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Resonant photoionization cross sections and branching ratios for atomic oxygen
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Total and partial photoionization cross sections for the ejection of eithgy ar2a 2s electron from the
ground %?2p* 3P state of atomic oxygen have been investigated usindRthatrix method. Cross sections
are dominated by Rydberg series of autoionizing resonances converging to several ionic states. The autoion-
izing states are analyzed and identified using a procedure of eigenphase gradients. Comparison of our results
with available previous calculations and experiments is shown to lead to some interesting conclusions regard-
ing the importance of electron correlation and normalization of the measured relative cross sections. Our
calculation removed long-standing discrepancy between theory and experiment regarding the shape of photo-
ionization cross section near tR° threshold. The calculated branching ratios for the productio”rSB,f 2po,
and °P° states at 584 and 304 A show good agreement with experiments.
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[. INTRODUCTION generalized RPAH6,7] has also been used to calculate
photoionization cross sections and asymmetry parameters of
The autoionizing resonances in the photoionization of theatomic oxygen. Taylor and Burki9] carried outR-matrix
ground-state atomic oxygen have been studied by severahlculation for the photoionization of the ground-state atomic
theoretical and experimental research grolps24]. These oxygen by including eight O states (2%2p3“s°, 2D°,
studies have emphasized the importance of electron?P®, 2s2p*“P, 2P, 2D, 2S, 2s2p®2P°) in the expansion.
correlation and interchannel coupling effects in atomic oxy-They analyzed the autoionizing resonances below the
gen. The resonance structures in total and partial photo?D®, 2P°, and “P thresholds. Bellet al. [10] also used
ionization cross sections are mostly due to autoionizingR-matrix method to calculate total photoionization cross sec-
Rydberg series converging to thes?2p®2D°, 2P°,  tions of the ground &2p*3P and excited 8%2p*'D
2s2p*“P, 2D, 2S, and 2P ionic thresholds between 13.62 and S states of atomic oxygen. They included 11" O
and 39.98 eV. These ionic states arise in the photoionizatiostates  (822p®4s°, 2D°, 2P°, 2s2p*“P, 2P, 2D, ?2S,
process leading to a removal op2r 2s electron from the 2s?2p?3s “P, 2P, 2D, 2S) in the R-matrix expansion.
initial ground 2?2p* 3P state of atomic oxygen. The Ryd- They represented target states by configuration-interaction
berg series 82p3(°D°ns3DP, 25?2p3(?D%nd3S’,  (CI) wave functions obtained with thes12s, 2p, 3s, 3p,
3D° converge to the °2D° threshold, the and 3 orbitals. The eigenchannBtmatrix method has been
25%2p3(°P°)ns3P°, 2s22p3(?P°)nd3P°, 3D° converge to  used by Chen and Robichealil] to calculate total photo-
the ?P° ionic threshold, and &2p*(*P)np3s°, 3P°, 3D°  ionization cross section of the ground state.
converge to the*P threshold. Various theoretical calcula-  On the experimental side, Huffmaat al.[12] used a pho-
tions and experiments show significant differences with eaclographic technique to observe autoionizing states converg-
other in this energy region. In addition to intrinsic physical ing to the?D° and 2P° thresholds. Kohét al.[13] measured
interest, photoionization cross sections of oxygen are importotal photoionization cross section of oxygen in a limited
tant in the study of atmospheric processes in earth’s uppenergy region near th&s° threshold using the dissociation
atmosphere and planetary and stellar atmospheres owing pwoduced in a shock heated gas. The technique of mass-
the abundance of oxygen. resolved ion detection was used by Dehreeal. [14,15,
Theoretical calculations have been performed in theéSamson and Paredi 6], and Angel and Samsofl7] to
close-couplind 1-5], random-phase approximation with ex- measure total photoionization cross section. Samson and Pa-
change(RPAE) [6,7], Hartree-Fock(HF) [8], and R-matrix =~ reek measured cross section in the wavelength range from
[9-11] approaches. The close-coupling theory was used b834 to 120 A. Angel and Samson remeasured the cross sec-
Henry[1,2], Smith[3], and Pradhaf,5] to calculate photo- tion and extended the wavelength range to 44.3-910.5 A.
ionization parameters in atomic oxygen. Henry includedAngel and Samson used the calibaration scale of Samson and
O 4s°,2D°, and?P° states in the close-coupling expansion Pareek to place their measured relative cross section on an
and analyzed autoionizing resonances converging to thabsolute scale. Dehmet al.[15] reported relative cross sec-
O" 2D° and ?P° thresholds. Smith considered five' Gtates  tion and observed autoionizing states below tiR¢ thresh-
(2s22p34s°,2D°, 2P°, 252p**P, 2P) and presented par- old. The photoelectron spectroscop§ES technique was
tial cross sections and asymmetry parameters for leawsed by Husseist al.[18], Dehmer and Dehmégf.9], Sam-
ing the O ion in these states. Pradhan includedson and Petroskj20], Samson and HancodR1], and van
2522p34s°, 2D°, 2P°, 2s2p*“P, 2P, 2D, and 2S ionic  der Meulenet al. [22,23 to measure partial cross sections
target states in the close-coupling expansion to calculate totaind branching ratios for leaving theQon in the 4S°, 2D°,
and partial photoionization cross sections of oxygenand ?P° states. Samson and Hancock measured branching
Pradhan reported branching ratios at 584 and 304 A. Theatios at 736 and 584 A and Dehmer and Dehmer at 580 A.

