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For crucial tests between theory and experimabt,nitio close-coupling calculations are carried out for
photoionization of several oxygen ions:IQO 11, O1v, and Ov. The relativistic fine-structure and resonance
effects are studied using tfematrix and its relativistic variant, the Breit-Paiimatrix (BPRM) approxima-
tions. Extremely detailed comparison is made with high-resolution experimental measurements carried out in
three different setups: Advanced Light Source at Berkeley, synchrotron radiation experiment with a new
modulator at University of Aarhis, and synchrotron radiation experiment at University of Paris-Sud. The
comparisons illustrate physical effects in photoionization sucli)aine structureii) resolution, andiii)
metastable components. Photoionization cross sectipnsf the ground and a few low-lying excited states of
these ions obtained in the experimental spectrum include combined features of these states. The general
features of the measureg, were predicted in the earlier calculations li$ coupling. However, due to
higher-resolution achievement in the recent experiments, the theoretically calculated resonances need to be
resolved with much finer energy mesh for precise comparison. In addition, prominent resonant features are
observed in the measured spectra that can form from transitions allowed with relativistic fine structure, but not
in LS coupling. Present results include calculations from dddtoupling and the relativistic BPRM method
to decipher the features in photoionization specisa, are obtained for ground and metastalgi¢
2s22p3(“sP,2D°, 2P°) states of Qi, (i) 222p?(*P, 1D, 1) and 22p3(°S°) states of Qu, (i) 2s?2p(?P3) and
2s2p?(*P;) levels of Oiv, and(iv) 2s%(*S) and 22p(3P°,1P°) states of Qv. Most of the computed theoretical
resonance structures are seen experimentally, although there are some discrepancies. One of the main conclu-
sions of the present study is that resonances in photoionization cross sections of the ground and metastable
states can be a diagnostic of experimental beam composition, with potential applications to astrophysical and
laboratory plasma environments.
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[. INTRODUCTION Source(ECR) at the University of Paris-Su¢e.g., for Xe
v—Xe Vil [4]), and the Advanced Light Sourd@\LS) at
Photoionization cross sections of many atoms and ion8erkeley(e.g., for Qi [5]). Each of these three sophisticated
were studied for the first time in detail with resonance struc-experimental setups has different advantages in measure-
tures for ground and many excited states under the Opacityents, and the results often complement each other. Cross
Project(OP) [1]. The close-couplingCC) R-matrix method, sections for Qi have been measured at ALS for near-
as employed under the OP, accurately considers the numeahreshold features i, of metastable statd®], and later
ous autoionizing resonances in cross sections along interaaxtended to a wider photon energy ran@, and at the
ing (overlapping Rydberg series. The study under the OPUniversity of Aarhiig7]. Detailed photoionization cross sec-
resulted in new features in the cross sections, such as prontions have recently been measured for the ground and low
nent photoexcitation of core resonances. The radiative workxcited states of multiply charged oxygen ions for the first
under the OP has been extended to collisional and radiativéme for Oui, Olv, and Ov, at the synchrotron radiation
processes under the Iron Projgt®) [2] with inclusion of  source at University of Paris-Sy8]. Study of oxygen ions
relativistic effects using the Briet-PauR-matrix (BPRM) is of great importance because of their abundances in terres-
method. However, while the methods used are state of th&ial and planetary atmospheres and in astrophysical objects.
art, possible deficiencies arf® the resonance structures in  Comparison of all these theoretical and experimental re-
the OP/IP cross sections are not always fully resolved andults is extremely crucial to evaluate the accuracy of both the
(i) the important near-threshold resonances may not be atheory and experiment, and to study the resonance phenom-
curate owing to inadequate eigenfunction expansions. Aena. Theoretical work can also provide spectroscopic identi-
prime need therefore is to benchmark the vast amount dication of resonances, and a quantitative measure of the
theoretical OP/IP data that are now being utilized for globalmixture of states in the experimental beam. The resonant
applications such as calculation of stellar opacities andtructures and the background shapes of the recently mea-
photoionization rates in astrophysical models. sured photoionization cross sections of oxygen ions are
On the experimental side, accurate photoionization croskbund to be in close agreement overall with some earlier
sections are being measured at several places, such as theoretical cross sectiof®]. However, certain features in
merged ion-photon beam facility at the University of Aarhlisthe measured cross sections are not seen prominently or are
(e.g., for Cn [3]), the Electron Cyclotron Resonant lon missing in the calculated cross sections.
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One of the aims of this work is to study relativistic effects i) = i i
and fine-structure. We distinguish these }i/n terms of relativis- Tele+ion) _Az xi(iom6, + ; ¢®je+ion), (2.1
tic mixing and fine-structure splitting with reference to pure
LS coupling results. While relativistic effeciger semight ~ where; is the target(or the cor¢ wave function in a spe-
not be of great importance for these light ions, fine-structuresific stateSL;m; or levelJym; and 6, is the wave function for
splitting manifests itself in many experimentally observedthe (N+1th electron in a channel labeled
features. In addition, relativistic mixing ViE1 transitions  SL;(J;)mk;SL(Jm); k¥ is its incident kinetic electron en-
(e.g., singlet-triplet and doublet-quaitegsults in additional ergy. ®;'s are the correlation functions of the
resonances not allowed inS coupling. The present study (N+1)-electron system that account for short-range corre-
investigates theLS coupling and fine-structure effects to- lation and the orthogonality between the continuum and
gether with resonance phenomena in detail. Thus to begithe bound orbitals. The complex resonant structures in
with it is necessary to d&S coupling calculations at high photoionization are included through channel couplings.
resolution. Comparison with experiment then reveals Relativistic effects are included through Breit-Pauli ap-
whether fine structure is also to be considered in order t@roximation in intermediate coupling. The Breit-Pauli
analyze experimental data. In such cases the relativistielamiltonian, as adopted in the IP wdi&], has the following
BPRM method is employed to compute cross sections. terms:

