Spectroscopic:
2s?2p, 2s2p?, 2p°, 2s%3s, 2s?3p, 2s5°3d, 2s2p3s, 2s2p3p. Correlation: %3d?, 2s2p3d, 2p23s, 2p%3p, 2p23d. A(nl):
1.42496(5),1.38027(3),1.17735(D),1.56085(3),1.38926(P),1.97512(8l). Ov: Spectroscopic: &, 2s2p, 2p?, 2s3s,
2s3p, 2s3d. Correlation: 24s, 2s4p, 2p3s, 2p3p. A(nl): 1.4(1s),1.4(2),1.127(2),1.2(3s),1.1(3p),1.1(A),
10.6115(4),4.37106(4). Ovi: Spectroscopic: $2s, 1s*2p, 1s?3s, 1s?3p, 1s°3d, 1s?4s, 1s?4p, 1s?4d, 1s?4f. Correlation:
1s2s?, 1s2p?, 1s3s?, 1s3p?, 1s3d? 1s2s2p, 1s2s3s, 1s2s3p, 1s2s3d, 1s2p3s, 1s2p3d. A (nl): 1.30117(k), 0.99782(3),
0.87558(), 0.98747(3), 0.86738(P), 0.80564(3), 0.98598(4), 0.86603(4), 0.79571(4l), 0.77675(4). Ovi: Spectroscopic:
1s?, 1s2s, 1s2p, 1s3s, 1s3p, 1s3d. Correlation: 22, 2p?, 3s?, 3p?, 3d?, 2s2p, 2s3s, 2s3p, 2s3d, 2s4s, 2s4p, 2p3s, 2p3p, 2s3d,
2s4s, 2s4p. A(nl): 0.991(1s), 0.991(%), 0.776(2), 1.16883(3), 0.91077(P), 1.00746(3l), —1.59699(4), —1.61237(4). Ovii:
Spectroscopic: 4, 2s, 2p, 3s, 3p, 3d, 4f, 4d, 4p, 4s. A(nl): 1.0(1s), 1.0(Zs), 1.0(2p), 1.0(3s), 1.0(3p), 1.0(3d), 1.0(4s), 1.0(4p),
1.0(4d), 1.0(4f).

Ou: Present: 8-CC, OP: 8-CC

2522p%  “4s° 0.0 2522p%  ?p° 0.368778 22p* D 1.512628 2%2p23s 2P 1.722373
2s?2p®  ?D° 0.244389 22p* ‘p 1.092906 2%2p%3s  “P 1.689510 22p* BS 1.783445

Oin: Present: 12-CC, OP: 12-CC

2s%2p2 %P 0.0 2s2p° 50 0.549724 22p° po 1.704520 2%2p3s  °P° 2.437687
2s?2p2 D 0.184723 22p° Spe 1.093895 22p° 80 1.795986 2%22p3s  P° 2.488489
2s?2p?  1s 0.393517 22p° 3po 1.297496 22p° 1po 1.917839 * %p 2.586781

O1v: Present: 23-CC, OP: 8-CC

2s%2p  °P° 0.0 2p° pe 2.32300 32p3s 4po 412790 &2p3p ’s 4.49155
2s2p? P 0.64820 ° 2po 2.63150 32p3p ’p 426769  22p3s 2po 4.72663
2s2p? D 1.15678  3%3s ’s 3.25882  32p3p ‘D 426769  Z2p3p ’D 5.05265
2s2p? ’s 1.49782  %°3p 2po 3.55594  2p3p ‘s 439977 %2p3p ’p 5.05265
2s2p? 2p 1.64614  2%3d D 3.82317 32p3p 4p 439977 2%2p3p ’s 5.05265
2p® 4ge 2.10520 22p3s  “pP° 3.99886  22p3p D 4.39977

Ov: Present: 12-CC, OP: 6-CC

2s? 1s 0.0 2p? p 1.94780 33s s 498435 23p 3po 5.29286
2s2p 3po 0.74934  27? p 2.11160 33s s 5.11472  23d 3D 5.47455
2s2p ipo 1.44707 ? s 2.62363  33p tpo 5.29286  33d D 5.58256

Ovi: Present: 9-CC, OP: 5-CC

1s°2s ’s 0.0 1s23p 2po 6.07102  ¥°4s s 7.86766 ¥°4d °D 7.90144
1s?2p  2%pP° 0.88146 ¥2°3d D 6.14792  ¥%4p 2po 7.86766  K°4f 2Fo 7.90144
1s%3s ’s 5.83247

Owvii: Present: 11-CC, OP: 2-CC

1s? 15 0.0 1s2s 1s 41.812401 $3s s 48.804463 $3d D 48.921834
1s2s B 41.231559 $2p 1po 42.184389 $3p 3po 48.804463 $3p 1po 48.921834
1s2p 3po 41.790521 $3s 3s 48.650915 %3d 3D 48.921834

Owvii: Present: 10-CC, OP: 1-CC

1s s 0.0 3 ’s 56.8889 4 2Fo 60.00 Z: s 60.00

2s ’s 48.0 ') 2po 56.8889 4 D 60.00

2p 2po 48.0 K3 °D 56.8889 4 2po 60.00

tions in the inner region encompassed by tRematrix Finally, a 10-CC eigenfunction expansion is used for the

boundary, which involves considerable memory and CPlradiative data calculations fore¢-Ovii)—Ovil. The ex-
requirements. The bound channel expansion uf Dcludes  pansion includes threéP° states (d, 3p, and 4) en-
all states corresponding to configurations up tp?3 abling dipole allowed transitions from the target gound state
3d?, 4s, and 4. 2S. The earlier calculations of Fernlest al. [10] employ a
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TABLE II. Comparison of the present calculated energi&($), with the measure&(obs) valuegRef.[21] for all ions except O for
which the reference i2]) and of the calculated values under the @FQP), of first 20 bound states of oxygen ions. Energies are expressed
in Rydberg units and negative signs are omitted for conveniedgés the total number of bound states below the ionization threshold
obtained in this work and under the OP.