1050-2947/2002/68)/03272410)/$20.00 65 032724-1 ©2002 The American Physical Society



S. S. TAYAL

PHYSICAL REVIEW A 65 032724

TABLE |. Parameters of the radial functions used in the calculation.

Orbital Powers Exp. Coeff. Orbital Powers Exp.
of r ofr
3s 1 6.89271 0.108 98 ] 2 2.34794 0.877 50
2 2.37202 —0.376 67 3 137751 —2.43654
3 411427 —0.08020 3 1.578 60
3 1.062 44 1.07508 4 1.12502
4 1.18159 0.13119
4s 1 6.128 90 0.11964 o2} 3 1.99324 0.106 49
2 241984 —0.51978 3 0.708 63
3 1.31365 1.10172 ad 3 2.196 31 4.697 79
4 0.77354 —-1.216 67 4 249182 —4.21586
3p 2 4.856 54 0.14306 71 4 3.36543
3 3.54566 0.28585
4 0.984 23 —1.00421

Husseiret al. measured partial cross sections for the produc- [l. COMPUTATIONAL DETAILS

tion of the O 4S°, 2D°, and 2P° states in the wavelength . N
. We calculated partial and total photoionization cross sec-
region between 725 and 580 A. Van der Meu&tral. mea- . 43
: . S . tions for the D and X subshells of the grounds32p* 3P
sured relative partial photoionization cross sections for Ieav-State of atomic oxvaen in both lenath and velocity formula
ing the O" ion in the #S° and 2D° states in the energy region Y9 9 y

from the #S° threshold at 13.62 eV to 30 eV. They focused tipns. The 38.0’ °P, and °D° “”"?" states are allowed by
on autoionizina Rvdber stafes below thR° .2P° and4p dipole selection rules in.S coupling. Each of the 19 ©
g Ry 9 ' : ionic states included in our calculation is described by CI

thriizhﬂgSérg—shsegeﬂ%c:gfTaer']r dr:rsll\J/:;rgr [32] ?hsglrl:]teea_scav%ave functions constructed from ten orthogonal one-electron
sured cross sections from the two most recent experiments O{bltals: ks, 2s, 2p_, 3s, 39’ 3d, 4s, 4p, 4d.’ and 4. The _
Angel and Samsoft.7] and van der Meulet al.[23] show S, 25, anq 2 radial functions are those given by Cler_nent|
significant differences. Most of the differences in the twoanndctionittgfg] ?&gir’i’ dsﬁéigd’ tﬁi’ ;?&C‘:S;eagd 4 r?gé]al
experiments seem to be caused by calibaration standards e = 3o and 3 orb'talg are spectroscopic and .are
arrive at absolute cross sections. Based on a sum-rules analy- » 9P, ! P P!

sis, Berkowitz[25] argued that the calibaration of van der  TABLE II. Calculated and experimental ionization energies
Meulenet al. may be in error. Seatdi26] presented a review (eV).