Detailed comparison of experimental and theoretical reso-
nance positions and shapes also highlights the importance of HEIEE Hye1+ HRr + Hﬁfrﬁ N (2.2
correlation effects in theoretical calculations. Resonances

may be shifted with respect to their respective thresholds o\fvhereH,\H is the nonrelativistic Hamiltonian,

convergence, indicating missing correlation configurations in N+1 N+1
the wave-function ex ion. Thi ini ial si h = 2_22 2

pansion. This again is crucial since the Hyet= 2 ) - Vi- =+ > =1, (2.3
inherent accuracy of the close-coupling calculations depends i=1 li i

on the completeness of the eigenfunction expansions, in par- .
ticular, short-range correlation at low energies. and the additional terms represent the one-body mass correc-

Another motivation for these studies is that fRenatrix tion, the Darwin, and the spin-orbit interaction terms, respec-

method, as developed for the OP/IP work, has been extenddiyelY:

to a theoretically self-consistent treatment of photoionization 2

and unified electron-ion recombination including radiative Hmffsz-a—g pt,

and dielectronic recombination in aab initio manner 45

[10-13. The total recombination cross sections have been

benchmarked for accuracy by comparing with several experi- Za 1 1

mental cross sectiorj1,12. However, while recombination HNG, = TE Vz(‘), N1=2Za?> s (2.9

cross sections require total contributions of photorecombina- i Fi P

tion cross sections from all bound levels, obtained from the The set ofSLz are recoupled to obtaite+ion) states

correspondingop, using detailed balance, comparison of it total Jm, following the diagonalization of the

photoionization cross sections with experiment involves i”'(N+1)-eIectron Hamiltonian to solve

dividual features ofrp, of single states. For instance, photo-

ionization cross sections including relativistic effects in the HﬁfquE: EWe. (2.5

close-coupling approximation, as developed under the IP,

was first benchmarked by comparing with the measurgd  Substitution of the wave-function expansion introduces a set

of C1 [13]. of coupled equations that are solved using Ramatrix ap-
The theory and calculations are outlined in Secs. Il androach. The continuum wave functioh: describe the scat-

I, respectively, followed by a discussion of results for the tering process with the free electron interacting with the tar-

four ions O—OV in Sec. IV, and the conclusions in Sec. V. get at positive energieSE>0), while the solutions

correspond to pure bound statég at negativetotal energies
Il. THEORY (E<0).

Present calculations are carried out inaminitio manner The photoionization cross sectiar, is proportional to
in the close-couplingR-matrix method(e.g., Refs[14,15)  the generalized line streng)
as employed in the Opacity Projedf] and the Iron Project a1
[2]. The package of codes from the QF5] have been ex- Op= ——w
tended to include relativistic effects in the Breit-Pauli ap- C g
proximation in the IP worK2,16,17 under the name Breit- : : .
Pauli R-matrix method. A brief discussion of the method is whereSis the generalized line strength,
given below. . s =lwlpd ), 2.7

In the close-coupling approximation the total wave func-
tion of the (N+1)-electron ion is represented by the wave D is the dipole operatoD, ==;r; in “length” form, andDy,
functions of theN-electron core, multiplied by the wave =-2%A; in “velocity” form, where the sum corresponds to
function of the outer electron: number of electrons.