Term E(obs) E(P) E(OP) Term E(obs) E(P) E(OP)

O1: N,=107 (presen), 69 (OP)

2522p*(°P) 1.00020 0.9912 1.004  $22p® 4s°3d(°D°) 0.11253 0.1122 0.1115
2s?2p*(*D) 0.85631 0.8170 0.8515 s22p3 4s%4p(°P) 0.09790 0.09768 0.09702
2s22p*(19) 0.69297 0.6634 0.6776 s22p3 4s%4p(3P) 0.09255 0.09186 0.09151
2s?2p® 43°35(°5%) 0.32868 0.3330 0.3216 s22p® 2D°3s(°D°) 0.07922 0.05710 0.07009
2s?2p® “43°35(35%) 0.30110 0.3056 0.2939 s32p® 43°55(°S0) 0.07035 0.07001 0.6976
2s?2p® 4s°3p(°P) 0.21149 0.2126 0.2082 s32p® 45°55(330) 0.06766 0.06735 0.06700
2s22p® “4s°3p(°P) 0.19324 0.1925 0.1900 s22p® 2D°3s('D°) 0.06538 0.04455 0.05615
2s%2p® 45°45(55°) 0.13086 0.1301 0.1293 s22p® 4s°4d(°DP°) 0.06353 0.06370 0.06314
2s%2p® 45°45(35°) 0.12404 0.1234 0.1224 s22p3 4s°4d(°D°) 0.06314 0.06312 0.06263
2s?2p® 4s°3d(°D°) 0.11315 0.1136 0.1122 s32p® 4sP4f(°F) 0.06259 0.06254 0.06251

O1u: N,=296 (present, 219 (OP)

2s22p3(4s°) 2.5814 2.597 2.604  £2p?('D)3s(’D) 0.6953 0.6716 0.6751
2s?2p3(?DO) 2.3370 2.339 2.349  F2p%(®P)3p(“P°) 0.6820 0.6804 0.6787
2522p3(?P9) 2.2126 2.208 2217  £2p?(®P)3p(?D°) 0.6528 0.6495 0.6489
2s2p*(“P) 1.4884 1.500 1515  £2p%(°P)3p(*sY) 0.6480 0.6462 0.6443
2s2p*(?D) 1.0687 1.054 1.075  2p*(®P) 0.6435 0.6178 0.6321
2522p2(°P)3s(*P) 0.8918 0.8872 0.8867 22p2(°P)3p(?P°) 0.6293 0.6245 0.6242
2s22p2(°P)3s(%P) 0.8590 0.8544 0.8535 <22p?(*D)3p(%F°) 0.4969 0.4770 0.4892
2s2p*(%9) 0.7979 0.7645 0.7843 22p?(*D)3p(?D°) 0.4858 0.4675 0.4782
2s22p2(3P)3p(%S°) 0.7229 0.7220 0.7210 22p?(19)3s(?9) 0.4799 0.4216 0.4400
2s?2p2(3P)3p(“D°) 0.6960 0.6952 0.6936 22p?(3P)3d(*F) 0.4724 0.4672 0.4697

Oui: Np,=296 (preseny, 267 (OP)

25%2p?(3P) 4.0358 4.066 4.037  £2p(?P°)3s(*P%) 1.5492 1.572 1.542
2s?2p?('D) 3.8530 3.875 3.847 @#(3P) 1.4509 1.422 1.444
2s22p?(1S) 3.6442 3.639 3.626  E2p(?P°)3p(*P) 1.3863 1.428 1.384
2s2p3(°3°) 3.4880 3.522 3508  £2p(’P°)3p(3D) 1.3579 1.398 1.355
252p3(°D°) 2.9438 2.958 2.945  #F2p(?P°)3p(39) 1.3262 1.366 1.322
2s2p3(3P°) 2.7402 2.726 2731  @('D) 1.3195 1.287 1.307
2s2p3(*D°) 2.3332 2.322 2312 £2p(®P%)3p(3P) 1.3005 1.337 1.298
2s2p3(33°) 2.2417 2.220 2216 £2p(°P°)3p(‘D) 1.2439 1.273 1.238
2s2p3(*P°) 2.1199 2.081 2.087  £2p(?P°)3p(i9) 1.1781 1.203 1.169
2522p(2P°)3s(3P°) 1.6000 1.635 1.596  2p%(*P)4p(33°) 0.0553 0.06102 0.07502

O1v: Np=109 (present, 94 (OP)

2522p(?P°) 5.6875 5.674 5.674  £3d(°D) 1.8666 1.868 1.861
2s2p?(*P) 5.0370 5.031 5031  2p(3P°)3s(*P°) 1.6886 1.687 1.684
2s2p?(?D) 4.5330 4.507 4514  2p(3P°)3s(?P%) 1.5619 1.555 1.552
2s2p?(%S) 4.1920 4.134 4159  2p(°P°)3p(?P) 1.4314 1.428 1.429
2s2p?(?P) 4.0437 4.001 4.014  2p(®P%3p(“D) 1.4197 1.417 1.417
2p3(4s°) 3.5799 3.539 3563  2p(3P%)3p(*s) 1.3660 1.363 1.360
2p3(°D°) 3.3645 3.320 3.344  2p(3P°3p(*P) 1.3249 1.320 1.320
2p3(3P°) 3.0560 2.975 3.023  2p(°P°)3p(°D) 1.2900 1.282 1.282
2523s(%9) 2.4310 2.431 2.424  F45(%9) 1.2627 1.261 1.260

2523p(2P°) 2.1339 2.135 2129  2p(3P%)3p(39) 1.1982 1.184 1.183
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TABLE II. (Continued.

Term E(obs) E(P) E(OP) Term E(obs) E(P) E(OP)

Ov: Np=152 (preseny, 120 (OP)

25?(19) 8.3714 8.357 8.357 Bd(°D) 2.8969 2.894 2.895
252p(°P°) 7.6221 7.608 7.609 Bd(*D) 2.7889 2.782 2.783
252p(1P°) 6.9243 6.892 6.891 Bs(3P°) 2.4186 2.412 2.413
2p%(°P) 6.4236 6.398 6.398 B3s(1P°) 2.3162 2.306 2.307
2p%('D) 6.2598 6.233 6.232 p(1P) 2.2414 2.234 2.236
2p%(1S) 5.7478 5.689 5.682 @3p(°D) 2.1980 2.191 2.192
2s3s(%9) 3.3871 3.382 3.383 Bp(3S) 2.1389 2.131 2.132
2s3s(19) 3.2567 3.251 3.251 Bp(P) 2.0873 2.076 2.077
2s3p(tP°) 3.0786 3.073 3.074 [23d(3F°) 2.0576 2.054 2.055
2s3p(3P°) 3.0598 3.054 3.055 23d(1D°) 2.0414 2.037 2.037

Ovi: N,=51 (presenk, 26 (OP)