and compilation of the available earlier theoretical and ex=

perimental photoionization results for oxygen. State Present Expt.
In view of the lack of accurate theoretical calculation of
partial cross sections or branching ratios for leaving the O 2322p3 2300 13.505 13.618
ion in various final ionic states in the photoionization of 2522p3 2D 16.841 16.943
oxygen, we have performed a fairly extensi®ematrix 25 2P “P° o 18.635
calculation to obtain partial photoionization cross 2s2p**P 28.337 28.488
sections across autoionizing series of resonance€s2p’ ‘D 34.089 34.198
The initial O (2522p*3P) state, the final O plus photo-  25°2p”3s*P 36.376 36.605
electron f<°, 3P° 3D°) states, and the residual 25°2p°3s®P 36.874 37.052
O [2s?2p34s°, 2D°, 2p° 2s2p*?P, 2D, 2P, 2S, 2s2p*?s 37.971 37.883
25%2p?3s *P, 2P, 25%2p?3p “D°, *P°, 4S°, 2D°, 2p°,  2s°2p*3p°S° 38.741 38.904
230, 25?2p?3s’ 2D, 2s?2p?3p’ °F°, 2D°, 2s?2p?3s"?S;  2s°2p”3p“D° 39.090 39.270
where 3’ and 3’ represent p2(1D) core and 3" repre-  2s°2p®3s’ °D 39.243 39.279
sents D?(1S) core states are represented by Cl wave func-2s?2p®3p *P° 39.294 39.460
tions. The autoionizing Rydberg series of resonances belo®s?2p?3p 2D° 39.761 39.858
the O 2D°, 2P°, and *P thresholds are analyzed. The 2s?2p23p *s° 39.838 39.923
positions E,, effective quantum numbemns*, and widths 2s2p*?p 40.048 39.983
I, of the major resonances of thes2p3(*D°)nl (I  2s22p23p2p° 40.478 40.165
=0,2), 2%2p3(*P°)nl (1=0,2), and 22p*(*P)np Ryd-  2s22p23p’ 2F° 42.129 41.978
berg series are reported. The photoelectron angular distribys22p23p’ 2p° 42.344 42.129
tion asymmetry parameters for leaving thé€ @n in the 2s22p23s” 2S 42.699 42.210

4%, 2D°, and 2P° states have been recently reporféd].
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FIG. 1. Total phOtOiOﬂiZ&tiOﬂ cross section as a function of phO— FIG. 3. Partial cross section as a function of photon energy
ton energy from the'S® threshold to 60 eV. Solid curve, present petween thé's® and 2P° thresholds. Upper solid and dotted curves,
cross section; diamonds, measured values of Angel and Sams@esent length and velocity cross sections, respectively, fofbie
(Ref.[17]); pluses, Samson and Pareg@&ef.[16]); rectangles, Kohl  final state. Lower solid and dotted curves, present length and veloc-
et al. (Ref. [13]); crosses, Husseiet al. (Ref. [18]). ity cross sections, respectively, for tR&° final state.

optimized on the 822p23s*P, 25?2p?3p“*P°, and B
2s?2p23d 4E states, respectively. Thesd4p, 4d, and 4 W =AY, & ®iui(r)+ > by, (1)
are correlation functions and are chosen to improve the en- i i
ergies of ionic thresholds and the atomic oxygen ground
state. The parameters of the orbitals are given in Table I. To _
account for electron correlation in ionic states, we used avhere ®; are channel functions formed from he multicon-
total of 654 configurations to represent 19 states. The calcifigurational functions of the O target states and; are the
lated ionization energies relative to the ground state ofumerical basis functions for the photoelectron. The operator
atomic oxygen are presented in Table Il, where they are comA antisymmetrizes the wave function aag, and b;, are
pared with the experimental valug80]. There is good expansion coefficients determined by diagonalizing tNe (
agreement between the calculated and measured values. +1)-electron Hamiltonian. The functiong; in Eq. (1) are