S, (2.6)
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[ll. CALCULATIONS the monochrometer in the experime(8 meV at Aahus
University set up, 17 meV at ALS, and 20—30 meV at Uni-
are obtained using the same wave-function expansions fc}/rerSIty of Paris setup The average cross sectie(E) at
residual core ions as developed in earlier wiahar[9]). ~ €N€rgyE; convoluted over the FWHME,, or the monochro-
Calculations are carried out both in nonrelativistis cou- ~ Matic bandwidth, is obtained as
pling and in the BPRM approximation. E+Ey/2
op(E) = f op(BE)—F——

Photoionization cross sections ofiQO 11, O 1v, and Ov

The wave functions of the target or core ion were ob- exp( x)

tained from atomic structure calculations using a scaled
Thomas- [ i .
Fermi model in the COUEUPERSTRUCTURE[18] wherex=(E-E;)/E,. Present cross sections have been con-

The computation of @ photoionization cross sections is ved with tvoical bandwidth ) .
carried out with the wave-function expansion of 12 terms of/0lved with typical energy bandwidths used in various ex-

O il of configurations 82p2, 2s2p3, 252p3s, and * as in periments for comparison. The photon energies are shifted
Ref. [9]. The wave—function’ expaﬁsion for’ @ consists of Slightly to match the measured ionization threshold of each

configurations 82p, 2s2p% 2p3 28%3s, 25%3p, 2s23d,  State exactly.
2s2p3s, and &2p3p of OIv. However, to include the fine
structure in calculatingrp, for 2s2p3(°S°) state of Qui, an
expansion of 15 levels of @ with configurations 82p,
2s2p?, and 2° was used. The @ eigenfunctions consist of Photoionization cross sections of the ground and several
a 20-level expansion of the core ion\Qwith configurations lowest excited states of @ O, O1v, and Ov are obtained
2%, 2s2p, 2p?, 2s3s, 2s3p, and &3d. The wave-function and compared with the recent precise and high-resolution
expansion for O/ consists of nine states of the core ionvO  measurements at the ALS at Berkeley, the University of Aar-
with 1s?2s, 1s?2p, 1s3s, 1s?3p, 1s?3d, 1s%4s, 1s?4p, 1s?4d,  his, and the University of Paris-Sud. The resonances of de-
and 1%4f. The calculated target level energies were replacedailed photoionization cross sections have been convolved
by the slightly different observed energies to obtain somewith experimental bandwidth, as mentioned above, using a
what more accurate positions for the resonances that belor@aussian distribution function to compare with the measured
to Rydberg series converging onto the target thresholds. cross sections. Both the detailed and convolwgdare pre-
The short-range bound channel correlation term in the CGented for each ion.
expansion, the second term in Eg.1), includes all possible Photoionization cross sections liis coupling in, general,
(N+1)-electron configurations as in R¢f] for LS coupling  show very good agreement with experiment, indicating that
calculations. BPRM calculations are carried out foni@nd  relativistic effects are not significant for most states consid-
O Iv to elicit fine-structure details apparent in experimentalered, especially for @ and Ov. However, inclusion of rela-
data. For the BPRM calculations of I, all configurations tivistic effects is crucial for some metastable states fan O
are considered with maximum orbital occupancie§ 2p*, and Owv.
3s?, 3p?, and 312, while theK-shell remains filled. For @, The main objective of this paper is to compare the theory
the (N+1)-electron configurations are up te?l 2p°, 3<%, and experiment for the existence and the positions of reso-
3p?, 3d?, 4%, and 4% while K-shell may be open with a nant structures and their identification in the cross sections.
single occupancy. However, the exact shape and peak of the resonances, as well
Computations ofop, were carried out using the package as the background cross sections, dependipresolution,
of BPRM codes from the Iron Proje§t7]. Present calcula- (ii) distribution function for the beam shape, aiidl) frac-
tions, aiming to compare with the experiments, are considertions or mixture of states in the beam. The third point can be
ably larger because of inclusion of fine structure and repetidifficult to determine exactly as the beam composition may
tion of computation many times, especially for search ofvary with energy during measurements. With some numeri-
narrow resonant structures. Cross sections in small energyal variations of abundances and beamwidth, the theoretical
bins were scanned with variable energy meshes and delimnd experimental shapes can be brought in closer agreement,
eated with finer energy meshes, ranging from°1® 10’  which however is not the main emphasis of the present work.
Ry. While measurement includes detection of features withinThe Gaussian distribution function, which peaks around the
the experimental monochromatic bandwidth, calculationsenter, is used for convolution of theoretical cross sections.
show features only at calculated points. Hence, a narrowhis may not describe exactly the distribution function of the
resonance may show up in the measurement in an averagedperimental beam. Experimental calibration of the residual
convolved form, but missed in the calculations if the energyion threshold energies is also an important factor for locating
mesh is not fine for the width of the resonance. For complexesonance positions.
ions, resonances are extensive and overlapping, and are easyObserved resonant features in photoionization of oxygen
to miss when energy mesh is not fine enough. A direct comions have been identified in Ref&-8]. Resonances can be
parison of theoretical and experimental resonant structureéglentified using quantum defect analysi =E,—z%/12,
may not be possible if the resonances are narrower than thehereE, is the resonance enerdy, is the next core thresh-
monochromatic bandwidth of the experimental beam. old energy in rydbergsz=Z-n. is the ion charge of the
For comparison with experiment, the resonances are coriarget wheren. is the number of core electrons, amen
volved with a Gaussian distribution function with full width —u is the effective quantum number wigh being the quan-
half maximum(FWHM) equal to the energy bandwidth of tum defect.u is large for low angular momenta, such as for