1s522s(2S) 10.1516 10.14 10.14 s£5p(?P°) 1.4574 1.457 1.457
1s22p(?P°) 9.2701 9.264 9.263 5d(°D) 1.4412 1.441 1.441
1523s(2S) 4.3191 4.318 4.316 51(%F°) 1.4401 1.440
1s?3p(?P°) 4.0806 4.081 4.078 £59(%G) 1.4400 1.440
1s°3d(°D) 4.0037 4.007 4.003 £65(29) 1.0382 1.038 1.038
15°4s(%S) 2.3812 2.380 2.380 $6p(?P°) 1.0104 1.010 1.010
1s?4p(?P°) 2.2839 2.283 2.283 6d(°D) 1.0008 1.001 1.001
1s24d(?D) 2.2519 2.252 2.252 6f(2F°) 1.0000 1.000
124§ (?F°) 2.2501 2.250 $269(°G) 1.0000 1.000
1525s(2S) 1.5065 1.505 1.506 f6h(?HO) 0.9999 1.000

Ovi: Np,=105 (present, 53 (OP)

1s2(1s) 54.340 54.25 54.27 Bp(*P°) 5.418 5.417 5.418
1s2s(3S) 13.108 13.09 13.09 #s(39) 3.160 3.158 3.158
1s2p(3P°) 12.549 12.54 12.54 Hp(CP°) 3.099 3.096 3.097
1s2s(1S) 12.527 12.51 12.51 Ws(1s) 3.098 3.096 3.096
1s2p(*P°) 12.156 12.14 12.15 #d(°D) 3.070 3.064 3.064
1s3s(3S) 5.689 5.677 5.677 A1 (FO) 3.070 3.063

1s3p(3P°) 5.535 5.526 5.527 #4d('D) 3.066 3.062 3.062
1s3s('S) 5.529 5.522 5.523 HUf(FO) 3.064 3.063

1s3d(°D) 5.456 5.448 5.448 “p(*PO) 3.053 3.051 3.052
1s3d('D) 5.446 5.444 5.444 Hs(°9) 2.009 2.008 2.008

5-CC expansion, with 8 and 3 as correlation; then=3 principal quantum number going from the ground state to 10

correlation effects are thus excluded from their calculations(11 for a few symmetrigs and 0<I|<9. States lying above

Similar to the calculations of @, the present bound channel the first ionization threshold are usually quasibound autoion-

expansion of Qv includes all states corresponding to con-izing states, but may be bound states in pure LS coupling;

figurations 32, 3d?, and all two-electron configurations in- such states are not considered in the present work. Identifi-

cluding the orbitals up to gtand 4p. cation of the calculated states is carried out through detailed
The photoionization cross sections forv@ can be ob- examination of the effective quantum numbers and channel

tained in the hydrogenic approximation using a procedurgercentage contributions employing a cad€evip.

due to Storey and Hummé¢t1] and Seatol2]. The accuracy of theoretical oscillator strengths for bound-
The computations are carried out using tRematrix  bound transitions may be determined through lifetime values

codes developed for the OR5] and extended for the IP obtained from the computeddvalues. The lifetimes are often

work [19]. The asymptotic codesTGBF, which computes the measured with higher precision than thealues. The tran-

bound-free transition amplitudes was modified to yield par-sition probability,A;; , from statgj to i can be obtained from

tial, state-specific photoionization cross sections with giverthe oscillator strength;; , as

initial and final state§13]. The total and the partial cross

sections are computed using different algorithms because of A (au)= 329 E2f. 2.2

differences in usage of computer disk storage. Computations jita-t)=a g; :

are carried out for all bound stateg) ;mnl, whereS,Lm;

is a target state andl is the outer electron witm, the  whereE;; is the transition energy in Rydbergg, andg; are
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TABLE Ill. f values of oxygen ions. Present calculatedlues are referred to & N is the total number of values for bound-bound
transitions below the ionization threshold obtained in this work and under the OP.

Transition fif
Theor. Expt.

O1: Ny=1264 @), 836 (0P

2p*(3P)—2p3®3s(33°) 0.0547P],0.0519[2],0.0529[23],0.0537[24]  0.048[26],0.048[29],0.047[31], 0.048[35]

2p*(®P)—2p33s(3P°) 0.081P],0.0794[2],0.0791[24] 0.0860.006 [26]

2p*(®P)—2p33s(°D?) 0.05§ P],0.0584[23],0.0558[24] 0.061(0.006 [26],0.049[29],0.054[31],0.052[25],
0.062[35],0.049[34],0.057[30]

2p*(’P)— 2p34s(3s°) 0.0084 P],0.0091[2],0.00909[23],0.0092[24]  0.01(0.002 [26],0.014[29],0.0096[25]

2p*(®P)—2p°33d(°D°) 0.023P],0.0189[2],0.0212[23],0.0203[24] 0.0190.001) [26],0.029[29]

2p*(°P)—2s2p°(°P°) 0.0612 P],0.0624[2],0.0695[24] 0.07(0.004 [26]

2p*(*D)—2p33s(}P°) 0.04§ P],0.046[2],0.0484[24] 0.0440.026 [25]

2p*(*D)—2p33s(*D°) 0.105P],0.108[2],0.109[24] 0.098[25],0.112[35],0.104[31],0.104[33],0.099[34]

O11: Ny=8603 (), 7826(OP)

2s?2p3(#s°)—2s2p*(*P)  0.271P],0.265[3], 0.270[47]

Oun: N;=8148 @), 7740(0OP)

2s22p%(°P)—2s2p3(°D°)  0.108§P],0.105[5]
2s22p%(°P)—2s2p3(°P°)  0.143P],0.135[5]

O1v: Ny=1940 @), 1790(0OP)

2s22p(2P°) - 252p%(2S)  0.071P],0.067[7] 0.0520.11) [54],0.0920.028 [52],0.0710.008 [33],
0.0640.004 [34],0.080[28]

O'sc v:N;=2630 (P), 2294(OP)

28?(*s)—2s2p(1P°) 0.522P],0.522[8] 0.530.02 [56]

Owvi: Ny=594 (P), 306 (0P)

25(%S)—2p(?P°) 0.198P],0.198[9] 0.190.04 [54]

Owvii: Ny=1172 (P), 630(0P)

1s2s(*S)—1s2p(*P°) 0.6939 P],0.6944[58],0.695[10]

the statistical weights of the initial and final states, angs  with increase of the effective quantum numbenas. The

the fine-structure constant. Once thealues from an upper dense, narrow resonances in the energy region between
statej to all lower states are known, the lifetime of the state10 and the corresponding target threshold are averaged over
j can be obtained as using the Gailitis averaging procedyr&.