The initial 2s°2p* 3P bound state and the final™Oion  of bound-state type and are included to compensate for the
plus photoelectron states are represented by the same typeposition of orthogonality conditions. Additional functions
of R-matrix expansions. The initial state is described as ap; are included to allow for the short-range electron-
bound state of the electron plus*Qon system. The total
wave function is expanded in an internal region surrounding 1
the atom a$31]
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‘ . FIG. 4. Partial photoionization cross section for leaving the ion
14 145 o ton eneray 1261 16 165 in the *S° state as a function of photon energy between‘&eand
4P thresholds. Solid curve, present cross section; long-dashed
FIG. 2. Total photoionization cross section as a function of pho-curve, measured results of van der Meuétral. (Ref. [23]); short-
ton energy between th&s° and ?D° thresholds. Notations are the dashed curve, close-coupling results of Sniief. [3]); crosses,
same as in Fig. 1. measured values of Hussegh al. (Ref.[18]).
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FIG. 5. Partial photoionization cross section for leaving the ion  FIG. 6. Partial photoionization cross section for leaving the ion
in the 2D° state as a function of photon energy between iR8 in the 2P° state as a function of photon energy between’thgand
and *P thresholds. Notations are the same as in Fig. 4. 4P thresholds. Solid curve, present cross section; dashed curve,
close-coupling calculation of SmittRef. [3]); crosses, measured
correlation effect. A boundary radius=20.55 a.u. is intro-  results of Husseiet al. (Ref.[18]).
duced and 25 continuum orbitals in each channel are in-

cluded. region near the*s® threshold. Our results differ by up to
50% with the experiment of Angel and Samson and agree

IIl. RESULTS AND DISCUSSION with the calculation of Belkt al.in this energy region. Thus,

the discrepancy above thé° threshold between the theory
A. Total photoionization cross section and experiment is now resolved, but there remains an unre-

The total photoionization cross section is obtained by addselved discrepancy close to tH&° threshold.
ing channel cross sections of all coupled channels for the . .
3s°, 3pP°, and 3D° final states. The total photoionization B. Partial cross sections

cross section in the length formulation for photon energies The partial cross sections in length and velocity forms for
from the #S° threshold to 60 eV is displayed in Fig. 1. The the 3D° and 3<° final states between ths° and 2P° ionic

measured cross sections of Angel and Sanj&@h Samson  hresholds are shown in Fig. 3. The length and velocity forms
and Pareek16], Kohl et al.[13], and Husseiret al.[18] are  of cross section differ normally by 5% to 7%. For the sake of
also included in Fig. 1 for comparison. Most of the earlier ¢|4rity, we have plotted only length results of cross section in

theoretical work focused on total photoionization cross secpher figures. It can be seen from the Fig. 3 that the dominant
tion of oxygen from the ground state. Our results agree well

with the earlierR-matrix calculation of Bellet al. [10] (not 2
shown) except for the structureless energy region above the
2p° threshold between 19-25 eV. The calculations of Bell 8

et al.[10] and Pradhaf4] are in good agreement with each
other, but show large discrepancies with the measurements ¢
Angel and Samsofil7] and Samson and Parefl6] close to al ox e
the S° threshold and above th&° threshold. The experi-
mental results above th&P° threshold exhibit an increasing
trend and then a peak around 20 eV in contrast to these
calculations that predicts a flat behavior of cross section in
this energy region. Bekt al. speculated that the peak in the
measured cross section may be related to the presence
molecular oxygen or atomic oxygen in excited states in the  os}
atomic beam. Our calculation agrees with the experimental
data and predicts a broad peak in cross section abovéRthe 04 - . - = - =
threshold. The cause of the broad peak in cross sections is Photon energy (&)
explained in the following section. The present total photo- kG 7. Branching ratio as a function of photon energy between
ionization cross sections between th8° and “D° thresh- 17 and 25 eV. Branching ratio(2D°)/o(“S%): upper solid curve,
olds are compared with the experimental results of Angel an@resent calculated ratio; open triangles, measured ratio of van der
Samsorj17] and Kohlet al.[13] in Fig. 2. It is clear that our Meulenet al. (Ref.[23]); crosses, measured ratio of Hussetral.
results are larger than those of Angel and Samson an@Ref. [18]). Branching ratioo(?P°)/o(*S°): lower solid curve,
smaller than the results of Kolelt al. in the photon energy present calculated ratio.

nching ratio

08 |

1 1
23 24 25
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TABLE lll. Comparison of present branching ratios with available other results.

Wavelength (A) o(?D°) a(?P°)
("% o(’S%)
Present Others Present Others
584 1.57 1.5% 1.29; 1.48; 0.94 0.85; 0.81% 0.95"
1.57+0.14 0.82+0.07
304 1.81 1.3% 1.18; 1.4 1.05 0.86 1.34; 0.9%;
1.64=0.3CF

aHenry (Ref. [2]).

bpradhan(Ref. [5]).