dE, 3.1
sy 3.9

IV. RESULTS AND DISCUSSION
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converge onto the core thresholdB, 1P, °S°, etc., and their
integrated strength is usually small. They are wiped out dur-
ing convolution, and are not observed, as can be seen in the
convolved cross sections 88°, °D°, and?P° states in panel
(d). The colors of curves identify the resonances of the states
they belong to. Panegle) presents sums of the convolved
cross sections with mixing fractions 15% féP°, 42% for
2D, and 43% for*s°, as deduced from experimental beam
mixture in the ALS experiment. The summed cross sections
can be compared directly with thep, measured at ALS
[panel(f)] and at Aarhigpanel(g)]. Although the mixing
proportions are somewhat different in the two experiments
the prominent features appear in both. The ALS cross sec-
tions have much higher resoluti¢h7 me\) than those from
Aarhiis(35 meV) because of the much narrower bandwidth.
However, the ALS values are relative while the Aarhiis cross
sections are absolute. Very good agreement can be seen be-
tween the theoretical and experimental features. The most
significant point is that all the resonant features in the ob-
served photoionization spectra have now been found in the
calculated cross sections. Previous calculati¢®k used
much coarser energy mesh in calculatiog, and missed
some resonances while others were not adequately resolved.
Figure 2 presentsp, of the same states, the grouf&®
and the metastabléP®, 2D°, but in the high-energy region,
36-46 eV. It also has seven panels: the lowest three panels
(a,b,9 present the detailedls, of *S° (red curve, 2D° (cyan),

Photon Energy (eV) > ’
2P° (green states, respectively. The extensive narrow reso-

nant structures of highly excited Rydberg states converging
onto the various core thresholds are nearly wiped out during

FIG. 1. (Color onling Photoionization cross sectionsp, of
ground*S° and metastabléP®, ?D° states of Qi in the low-energy
region, 30—36 eV: panel), (b), and (c), detailedop of °P°  convolution, as seen in the convolved cross sectionéS¥r
(green), 2D° (cyan, and*S° (red) states, respectivelyd) the same  2D°, and2P° states together in pan@). Identical colors are
cross sections, but convolved with experimental monochrometey;sed for both the detailed and the convolved cross sections
bandwidth;(e) sum of the convolved cross sections weighted by of eqch state. Pangé) presents sum of the convolveth,
experimental beam mixtures to compare with measugd(f),(g), with mixtures of 15% forPP°, 42% for?D°, and 43% for'S°
measuredrp; by Covingtonet al. [5] and by Kjeldseret al. [7], 45 i the ALS experimental beam. The summed cross sec-
respectively. tions are compared with the measures| at ALS [panel(f)]

) ) and Aarhigpanel(g)]. Very good agreement can be seen for
an s electron, and decreases with higher angular momentgost the of features theoretically and experimentally. How-
approaching near zero fakorbitals in oxygen ions. ever, some discrepancies are noted. The observed resonance

The BPRM results have many more resonances tha8in at 375 eV, belonging t@D° state, is shifted to the right

coupling due tdi) an increment in number of Rydberg series (higher energy by about 0.5 eV in the calculated spectrum.

of resonances with increased number of core thresholds wit his may have resulted from some missing correlation con-

fine structure andii) relativistic mixing of E1 allowed and  figurations. Both the experiments and the theory show the

|nterc0mb|nat|0n tranSItI0n$_SCOup|lng reSU|tS are appI’OXI- 2D0 resonance at 389 eV_ But the two resonances be'ow

mately the statistical average over the fine structure and dOQﬁiS, at about 38.4 and 38.7 eV found in ALS Spectrum, are

not consider intercombination transitions. _ not seen in the calculated cross sections. It is possible that
Results for each ion are presented and discussed in sep@ey belong to some other states in the mixture.

rate sections below. The resonance series have been identified in RB4s7].