= A (2.3 lIl. RESULTS AND DISCUSSIONS

The radiative processes in oxygen are studied through all
where Aj=3;A;; is the total radiative transition probability ionization stages. Comparisons and important features for
for the state. each ion, in particular with those evaluated and compiled

The Rydberg series of autoionizing resonances in theecently by the National Institute of Standards and Technol-
photoionization cross sections are resolved in detail as exagy (NIST) [37] are discussed. The computed atomic param-
plained in Ref. [6]. The resonance structures are re-eters, the term energie€), oscillator strengthsf(values,
solved withAv=0.01 up to effective quantum number, and photoionization cross sections,,, for the oxygen ions,
=10. v, relative to the threshold of convergence,uiE) O1-0vii, are expected to be of higher accuracy and provide
=z/\(E—E,) (in Rydberg whereE; is the target threshold a more extensive radiative dataset than the previous works.
energy andE is the continuum electron energy. The nearTherefore considerable effort is devoted to ascertain the ac-
threshold resonances that contribute predominantly to loweuracy of the individual quantities in comparison with ex-
temperature recombination are resolved on a much finer eperimental data, wherever available, and the best theoretical
ergy mesh with typically 2000 energies just above the ion<calculations so far. Each quantity is described in separate
ization threshold. The resonance profiles decrease in widthubsections below.
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TABLE IV. Lifetimes, 7 (ns), of oxygen ions. Present results are referred t®as
State
Theory Expt.
Ol
2p33s(3s°) 1.67P],1.61[2],1.61[23] 1.8(2) [33],1.8[29],1.7917) [35],1.7(2) [27],
1.7014) [28]
2p33s(°D°) 4.1 P],4.39[2],4.19[23] 3.94(22) [35],5.04) [34],4.54) [31]
2p34s(33°) 5.74 P],5.26[2],5.24[23] 4129
2p35s(33°) 13.56 P],12.5[2],12[24] 17(3) [40]
2p%6s(33°) 26.59 P],24.4[2],25[24] 24(3) [40]
2p33p(3P) 27.40P],32.9[2],29.68[23],30[24] 39.1(1.4) [32],36(4) [40],40(3) [36]
2p33p(°P) 26.24P],29.7[2],26.99[23] 39(2) [36]
2p°4p(°P) 198.7§P],201[2],189.7[23] 193(10) [36],19419) [39]
2p4p(°P) 161.4§P],175.4[23],177[2] 153(10) [36],161(19) [39]
2p33d(°D°) 8.671P],9.0[23],9.89[2] 9.0[29]
2p34d(°D°) 28.771P],13.5[2],16.85[23],15[24] 23(3) [40],20[29]
2p34d(°D°) 72.43P],73.9[2],72.2[23] 96(4) [29],95(9) [39]
2p35d(°D°) 27.50 P],31.8[2],<15[24] 36(4) [40]
(0]]]
2p?3s(b*P?) 0.987P],0.956[3],1.03[47] 0.9(0.3) [33],0.890.05 [34],0.0830.21) [28]
2p?3s(a’P?) 0.257P],0.247[3],0.246[47] 0.2620.013 [34],0.270.01) [28]
2p%(°P)3p(y*s) 4.59P],4.40[3],4.17[47] 4.8(0.2) [41],4.8[43],5.6[43]
2p2%3p(z*P°) 7.24P],6.97[3],6.82[47] 8.8(1.8) [42],6.040.34) [46],8.12[27],8.1[43]
2p?3p(z°D°) 12.1P],11.7[3],10.95[47] 13.7[43],15.1(0.8) [44]
2p?(3P)3p(y?P°) 7.49P],7.36[3],7.49[47] 7.3(0.3) [46],6.80.1) [45],7.1[43],9.20.1) [44],
6.0(0.5) [41],6.01[42]
2p?(*D)3p(x2P°) 4.8qP],4.95[3],4.12[47] 4.8(0.2) [34],4.960.25 [28],4.9[43]
2p?(®P)3p(y?D°) 10.9P],10.8[3],10.8[47] 9.5(5) [42],11.60.3) [44],11.85[27]
2p?(1D)3p(x?D?) 7.29P],7.47[3],6.25[47] 9.2(0.4) [44],3.7(0.3) [41],3.72[42]
2p?3p(z°F°) 9.7 P],10.5[3],8.85[47] 9.86(0.5) [45],10(1) [41],10.51.2) [42]
2s2p*(a*P?) 1.19P],1.19[3],1.14[47] 1.2(0.2) [31],1.260.1) [35]
2s2p*(a®Ss?) 0.181P],0.189[3],0.184[47] 0.2030.007 [34],0.21(0.01) [51],0.250.03 [33]
252p*(b?P®) 0.137P],0.133[3],0.134[47] 0.140.019) [34],0.160.02 [28],0.120.03 [33]
2s2p*(a”D°®) 0.42§ P],0.447[3],0.44[47] 0.4(0.1) [31],0.450.04) [33],0.440.08 [35],
0.4400.04) [34]
2p?3d(c*P®) 0.224P],0.209[3],0.236[47] 0.260.02 [50]
2p?3d(a*D®) 4.5 P],4.77[3],1.55[47] 4.46[42],2.9[43]
2p?3d(a*F®) 4.79P],5.0[3] 4.92[47] 4.9[43],8.40.5 [42]
2p23d(a’F®) 0.397P],0.375[3],0.419[47] 0.380.03 [50],0.370.05 [28]
O
2p3s(y*P°) 0.22§P],0.215[5],0.226[48] 0.17(0.02) [49],0.2270.017) [50]
2p3s(y°P°) 0.267P],0.253[5] 0.2660.011) [50]
2p4s(wWP°) 0.351P],0.320[5] 0.350[34]
252p3(2*P°) 0.08Q P1,0.090[5] 0.0870.006 [34]
2s2p%(z'D°) 0.179P],0.183[5] 0.2(0.05) [34],0.2[54]
2s2p3(2°S°) 0.064 P],0.069[5] 0.0790.049 [34]
2s2p3(z°P°) 0.484 P],0.530[5] 0.5750.018 [34]
2s2p3(z°D°) 1.57P],1.63[5] 1.61(0.07) [34]
2p3p(a®s?) 2.19P],2.15[5] 2.850.46) [45]
2p3p(c3P?) 3.83P],2.77[5] 3.030.18 [52]
2p3p(a®D®) 5.1 P],4.94[5] 4.620.24) [52]

2s2p23s(a®P®)

0.306 P],0.302[5]

0.320.03 [50]
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TABLE IV. (Continued)

State T
Theory Expt.