Staraceet al. (Ref.[8]).
dSamson and Petrosk{Ref. [20]).
®Dehmer and DehmeiRef. [19]).

contribution to the total cross section in this energy region issured cross sections. There is a reasonable agreement with
made by the®D° final state. It may be noted that the seriesthe experiment of Husseiet al. [18]. The partial cross sec-
2s%2p3(?D°)nd 3P° has no continuum available below the tion for leaving the ion in théP° state are shown in Fig. 6
2D° threshold to autoionize ihS coupling. together with the calculation of Smifl3] and experiment of

The partial photoionization cross sections for leaving theHusseinet al. [18]. There are significant discrepancies be-
ion in the *S° state are shown in Fig. 4 together with the tween the two calculations for this case. The theoretical cross
measured results of van der Meulenal.[23] (long-dashed  sections show large differences with the experiment of Hus-
curve and Husseiret al.[18] (crossepand calculated values  ggin et al. These partial cross sections give rise to a broad

of Smith [3] (sh(zrt-dashed curyeas a funi:tion of photon  heak in the total photoionization cross sections above the
energy from the’S® threshold to the &p”°P threshold.  2po yhreshold. These are very sensitive to electron-

Our background cross sections away from resonances agge|ation effects. The limited electron correlation may lead

Iarg'er than the calculated nonresonant cross sections % flat cross section, as in the close-coupling calculation of
Smith. The present calculated results are also larger than t@

experiment of van der Meuleet al., particularly, above the mith.
2D° threshold. The calculated s22p3(°D°)ns®D° and
25%2p3(?D°)nd3s° resonant states show excellent agree-
ment with the experiment of van der Meulenal, except The branching ratios(?°D°)/o(*S°) and o(?P°)/o(*S°)
for the peak values of cross section that are larger in thare shown in Fig. 7 as a function of photon energy. The
experiment than in the theory. In addition to these resopresent branching ratio(?D°)/o(*S°) (upper solid curve
nances, the experiment also observed lower membelis compared with the experimental value of van der Meulen
2522p3(?P°)3s3P° and %%2p3(?D°)3d3P° of the Ryd- et al.(triangle$ and Husseiret al. (crosses In the structure-
berg series and the resonant stag2® 3P° due to inner- less region above 19 eV, our results agree very well in shape,
shell excitation. These resonances are forbidden to autoiorbut are larger in magnitude compared to the measured values
ize inLS coupling. The resonance structure is weak betweemf van der Meuleret al. Our partial cross section for leaving
the 2D° and 2P° thresholds in both theory and experiment. the ion in the*S° state at 20 eV is about 40% larger than the
Our results agree well with the experiment of Husseinexperiment, while the present partial cross section for leav-
et al. [18] except at energies close to tHé° threshold. ing the ion in the?D° state at the same energy is about 52%
Our theory predicts well the position of the larger. Though most of the discrepancies may have been
2s2p*(*P)np3s°, 2P°, and3D° resonances and show good caused by the normalization of experimental data, it seems
agreement with the experiment; the calculated resonance fettat some of the discrepancies may be due to other system-
tures slightly shifted to the higher energy. Only the loweratic errors in the experiment. In the energy region below 19
members of the Rydberg series are resolved in the expereV, the branching ratio does not show smooth behavior be-
ment. cause of the presence of autoionizing resonances. The ex-
The present partial photoionization cross sections foperiment of Husseiret al. show large fluctuations in the
leaving the ion in thé?D° state are compared with the mea- branching ratio in the structureless energy region above 19
sured cross sections of van der Meulsral. [23], Hussein  eV. The present branching ratios at 584 and 304 A are com-
et al.[18] and the close-coupling results of Smi®] in Fig.  pared with the available theoretical results of Hefg},
5. The position of major resonances from our theory andPradharn(5], and Staracet al. [8] and the measured values
experiment of van der Meuleet al. seems to agree. How- of Samson and Petroskg0] and Dehmer and Dehm¢t 9]
ever, the measured cross sections are lower than theory;im Table Ill. Our result for theo(?D°)/o(*S°) ratio is in
discrepancy perhaps caused by the normalization of the meaxcellent agreement with the calculations of Henry and Sta-