For example, the resonances below 31.8(#veshold en-

ergy for 2D°) in Fig. 1 are from p3(?P°) state which can

Photoionization cross sections of the grod8f state and ~ photoionize to®S, 2P, and”D states with P electron going
the metastabléP?, 2D° states of Qi in the low-energy re- 10 ed or es continua. Hence, the resonances belong to
gion, 30—36 eV, are shown in Fig. 1. The figure has seve®Pp*(*D)nd(S,2P,?D) and 2?*('D)ns(?D) Rydberg series of
panels: the lowest three panels, Figea)l(c), present the threshold »*'D). Resonances with higher angular-
detailed op, of #S° (red curvg, 2D° (cyan), 2P° (green  momentum transitionp—d, in general are more prominent
states, respectively. These cross sections include extensitlean those with the lower on@—s. Hence, thend series
resonances due to Rydberg series of autoionizing statesan be easily differentiated froms series via quantum de-
They become extremely narrow as the autoionizing statefects and similarity in features. For example, of the two dis-

A. Photoionization of O 1
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FIG. 2. (Color onling Photoionization cross sectionsp, of FIG. 3. (Color onling Photoionization cross sectionsp, of

ground *S® and metastabléP®, 2D° states of Qi in the higher-  Oui: panels(a), (b), (), 2s2p?(3P,'D,1S) states;(d) 2s2p3(°S%);
energy region. 36—46 eV: pandla), (b), and(c), detailedop, of (e) convolved cross sections P, 1D, 1S,5S°; (f) weighted sum of

2po (green), °D° (cyan), and*S° (red) states, respectivelyd) the convolved cross sectiongg) experimental cross sections of the
same cross sections, but convolved with experimental monochroncombined states measured at University of Paris-Sud by Cham-
eter bandwidthje) sum of the convolved cross sections weighted peauxet al. [8].

by experimental beam mixtures to compare with measurgg
(f),(g), measuredp, by Aguilar et al. [6] and by Kjeldseret al.[7],

, resolution display much more narrow resonances compared
respectively.

to the earlier calculations.

Comparison between theofypanel (f)] and experiment
tinct resonance series seen in the low-energy region of Figpanel (g)] shows that all the resonances observed for the
1(d), the first seriegwith higher peakgactually represents first three states are accounted for in the calculated values.
three  overlapping nd series of  resonances, However, while relativistic effects are not important to bring
2p%(*D)nd(?S,?P,?D), and the second ongower peak$is  out the main features of the threg?2p2(3P, 1D, 1S) states, a
the ns series, p*(*D)ns(°D). The table of identified reso- closer examination of the experimental results shows that

nances is given in Ref$5,7]. there are additional features, especially in the low-energy
region [see panelg)]. We therefore consider the first odd
B. Photoionization of Ol parity metastable states2p®(°S°) of O i and include fine

structure through BPRM calculations. Prominent resonant

The first measurement of photoionization cross sectiongeatures are found in the low-energy region «f, of this
for Ol is reported by the University of Paris-Syil]. To  state that are not allowed IS coupling, but are formed due
compare with the experimentyp, are obtained with high to relativistic channel mixing. In particular, the very first
resolution of resonances for the three lowest stategesonance at-48 eV in the experimentally observed cross
2s?2p*(P,'D, '9) of the ground configuration, and the meta- sections is due to photoionization of the high-lying meta-
stable 22p%(°S°) state of On using the 23CC wave- stable 22p%(°S°).
function expansion of Nahd®]. The detailed cross sections  The differences inorp, between thelS coupling and the
of the three statess2p?(®P,!D,S), are presented in panels BPRM fine-structure cross sections are outlined in Fig. 4.
[Figs. 3a)-3(c)], (°3P—red, 'D—blue, and'S—green and  Figures 4a) and 4b) presentop (°S°) in LS coupling and in
the metastabléS° state in Fig. &) (pink). The convolved the BPRM approximation, respectively. The cross sections in
cross sections are presented in pa@land the weighted the two panels are very similar from a photon energy of
sum in panelf). Present detailed cross sections with higher56.4 eV onwards. Whereass, is zero below this threshold
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0 T T T T T T T T T T T T such as®D; , 3 2°F 5 are also possible through some rela-
tivistic mixing. However, these transitions are very weak.