O
25?3s(b%S°) 0.131P],0.125[7] 0.1370.09) [50]
252p3s(x?P°) 1.40P],0.144[7] 1.41(0.05 [50]
2s2p3s(z*P°) 0.0983P],0.0966(7] 0.10%0.005 [50]
2s2p?(a2s®) 0.249P],0.266[7] 0.360.08 [53],0.290.2) [34]
2s2p4f(a*Ge) 0.245P],0.244[7] 0.240.03 [30]

Ov
2s2p(tP°) 0.333P],0.333[8] 0.3360.015 [56],0.380.02 [34]
2p?(*s) 0.247P],0.237[8] 0.290.03 [33],0.280.02 [34],0.2850.03 [57]
2p%(°P) 0.43GP],0.434[8] 0.450.03 [34]
2p%(*D) 3.09P],3.05[8] 3.2(0.2) [33],2.7(0.2) [34]
6h(ztHO) 0.971P] 1.0(0.2) [55]

Ovi
2p(2?P°) 2.49P],2.45[34] 2.5[54]
7 (W2F°) 0.291P] 0.31(0.02 [55]

Ol
1s3s(b3S) 44.3P] 65(6) [59]
1s3p(y3P°) 18.75 P] 19.22) [59],21[60]
1s4p(x3P°) 31.64P] 31.22) [59]
1s3d(a'D) 6.571P] 8(1.5) [59],12[60]
1s4d(bD) 15.51P] 16.21.5) [59]
1s5d(cD) 29.97P] 28(2) [59]
1s3d(a®D) 6.2q P] 7(1) [59],15[60]
1s4d(b®D) 14.29P] 16(1.5) [59],21 [60]
1s5d(c3D) 27.49P] 31(3) [59]
1s6d(d®D) 46.76 P] 47(3) [59]

A. Energies have resulted in a total of 109 bound states. The energies are

Comparison of the first 20 lowest bound states of each iofompared with the 6-CC calculations by Fernietyal. [7].
is made in Table II. The total number of calculated boundPresent energies agree very well with those of Feratesl.
states,N,, below the ionization threshold with<10 and and of the measured on¢21]. However, a few excited
/<(n—1) is quoted for each ion in the table. The OP num-States  with excited core state sZp(*P°), e.g.,
bers are also given for comparison. Present calculated ene?s2p(*P°)3s(*P°), show larger difference, 7% for the
gies for O are of comparable accuracy with those by Butlerspecified state, compared to those by Fernégyal. The
and Zeipper{2] in agreement with the observed orj@d].  present energies for @are in very good agreement with the
Present work obtains 107 bound states ofl@low the ion- measured valuef21] as well as with those by Tullet al.
ization threshold, compared to 69 obtained in their work. Thg8]. The earlier 2-CC calculations ford by Peactet al.[9]
12-CC eigenfunction expansion has resulted in 296 possiblg limited to states with highest angular momentum Lof
bound states of @ below the ionization threshold, whichis =2 Ppresent 11-CC calculations obtain 51 bound states,
77 more than the 219 obtained in the most detailed previoughich are in very good agreement with the measured values
study by Burke and Lennof8]. Comparison of the energies [21] The calculated energies of\@ obtained using 10-CC

in Table Il shows good agreement, slightly better for mostca|cylations are also in very good agreement with the mea-
cases than those by the previous calculated vdBeswith ¢ 1eq value$21].

the measured valud®2]. The 23-CC eigenfunction expan-
sion, including states from the=3 complex, is consider-
ably larger than the 8-CC expansion used by ketial.[5] in
the most intensive study prior to this work. The computed The oscillator strengthsf(valueg and photoionization
energies for the 296 bound states ofiCbelow the ioniza- cross sections are obtained in a consistent manner to reduce
tion threshold(compared to 267 in the earlier workgree the uncertainties in various applications, such as in total pho-
well with the experimentally measured valy@4]. The cal- toabsorption and electron-ion recombination processes,
culations for Qv using a 12-CC eigenfunction expansion where both quantities are needed. It is also important to cal-

B. Oscillator strengths and lifetimes
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FIG. 1. Total photoionization cross sectiomg, of the ground state of oxygen ions, solid curves: present work; dotted curvea)dp:
(OP Ref.[2]), the filled (new) and open(earlien circles are the measured values of Angel and Sarfiz8jy (b) O (OP Ref.[3]); (c) O

(OP Ref.[5]); (d) OIv (OP Ref.[7]); (e) Ov (OP Ref.[8]); (f) Ovi (OP Ref.[9]); (g) Ovi (OP Ref.[10]). Arrows point to various target
states.

culate a more complete set of radiative transition probabilistates, only those transitions among pure bound-bound states
ties as required by collisional-radiative models for accuratere discussed and presented. Total number of transifigns,
analysis of spectra from astrophysical and laboratory plasbelow the ionization threshold for each ion is specified in
mas. The number of transitions obtained for each ion in th&able Ill. Comparison of lifetimes obtained from thealues
present work is much larger than the existing data for theses given in Table IV. There are more measured values of
ions. Thef values for the oxygen ions are compared with thelifetime available than thé values.

available experimental and accurate calculated values in Presenf values for Q are in good agreement with those
Table IlI. Although a large number dfvalues are obtained, of Butler and Zeipperi2] and of atomic structure calcula-
including those for transitions among bound and quasiboundons of Hibbertet al.[23] for most of the transitions, such as
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for transitions 2*P)—2p33s(®D°) and 2*'D) calculations yield 0.24 ns, which is 8% lower than the lowest

—2p33s(*D°) (Table Il). Thef values are within the range of the measured values, 0.26 ns.

of the measured values except for the resofiaat, the low- The number of preserftvalues obtained for transitions

est dipole transition, 2*(°P)—2p33s(®S°), for which the among the bound states below the ionization threshold of

present value is about 14% higher and Ré&fl, which is  Ovi is 594 compared to 306 obtained by Peattal. [9].

rated to be accurate to within 3% by the NIST compilationThe f value for the resonant transition s22s(?S)