C. Branching ratios

032724-5



S. S. TAYAL PHYSICAL REVIEW A 65 032724

TABLE IV. Resonance parameters 0§2p3(?D°)ns,nd series converging to théD® threshold.
State E, (eV) I, (ev) n* State E, (eV) T, (ev) n*
4s3D° 15.148 4.37-4 3.742 B°3D° 15.396 1.14-3 2.951

15.2742 8.82-52 15.410% 4.36-42

15.229° 9.30-5" 15.420° 3.89-4°
5s 15.994 1.76-4 4.757 dt 16.085 5.08—4 3.949

16.026° 4.23-52 16.079% 2.88—42

16.000° 4.34-5° 16.080° 2.59-4°
6s 16.358 8.83-5 5.763 3 16.402 2.73-4 4.948
7s 16.549 5.05-5 6.766 ) 16.573 1.62-4 5.948
8s 16.661 3.15-5 7.768 o 16.676 1.04-4 6.947
9s 16.732 2.09-5 8.769 ] 16.743 7.07-5 7.947
10s 16.782 1.46-5 9.769 ® 16.788 5.00-5 8.947
11s 16.815 1.06-5 10.770 o 16.820 3.67-5 9.947
125 16.841 7.93-6 11.770 il 16.844 2.77-5 10.947
13s 16.860 6.09-6 12.771 2 16.863 2.14-5 11.947
14s 16.874 4.77-6 13.771 3 16.877 1.68-5 12.947
15s 16.886 3.83-6 14.770 4 16.888 1.36-5 13.947
16s 16.896 3.06—6 15.773 5 16.897 1.09-5 14.948
17s 16.903 2.59-6 16.763 6 16.904 9.22-6 15.942
18s 16.910 2.05-6 17.790 7 16.911 7.38-6 16.959
19 16.915 1.85-6 18.739 8 16.916 6.62—6 17.925
3d3s° 15.385 3.65-4 2.941

15.4182 1.09-42
15.420° 1.02-4°
ad 16.087 1.74—-4 3.953
16.0832 5.58-52
16.080° 5.43-5°

5d 16.404 9.39-5 4.956
6d 16.575 5.59-5 5.958
7d 16.677 3.58-5 6.959
8d 16.743 2.42-5 7.960
9d 16.788 1.71-5 8.960
10d 16.821 1.25-5 9.960
11d 16.845 9.44-6 10.961
12d 16.863 7.29-6 11.961
13d 16.877 5.74-6 12.961
14d 16.888 4.62-6 13.961
15d 16.897 3.72-6 14.962
1ed 16.905 3.14-6 15.957

&Taylor and Burke(Ref.[9]).
®Henry (Ref. [1]).

race et al. and the experiment of Samson and Petrosky atated values and the experiments at these two wavelengths.
584 A. Our result for this ratio shows excellent agreemenfThe present branching ratie(’P°)/ o (*S°) is shown by the
with the experiment of Dehmer and Dehmer at 304 A. How-lower solid curve in Fig. 7.

ever, our calculated values are larger than the close-coupling
calculation of Pradhan at both wavelengths. Our branching
ratio o(°P°)/o(*S°) is 15-20% larger than the close-
coupling results of Henry at both wavelengths, but agrees We have analyzed the lower members of the autoionizing
very well with the HF calculation of Staracetal. Our  Rydberg series of resonances below #&°, 2P°, and *P
branching ratio at 584 A is larger than the close-couplingstates of the O ion. The positionss, , widthsT',, and ef-
value of Pradhan, but is smaller at 304 A. Our calculation isfective quantum numbens* are calculated for thes>D°
within 15% of the measured value of Samson and Petroskyand nd3S°, 3D° resonance series converging to thB°
Thus, there is an overall good agreement between our calctirreshold, for thens*P° andnd 2P° series between théD°

D. Analysis of autoionizing resonances
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TABLE V. Resonance parameters o§?2p(2P°)ns,nd series converging to th&P° threshold.
State E, (eV) T, (ev) n* State E, (eV) I, (ev) n*
5s3p° 17.714 3.29-3 4.013 i 3pO 17.846 1.35-5