The convolved cross sections with experimental mono-
chromatic bandwidth foPS° state are shown in Fig.(8.
Most of the computed resonances are difficult to observe in
the experimenttop panel of Fig. 3since their width is less
than the monochromatic bandwidth of the detector in the
experiment. A weighted sum of the ground and all metastable
states included is given in Fig(6. The excellent agreement
between theory and experiment shows that the theoretical
O 1 cross sections accurately reproduce the corresponding
features in the experimental data.
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Photoionization cross sections of D are presented for
fine-structure levels of the ground state?2p(?P3), 5/, and
of the first metastable statesZ>?(*Py/; 312,52 With increas-
ing ion charge, and depending on the ionic species, fine
structure can manifest itself more prominently which is the
case for photoionization of boronlike ®. Earlier works on
C 11, an isoelectronic partner of @, showed that some reso-
nances observed in the experiment were missing fronh. $1e
coupling results[3]. Both relativistic mixing and fine-
structure splitting were found to play a role in photoioniza-
tion of B-like ions and explained the missing resonances
[13].

52 54 Relativistic o, are presented for the levef?, 5, in

Photon Energy (¢V) Figs. %a) and §b) and *Py, 30 52in Figs. §c)-5€). Cross
sections for the fine-structure levels of each term show very
similar features. The number of resonances in the BPRM
results is much larger in comparison to thosé #icoupling,
as expected owing to fine-structure splitting of target thresh-
olds resulting in a larger number of Rydberg series of reso-
) . . ) o ) nances. For example, the 15 terms of the core ion @
in LS coupling, inclusion of relativistic effects in the BPRM correspond to 20 fine-structure levels, which provide eight
calculations shows the region filled with extensive reso e series of resonances. Some additional resonances are

nances with almost zero background cross section. Afiso produced due to relativistic fine-structure couplings
56.4 eV, 22p°(°S°) of O ionizes leaving the core ion in (AJ=0, +1) not allowed viaL S coupling.

the excited*P state of Qv, which is the first threshold to the Figures %c)-5(e) show prominent resonant features, al-
electron continuum. IS coupling, 22p*(°S°) state photo- though with almost zero background, in the Iow-en’ergy
ionizes only into &P (e+ion) angular and spin symmetry. BpRM cross sections ofP levels. Extensive narrow reso-
The °P symmetry cannot be formed from the ground-statenances are seen to converge at about 78.7 eV, confirming
continuum of Qv i.e.,?P°nl. In other words, 56.4 eV is the enhancement in the observed photoionization cross section
ionization threshold for théS® metastable state of @ in LS [Fig. 6(a) around this energy. Similar to tf&° state of O,
coupling, and equals the sum of 47.4 eV, for ionization intochannel couplings of fine-structure levels are important in
the ground’P° state, and 8.85 eV, for excitation of the core photoionization of the metastabie term of OIv in forming
to the 22p*(*P) threshold. No features can be formed belowthese resonances. Without fine-structure mixing there will be
this threshold irLS coupling. However, fine structure allows no cross section below 78.7 eV which is the ionization
ionization of the 82p%(°S)) level (with J=2) of O into the  threshold for“P state inLS coupling and photoionization
core ground state of @ through relativistic mixing, e.g., will occur by leaving the core @ in 3P° state as it is
with 2P°np(3P,) level. coupled to*P state of Qiv. At this energy, both the BPRM
Expanded and detailegy, of O i below the*P threshold  and LS coupling calculations give the same photoionization
of O v are presented in Fig(d) to enable comparison with cross sectionganalogous to thés® state of Q). However,
experiment. Patterns of various resonance complexes, as desuplings of fine-structure levels lowers the ionization
noted byR" series in the figure, can be discerned. Thesehreshold from 78.7 eV by about 10.2 eV to 68.5 eV, where
resonances belong to several Rydberg series of autoionizing).2 eV is the energy difference between the target thresh-
levels, such as*Pyjp3250d(°Py) and *Pyj; 3 50(°Py).  olds 2%(1S) and 22p(®P°) of Ov. These low-energy reso-
The °P; levels are allowed to decay @‘1’,2’3,znp(1*3P1,2) nances can be explained as follows. T2 “P state can
levels via radiationless transitions. Decay to other levelsphotoionize to “D°,*P°,%S® SLw symmetries of the(e