[37], is 9% higher than the measured value. The calculated- 1s?2p(2P°) agrees very well with other calculated values.

lifetimes derived from the values are in good agreement The lifetimes of 2(?P°) and 7 (?F°) states are also within

with the calculated values of Refé’.] and[23] and within or the experimenta”y measured values.

close to the measured values for most of the states. AIthough The presenf value, 0.694, for the resonant transition of

the calculated values are consistent with each other for statesy), 1s2(1S)—1s2p(*P°), agrees very well with the

such as p*4s(°S°), 2p3p(°P°), and 2°4d(°D°), they  variationally determined relativistic calculations of Cann and

differ from the measured values, e.g., the present lifetime forhakkar [58], 0.6944, rated accurate within 1% by NIST

2p%4s(3s) differs from the other calculated values by 4% compilation[37], as well as with that of Fernlegt al. [10].

but is higher than the measured value by 37%. The numberhe lifetimes are compared with the latest beam-foil mea-

of oscillator strengths obtained for bound-bound transitionsurements of Trabegt al. [59] and Buchetet al. [60] who

below the ionization threshold for Os 1264, which is about  also used a beam-foil technique. Present lifetimes agree very

50% more than 836 obtained by Butler and Zeipp2h well with the latest values of Trabest al. except for the
Comparison of @ f values shows that the presémalue,  state 53s(3S) where the lower limit of the measured value

0.271, for the resonant transition s2p3(*S°) s 25% higher than the calculated value.

—2s2p*(*P) agrees quite well with the value 0.270 ob-

tained by Bellet al. [47], that has been rated to be accurate C. Photoionization

to within 10% by NIST[37]; the Ref,[3] value is also close,

0.265. The computed lifetimes are within the measured val- AS a function of photon energy, both the formsa, are
ues of various experiments, with a few exceptidiigble obtained: theotal cross section for leaving the residual core

IV). Among the states with large discrepancies is thdon in all accessible target states in the CC expansion, and
2p23p(z*D°) for which the present lifetime is 12.1 ns and is the partial cross section leaving the core ion in the ground
lower than the measured values of 13.743 and 15.10.8  State aloneTotal cross sections are needed in applications,
ns[44], but still is in slightly better agreement with the mea- SUch as in plasma ionization balance equations in photoion-
sured values than the calculated values of 11.7 ns by Burkgation equilibrium, and theartial cross sections are needed

and Lennor{3], and 10.95 ns by Belt al.[47]. Number of N applications, such as in the calculations of recombination
oscillator strengths in this work, 8603, is also larger thanCross sections where an incident electron combines with an

7826 obtained in Ref3]. ion in its ground state. The number of bound states for which

The f values for the transitions 32p2(3P) total o, are obtained is the same as the nu_mber of _possible
—.252p3(3P°,3D°) of Om agree very well with Luo and pou_nd stated\, . I-!owe\(er, the number gfartial photoion-
Pradhar(5] values, rated accurate within 3% by NI$37]. |zat|on cross sections is L_Jsually less than that of ttital
The lifetime values agree within the uncertainty of the eX_phot0|_on|zat|0n cross sections since not all the boqnd st_ates
perimental values for most of the states in Table IV. Theof an ion may couple to the ground state of the residual ion.
largest discrepancy is seen to be with stap@@(c3P®), for
which the present lifetime is 3.83 ns compared to the mea-
sured value of 3.08.18 ns[52] and 2.77 ns obtianed by Ground-state photoionization cross sections usually have
Luo and Pradhan. The lifetime for thep3s(*P°) state of less resonance features compared to those of excited states.
Ol has been measured using a beam-foil technique by PirRresent photoionization cross sections,, for the ground
nington et al. [51] and more recently by Baudinet-Robinet state of each ion do not differ considerably in the back-
et al. [49]. The calculated lifetime for this state agrees with ground, except for @i, from the earlier calculations al-
Pinningtonet al. and other theories, such as with Luo andthough different eigenfunction expansions have been used.
Pradhan[5] and Aggrawal and Hibbel48], but is higher The cross sections are shown in Figéa)41(g) where the
than the recent measured value by about 23%. solid curves are the present values and the dotted ones are

The f value and lifetimes for @/ are well within or  from earlier works. §p, of H-like Ovii can be obtained
close to the available calculated and measured values. THeom TOPbase.In Fig. 1, the ionization threshold as well as
presentf value for the transition B(?P°)— 2s2p?(3S) various target thresholds are pointed out by arrows. They
(Table Il) and the lifetimes of states s23s(%S), display the relevant features such as the convergence of Ryd-
2s2p3s(?P°,*P°), 2s2p4f(*G) (Table IV) are all within  berg series of resonances on to the individual excited states
the measured values of the various experiments except tha the target ion; for example convergence at tisé @ (*P)
lifetime of 2s2p?(?S), which is lower than the measured threshold of Qi in the photoionization of ®[Fig. 1(a)] and
values by 7-11 %. at 2s2p3(°s°) threshold of Qi for o, of O [Fig. 1(b)].

The f value for the resonant transition of \Q 2s?(1S) Some significant features of the cross sections are seen.
—2s2p(*P%), agrees very well with other calculated values op, of O1 exhibits a considerable rise at the threshold
and the measured value. The lifetimes are also show vergp3(?P°) of Ol [Fig. 1(a)]. Similar enhancement is seen at
good agreement between the calculated and measured valube 2s2p(3P°) threshold for Qv [Fig. 1(d)]. The large en-
(Table 1V), except for the lifetime of @?(*S) for which both  hancement for @1 cross sections at thes2p(2P°) thresh-

1. Ground-state photoionization
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old, differing considerably from the earlier wofkig. 1(f)] is Comparison with the earlier calculations shows generally
due to the opening of theslshell of the core ion @ii. good agreement for most of the oxygen ions. However, sig-