17.7222 6.48—-42 17.7772 <1.00-8

17.69° 3.39-3° 17.77° 1.48-3°
6s 18.017 1.89-3 5.009 ¢5) 18.086 1.47-5 5.364

18.0572 3.04-42 18.083% <1.00-8

18.04° 1.68-3° 18.08° 7.65—4°
7s 18.182 8.48-5 6.006 & 18.222 1.27-5 6.358
8s 18.281 7.50-4 7.004 o 18.307 1.02-5 7.353
9s 18.346 5.12-4 8.003 ¢3] 18.364 8.03-6 8.349
10s 18.391 3.64-4 9.112 @ 18.403 6.29-6 9.347
11s 18.423 2.68-4 10.001 [0(0] 18.432 4.96-6 10.344
12s 18.446 2.02-4 11.000 i1 18.453 3.95-6 11.343
13s 18.464 1.57-4 12.000 w2 18.469 3.19-6 12.342
14s 18.478 1.23-4 12.999 @3 18.482 2.59-6 13.340
15s 18.489 9.97-5 13.999 t4 18.492 2.15-6 14.340

#Taylor and Burke(Ref. [9]).
®Henry (Ref. [1]).

and 2P° thresholds, anahp 3S°, 3P°, and 3D° series con- our results are compared with the available calculation of
verging to the*P threshold. The effective quantum number Taylor and Burkeg 9] and the experiments of van der Meulen
n* is expressed relative to the assigned thresholds. The dét al. [23] and Angel and Samsdi7]. The positions agree
agonalization of the& matrix in the space of open channels well with the calculation of Taylor and Burke, but the widths
N, gives eigenvalues; that are used to define eigenphase inof resonances in our calculation are larger; indicating stron-

each channel as ger interaction between the Rydberg states and the continua.
- . There is excellent agreement with the experiments of van der
g=tan “\;, i=1,...N,. (2 Meulenet al. and Angel and Samson for the positions and

effective quantum numbers of the resonance features. The

The eigenphase sum is obtained by adding; for all calculated positions for the lowest three=3 members of
open channels. A resonance positiBp is defined as the the three Rydberg series are slightly shifted to higher-energy
energy at which the eigenphase sihas maximum value side. It may be noted that=4 members of the three Ryd-
of d&6/dE and resonance widths are related to the inverse offerg series are very close to each other and these are not
the eigenphase gradients as described by Quigley and Betesolved in the experiment. The Rydberg series
rington (QB) [32] in the QB method of resonance analysis 2s2p*(*P)np3P° is stronger than the other twep 3S° and
using R-matrix theory. 3D° series. Thenp3s° series follow thenp3D° series that

Calculated energiek, , effective quantum numbens*,  in turn is followed by thenp®P° series; in agreement with
and widths I', of the autoionizing states of the the experiment. The three Rydberg series do not appear to
ns3D°, nd3S°, and3DP series are listed in Table IV and are show any significant perturbation for the lower members (
compared with available earli@&matrix calculation of Tay- =<14). However, the higher members=15) almost coin-
lor and Burke[9] and close-coupling calculation of Henry cide and perturb each other significantly. We have also de-
[1]. Thend®D° Rydberg series overlaps timal 3S° series.  tected a very weak 2p*(*P)nf °D° series and the param-
The positions agree well with the other calculations, but theeters of this series are also listed in Table VI.
present calculated widths are larger. The widths of reso-
nances provide information concerning the interaction be-
tween the continuum and Rydberg states. There are no sig-
nificant perturbations among the various series. The The total and partial photoionization cross sections for the
parameters of the resonances of tre*P° andnd *P° se-  ground 22p* 3P state of atomic oxygen in the photon en-
ries converging to théP° ionic threshold are given in Table ergy range from the O “S° threshold at 13.62 eV to 60 eV
V. Our results are compared with the earlematrix calcu-  are presented. The cross sections are dominated by Rydberg
lation of Taylor and Burk¢9] and close-coupling calculation series of autoionizing resonances converging to various ionic
of Henry[1]. The present resonance positions are shifted tehresholds. A detailed analysis of the resonances converging
the lower energy for thens3P° series and to the higher to the O° 2D°, 2P°, and *P thresholds is performed using
energy for thend 3P° series compared to earlier calculations. the procedure of eigenphase gradients. Our results have been

The resonance parameters of the3S°, 3P°, 3D° series compared with other calculations and experiments. The long-
converging to the'P threshold are listed in Table VI, where standing discrepancy between theory and experiment for

IV. CONCLUSION
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TABLE VI. Resonance parameters 0§2p*(*P)np,nf series converging to th&P threshold.