I
=3

RY R, R,
¢) BPRM
(expanded)

R3

B e Dl b b b

R’ ]RZ

B
3
w
<

FIG. 4. Photoionization cross sections, of the excited meta-
stable 22p3(°S)) state of Oui: panel(a), in LS coupling; (b) in
BPRM approximation(c) 2s2p? “Pnl(R) series identification in the
low-energy region.
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FIG. 6. (Color onling Comparison of photoionization cross sec-
FIG. 5. Photoionization cross sectioms, of O Iv in the BPRM  tions o, of O v with experiment:(c) red and green curves are
approximation: (a),(b) 2P§/, 5, levels of ground configuration, statistical sum of convolved cross sections of levi#,, 5, and
2572p; (0),(d),(f) excited 22p*(*Pyp 32,513 levels. Py 5 312, 52r€Spectively(b) weighted sum of the cross sections)

. . . L e measured cross sections at University of Paris-Sud by Champeaux
+ion) continua. Interaction of channels with fine structure 5 8]

allows couplings of these states with total angular momenta

(SDJm Jw=1/2 and 3/2. The autoionizing levels possible reason could be the effect of correlations of configu-
2s2p(*P°)nd(“D®) thereby decay td7=1/2° and 3/2 con-  ration interactions for théP symmetry. For the rest of the
tinua of 2%(1S)ep(?P°) via radiationless transitions. resonances the measured positions agree with the theoretical
To compare these photoionization cross sections directlpnes. One exception is the measured resonance at about
with the experimentally measured ones, the cross sectiorg9.5 eV which is not found either in th&° or the *P cal-
are convolved using a Gaussian distribution function withculated cross sections.
FWHM equal to the experimental monochromatic beam- The calculated peaks of resonances in Fig. 6 are seen
width. op, of each level are then statistically averaged asmostly higher than the measured ones. These peaks may be
[Zi(2S+1)(2L;+)op/Zi(2S+1)(2L;+1)] to obtain the reduced via radiative decays, or dielectronic recombination,
convolved cross sections &P° and“P states of Qv. These if the radiative rates are comparable to autoionization rates.
convolved and averageth, are presented in Fig(6 (red—  However, the radiative decay rates of the relevant excited
2P0 and green-2P). o (“P) are multiplied by 9% and3,P°  core thresholds (=10°,10° sec?) of Ov are several
by 91% before addition to obtain the weighted surp,. orders of magnitude lower than typical autoionization rate
These weighted cross sections are given in Fig).Ghe top  (=10-10“ sec?), and thus should cause only little damp-
panel presents the experimentally measured photoionizationg, i.e., reduction in peak values. As mentioned earlier, the
cross sections at the University of Paris-36¢ calculated peaks are affected by resolution or different en-
Resonances in the energy region below the grotPl  ergy meshes, Gaussian energy width, and percentage abun-
ionization threshold, 77.4 e\Fig. 6), are due to the meta- dances of states in the beam. Particular mixture fractions can
stable *P state[green curve in Fig. @)]. The metastable even eliminate resonances, as seen in the comparison be-
state is relatively easy to excite as it corresponds thna tween Figs. @) and c). Number of resonances in con-
=0 transition(2s?2p—2s2p?) and its features are observed. volved cross sections in Fig.(®§ are wiped out in the
The first resonance in Fig. 6 at about 69.7 eV is confirmedveighted sum in Fig. ®). Hence, for identification of reso-
by both theory and experiment. However, some shift in thenances, the experimental spectrum should be compared with
oretical positiongby ~0.5 eV) can be seen for the next three the pure convolved cross sections, i.e., with Fi@),6and as
resonances. The exact reason for this shift is not clear, butidentified in Ref.[8].
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(=]