There have been several experimental measurements officant differences are found in the resonance structures in
the ground-state photoionization cross section of @ost  the near threshold regions foriQ O1v, and Ov, which will
recently by Angel and SamsdB88] using a synchrotron ra- affect photoionization and recombination rates at very low
diation source. However, recent experiments show a persi¢emperatures. Present cross sections also show more narrow
tent disagreement with the best theoretical calculations toesonances on otherwise smooth backgrounds in the high-
date(e.g.,[2,18]) using the CC approximation. Comparison energy region because of the added terms in the target ex-
of theoretical and measured values is presented in F&. 1 pansions. The large difference invQ Fig. 1(f), is due to
where the solid curve represents the present cross sectiomggligence of the excited correlation terms by Peatchl.
the dotted one those of Butler and Zeipgé). The cross [9], thereby underestimating the cross sections by a consid-
sections of Bellet al. also agrees closely with the present erable amount in the high-energy region.
calculated values. The filled circles are the new measured Photoionization cross sections forv® should be of par-
values and the open circles are the previous measured valugsular interest in x-ray spectroscopy of laboratory and astro-
fitted to new data by Angel and Samp[88]. The discrep- physical sources since the He-like ionization stages emit co-
ancies are twofold(i) in the near-threshold region the ex- piously in the x ray; the ionization balance calculations in
perimental values are approximately 37% lower, @mda  radiatively ionized sources require accurate photoionization
“hump” feature above the p3(°P°) threshold observed in cross sections at high energies. The earlier work fon @y
the experimental results but not in the theoretical calculafFernleyet al.[10] employs essentially a one-state calculation
tions. Further investigation is required. (their 2-CC calculation consisted of one excited pseu-
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dostatg, and therefore no resonance structures is includegion rate of ~10" sec !, the autoionizing resonances are

[lowest panel of Fig. ()]. We discuss photoionization of expected to undergo some radiative damping and their effect
Ovil in some more detail in the following subsection. in enhancing the photoionization cross section would be re-
duced.

Figure Xg) has four panels that present ground-state

For a highly charged ion, two factors may become impor-photoionization cross sections of\@ obtained(i) in the
tant for computation ofrp: (i) the relativistic andii) the  relativistic Breit-Pauli(BP) approximation using a 16-CC
radiation damping effects, in which case LS coupling mayexpansion(BP, top panel (ii) in BP approximation, but in-
not be a good approximation. Relativistic effects will intro- cluding radiation damping effect8PD, second pangland
duce more resonances because of fine structure splitting @ifi ) in LS coupling LS, third panel all of which look very
core LS states. Radiation damping of the quasibound statessmilar. (op, in the fourth panel under the OP is stated in the
will reduce the autoionization probability lowering the peaksabove section.The resonance peaks in BP and BPD have
of the resonances. We investigate both of these effects ambout the same heights, indicating negligible radiation damp-
Ovil in Ref. [61] using the Breit-Pauli approximation for ing. Although very similar in features, small differences can
relativistic effectd62] and radiative damping of resonances be noticed inop, between BPOor BP) andL S, such as the
in photoionization cross section®3]. Ovi is a highly last peak which is high in BP and BPD, but is much lower in
charged ion with a H-like residual core that has comparalt S. Resonances that are even narrower than the ones shown
tively high radiative decay rates~(10'? sec ) for dipole  (i.e., with smaller autoionization widthmay undergo radia-
transitions between the lowest core levels. Although the ration damping but that effect on the photoionization cross
diative decay rate is still lower than the typical autoioniza-sections would be negligible. The overall effect of these

2. Relativistic and radiation damping effects
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FIG. 3. (Continued.

small differences is further investigated in applications suctsections almost equal to that of the total over a wide energy
as on total electron-ion recombination cross sectily range. An illustrative example is shown in Fig. 2 foniO

and rate§65]. The BP rates without the radiation damping O is one of the most important ions in gaseous nebulae
effect are larger than those IrS coupling. However, inclu- and other astrophysical objedi§4]. Each panel in Fig. 2
sion of the damping of resonances reduces these rates backdorresponds to photoionization with the resultant core state
roughly those inLS coupling; the maximum difference be- specified in the panel. Although the background partial cross
tween the two sets is only about §%5]. The fine structure sections with excited cores are much weaker than those with
and resonance damping operate in an opposite manner atite ground core, extensive resonance structures in these cross
their combined effect does not make any significant contri-sections correspond to strong autoionization into these ex-
butions to the photoionization cross sections of oxygen ionscited levels.

3. Partial cross sections 4. z dependence

The partial cross sections for photoionization of the Hydrogenic atomic systems exhilzit(ion chargé depen-
ground state into the ground and various excited states of théent behavior; their energies vary a&n?, the transition
residual core ion are needed in the determination of leveprobabilities for bound-bound and bound-free transitions
populations in non-local-thermodynamic-equilibriuon-  vary asz?/n3. Hence, it of interest to find whether any such
LTE) atomic models of plasma sources. The dominant iontrend exists in a sequence with increasing ion charge so that
ization is usually into the ground state of the core, with crosgredictions can be made for the higher charged members. In
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FIG. 3. (Continued.

contrast to hydrogenic systems multielectron systems are aétically with increasing ion charge, redependent behavior
fected by the complex electron-electron correlations thats revealed for the oxygen isonuclear sequence. This shows
modify the attractive nuclear Coulomb force of the ion. Alsothat the electron correlation effects associated with the spe-
the quasibound states of the Rydberg series belonging tafic configuration in each ion determines the photoionization
excited core thresholds of multielectron systems introduceather than the effective nuclear charge as in an isoelectronic
resonance structures in the collision processes. However, agquence.

isoelectronic sequence of ions, for which the number of elec-

trons remains the same, shows sordependent behavior . o

for some cases such as in ground-state photoionization cross D. Excited-state photoionization

sectiong[6]. The behavior is usually more prominent when Excited-state photoionization cross sections obtained in
the ion charge is higher, i.e., when the nuclear Coulomhkhe present work for the oxygen ions exhibit more extensive
force is comparatively stronger. In a previous study of backresonances, and often more enhanced background, in the
ground cross sections of ground-state photoionization ohigh-energy region than the earlier works, e.g., in the OP
highly charged carbon isoelectronic sequence, we foundalculations. Examples illustrating new features in compari-
z2-dependent behavior for the more highly charged memberson with the earlier calculations are presented in Figa-3

[6]. In order to discern any such behavior for an isonucleaB(g) where the top panels present the work under the OP and
sequence, similar studies withandz?-scaled cross sections lower ones the present work.

are carried out for the present case. However, with the ex- Figure 3a shows the comparison of photoionization
ception of the background cross sections decreasing systeroross sections of the excited metastable stg1é38(°S°) of
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4.0 oIV eE ' - 1 Photoionization cross sections ofi\Dalso include more

2
nd D resonances from the Rydberg series belonging to higher tar-
get states than in Reff7]. An example isop, of the excited
2s2p3s(*P°) state shown and compared in FigdB The
additional resonances in the presery; raise the effective
background cross sections by up to a factor of 7 in the high-
energy region.