The most significant feature in the measured cross sec- 100 ‘}0 —— ‘f" ——
tions is the prominent resonance at about 78[El. 6a)]. OV+hy->0VI+e
This is a combined effect from the near-threshold resonances 5
of the 2P° ground statgFigs. %a) and %b)] and converging
resonances of'P levels to core thresholdP), [Figs. =
5(c)-5(e)]. Although narrow resonances are not often ob- 1
served because of low strengths, the energy position indicate
that the metastabléP photoionization[green curve in Fig.
6(c)] is making a contribution to the feature. Theoretical
resonances are resolved with a much finer energy mesh than
the experimental beamwidth, and hence appear sharper. The
Gaussian convolution does not broaden the features as in the
experiment. Also the experimental beam distribution func-
tion is not in general pure Gaussian. In addition, the FWHM
may not remain constant at all energies; a convolved peak
can be flattened somewhat with a larger bandwidth. How-
ever, the fact that the prominent feature observed at 78 eV
can be explained in terms of contributions fré@° and *P
states is of potential importance in the determination of frac-
tional abundances of the ground and excited states in the ion
source. The difference in the background cross sections is an
indication that the mixtures of states may not be exactly the
same as quoted in the experiment. The background cross
section can be reduced or enhanced in different energy re-
gions by taking various fractions. The fractions 91% and 9%
used in the present simulation may not exact match the ex-
perimental ones. Photon Energy (Ry)

Comparison between the theoretical and experimental
photoionization cross sections in Fig. 6 highlights two of the FIG. 7. (Color onling Photoionization cross sectionsp, of
main points in this work(i) a mixture of the groundP®and ~ OV: panel (c), detailed op of ground 2%('S); (b),(a) excited
metastabléP states in the experimental beam represents th@s2p(°*P°, *P°) states;(d) convolved cross sectionge) weighted
observed features, both theory and experiment show them of f;onvolveq cross sectior(§) measured cross sections at the
same resonances, afid) the detailed cross sections dependYniversity of Paris-Sud by Champeaekal. [8].
on the fractional mixture of ionic states.

f Expt:Paris-Sud
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pear as small kinks in Fig.(), they do correspond to the
D. Photoionization cross sections of @ reso?fmoc):es app;aaring at the same energy positions of
L . . 2s2p(~P°) state of Ov.
Ph(()jto;;niéatlon dctrr(])ss Se?:'%n;Of\%Jelggta'?etd fothr?e A clear rise seen in the background cross sections at about
grou_T df (S and the excr: N _p(_ P9 sges. de 103.6 eV corresponds to tH@° ionization threshold, and at
etailed features imp, are shown in Figs. @—7(C): ground 51,5t 113,85 eV S ionization threshold, as noted both in
state, S—red in Fig. {c), °P°—blue in Fig. 1b),  rigs Fe) and 7f). However, some differences in the en-

? —gree? n E'g' ?ﬁ)' Contrary to overlappmfg reionaf?ces hancement of the background cross sections can be noted.
of states for the other ions, (Dresonancgs or the three gjce present mixture includes higher percentage of'he
states are almost in separated energy regions making it €a§, ind" state, a higher enhancement is expected in the
to distinguish the resonance complexes. weighted average. The calculated resonant peaks are also

. :]'he det_aned clr%ss Seg(tjlons of three sr;[ates are gonv;)lqugher than the observed ones. The reason is the higher reso-
with experimental bandwidt25 meV) at the University of 401 in the calculations compared to the measurement as

Paris-Sud8]. The convolved cross sections are presented iRjiscssed in sections for other ions. However, the main ob-

Fig. 7(d), where the original colors are kept for each state origiye is met, that is, all observed resonant features, shapes,

easy _ider_1tification. For comparison with ex_perimental SPECn energy positions are reproduced in the calculated spec-
trum in F'g'.lf)’ these convolved cross sections are summe@a_ Identifications of the resonances are given in [R&f.

with weighting factors 75% fotS, 23% for3P°, and 2% for

1Po, which are different from those quoted in the experiment.
The fractions in the experimental beam as reported in Ref.
[8] are 65% for the ground stat& and 35% for excitedP° Photoionization cross section of oxygen in several stages
state. The reason for inclusion o§Zp(1P°) cross sections in  of ionization has been obtained for the ground and low-lying
present theoretical results is the similarity of observed anexcited states. These cross sections are compared with mea-
calculated features in the low-energy region below 103.6 eVsured cross sections at three different experimental setups.
Although the measured features in the cross sections below While the experimental measurement includes combined
103.6 eV, the ionization threshold fos@(°P°) state, ap- features of resonances belonging to different Rydberg series

V. CONCLUSION

042714-8



PHOTOIONIZATION CROSS SECTIONS OF O I, PHYSICAL REVIEW A 69, 042714(2004)

of states, and of a mixture of different states, theoreticathat are important for the formation of these high peak reso-

work can evaluate them for individual states for identifica-nances with nearly zero background. Inclusion of relativistic

tions and fractional abundances. effects is certainly the more exact and accurate way to carry
Certain features in the measured cross sections are netit the calculations.

seen prominently or are missing in previous calculations.

The present paper shows that the missing features can be
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