Photoionization cross sections of a comparatively highly
excited state, 8d('D) of Ov, are compared with those of
' 8d Tully et al.in Fig. 3(e) to illustrate the effects of target states

— .Vlz, — — v, — of a higher complex in the high-energy regiarg, in both
panels are similar in feature, except for the difference in the
1 resolution of resonances, up to an energy 6.15 Ry of target
] state 23d(?D). However, beyond this energy, while the
earlier cross sections decrease smoothly in the high-energy

region, the present cross sections show extensive resonances
A due to Rydberg series of autoionizing states belonging to the
iéd , e — A target thresholds of the=4 complex, and enhanced back-

ground cross section by over a factor of 4. It may also be
noted that there are two narrow gaps of missing cross sec-
tions in the OP cross section, right below the target thresh-
olds of 2p(?P°) (~1.5 Ry photon energy and of
3p(?P°) (~ 6.6 Ry of photon energy Such gaps exist in
their cross sections for some other excited states of O
. . ) these gaps were introduced by computational errors during
) 13 2.6 3.9 52 65 Gailitis averaging of resonances below these thresholds.
Photon Energy (Ry) Hence the present cross sections of @re more complete
and accurate than those of Tuliy al,, which are currently
of bound states of @, 2s?nd(?D), with 4d<nd<10d. The PEC the best ones ayailable as part c.)f the OP data in TOF[_b¢5e
resonances, indicated by the arrows in each panel, are due to the 2Phot10|2n|zat|on cro;s sectlo'ner',,, of the excited
dipole core transitions [B(*S%)—2s2p*(“P) and 2%3s(“P) in  1S°2p("P°) state of Qvi is shown in Fig. &) and compared
Ov (with the exception of the top panel the upper limit is not With those by Peaclet al. [9]. o decreases monotonically
shown on they axis). in the low-energy region before the Rydberg series of reso-
nances begin to appear. The resonances enhance the back-
O1. Computations obrp, for O1 include terms in the expan- ground cross section considerably as the inner-shell ioniza-
sions that were excluded in the earlier work [} but in-  tion turns on. However, the earlier cross section by Peach
cluded by Bellet al.[18]. However, Bellet al. confined their et al. [9] continues to decay with energies and miss out all
study only to the three states of the ground configuratiorthe resonances and the enhancement. As mentioned before,
2s22p*. Correlation of then=3 states provide important their 2-CC calculation is in fact a one-state calculation and
contributions by enhancing the background cross sections, @®es not include any correlation effects, and thereby under-
well as introducing more resonances. estimatessp, considerably at higher energies.

The photoionization cross sections of excited Gtates, Photoionization cross section of a hydrogenic ion, such as
especially the ones above the lowest state of a given symm@&vii, has a long smooth curve without any resonances that
try, SLar, show a considerable difference from the calcula-decrease monotonically with energy since the excited target
tions of Burke and Lennof8] in the high-energy region. The states are quite high from the ground state. However, as the
difference is mainly due to inclusiam=3 states in the target photon energy approaches near the excited core states, high
expansion. Figure (8) shows the photoionization cross sec- but narrow resonances of Rydberg series of autoionizing
tions of the excited 82p23s(*P®) state of QI. The struc-  states appear and the effective cross section can be enhanced
tures in both the panels look very similar until the targetconsiderably in the high-energy region. These are seein
threshold 22p3(*P°) above which the resonances due ® 3 for the low-lying state, $2s(1S), of Ovil [bottom panel of
states, P3s(®P°,1P°), enhance the background cross sec-Fig. 3(g)]. There are no resonance structures or enhancement
tions by more than an order of magnitude compared to thain the results by Fernlegt al. [10] [top panel of Fig. 8)]
of Ref.[3] in the high-energy region. since(as for Ovi) no higher target states were included.

Inclusion of more states in the wave-function expansion Finally, an example of the effect of PEC resonances in the
of Om shows pronounced effects in the photoionizationphotoionization cross sections of excited states is shown in
cross sections of excited states. Figufe) presentsrp, for  Fig. 4. PECs are large structures in photoionization cross
the excited p3s(*P°) state of Qui, which is compared with  sections at high energies. Their contributions to various ap-
that of Luo and Pradhdrb]. The increment in the number of plications may be significant in the high-energy region. Fig-
target states increases the resonances;jdue to the doubly ~ ure 4 presentsp, of the series of excited statess?2d(?D)
excited autoionizing Rydberg series of states belonging tevhere 4<nd=10d, of Ovi. The arrows point to the ener-
the target thresholds. gies of the PEC resonances corresponding to the dipole al-
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lowed transitions of the target ground states?2S), to  particular, the high-energy regian, reveals that the earlier
states 22p(*P°) and X3p(*P°). The attenuation of the cross sections have been underestimated for many excited
background cross sections by orders of magnitude is evidensound states and important PEC features are missing. It may
It may be noted that the entire complex of resonances due teow be possible to investigate cross sections experimentally
the targetn=3 states, beyond 2.62 Ry in photoelectron en-with advanced technology. Present results have been imple-
ergy, is missing from the OP data. mented in the calculations of total recombination rate coef-
ficients and ionization fractions in plasmas in coronal equi-
librium [65].

TOPbase may be accessed via telnet as folldwslin

A comprehensive study of radiative processes in the OXyyga |p: 128.183.101.54 or topbase.gsfc.nasa.gov, login:
gen isonuclear sequence,-€Dvil, is carried out using the topbase, pw: Seaten (i) in Europe (at CDS, IP:
R-matrix method. Consistent and extensive sets of atomigsy 79 128 5 login: topbase, pw: Seaton o

parametersE, f values, andop, are obtained. Present CC
eigenfunction expansions are more complete than those used
in the previous calculations. A much larger amount of radia-
tive data are obtained than that of the existing OP ¢&iah

as present in the database TOPHadg and should provide | would like to thank Professor Anil K. Pradhan for dis-
more complete datasets for the analysis of astrophysical amglissions, A. F. Robey, and Dr. J. R. Fuhr from NIST for
laboratory spectra. The level of accuracy of the energy valproviding their most recent compilation of observed energy
ues and the oscillator strengths are better than or comparablalues electronically. This work was partially supported by
to those of the existing values. However, wave function exthe NSF(AST-9870089 and NASA (NAGS-6908. Part of
pansions employed yield photoionization cross sections witlthe computational work was carried out on the Cray YMP at
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