State E, (eV) I, (ev) n* State E, (eV) T, (ev) n*
3p3s° 25.923 1.60-3 2.308 8 3p° 26.113 4.36-2 2.400
25.962 3.34-42 26.072 3.57-3
25.84°¢ 2.28°¢ 25.94° 2.33¢
25.88° 25.93°
4p 27.235 5.63-4 3.312 pl 27.283 1.60-2 3.377
27.26% 1.30-42 27.312 1.25-32
27.20° 3.30°¢ 27.20° 3.30°¢
27.23° 27.23°
5p 27.745 2.77-4 4.313 5 27.765 7.07-3 4.376
27.762 6.32-5% 27.78% 5.74—42
27.73° 4.35¢ 27.73° 4.35°
27.76° 27.76°
6p 27.994 1.52-4 5.315 ) 28.005 3.73-3 5.376
27.98° 5.40 27.9¢ 5.40
28.01° 28.01°
7p 28.135 9.16-5 6.317 4 28.141 2.21-3 6.376
28.10° 6.30° 28.10° 6.30°
28.15P 28.15°
8p 28.222 5.91-5 7.318 8 28.226 1.41-3 7.377
9p 28.279 4.03-5 8.318 ) 28.282 9.60—4 8.377
10p 28.319 2.87-5 9.319 10 28.321 6.82—4 9.377
11p 28.348 2.11-5 10.319 p1 28.349 5.02-4 10.377
12p 28.370 1.60-5 11.319 p2 28.370 3.80-4 11.377
13p 28.386 1.25-5 12.319 p3 28.387 2.95-4 12.377
14p 28.399 9.83-6 13.320 p4 28.400 2.33-4 13.378
15p 28.409 7.94-6 14.317 b5 28.410 1.87-4 14.375
16p 28.418 6.47—-6 15.327 p6 28.418 1.56—4 15.385
17p 28.425 5.29-6 16.299 b7 28.425 1.20-4 16.358
18p 28.431 4.69-6 17.368 b8 28.431 1.23-4 17.417
19 28.435 3.41-6 18.242 P9 28.435 6.25-5 18.321
20p 28.440 3.91-6 19.436 20 28.440 1.16-4 19.440
3p3D° 25.830 9.93-3 2.268
25.872 7.13—47
25.75° 2.25¢
25.79°
4p 27.210 3.35-3 3.278 f43D° 27.628 5.12-7 4.006
27.242 2.36—47
27.20° 3.30¢
27.23°
5p 27.734 1.50-3 4.283 f5 27.933 4.08-7 5.006
27.75% 1.06—42
27.73¢ 4.35°
27.76°
6p 27.989 8.02—4 5.286 f6 28.099 4.65—7 6.006
27.98° 5.40°
28.01°
7p 28.132 4.77-4 6.288 f7 28.199 3.78-7 7.006
28.10° 6.30°
28.15°
8p 28.220 3.06-4 7.289 f8 28.263 2.87-7 8.006
9p 28.278 2.08-4 8.290 f9 28.308 2.16-7 9.006
10p 28.318 1.48-4 9.291 10 28.340 1.64-7 10.006
11p 28.347 1.09-4 10.291 i1 28.363 1.27-7 11.006
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TABLE VI. (Continued.

State E, (eV) I, (ev) n* State E, (eV) T, (ev) n*

12p 28.369 8.22-5 11.291 12 28.381 9.95-8 12.005
13p 28.386 6.38-5 12.291 i3 28.395 7.93-8 13.006
14p 28.399 5.03-5 13.293 i4 28.406 6.39-8 14.005
15p 28.409 4.06-5 14.290 i5 28.415 5.28-8 15.006
16p 28.418 3.32-5 15.299 16 28.423 4.26-8 16.005
17p 28.424 2.68-5 16.272 17 28.429 3.82-8 17.003
18p 28.431 2.44-5 17.339 18 28.434 2.77-8 18.019
19p 28.435 1.68-5 18.218 19 28.438 3.01-8 18.976

#Taylor and Burke(Ref. [9]).
Angel and SamsofRef. [17)).
Yvan der Meuleret al. (Ref. [22]).

photon energies above tH®° threshold has been resolved. cross sections near threshold energy regions. The theory and
Our calculation predicts a broad peak in this energy regiorexperiment still disagree close to thts°® threshold that
that is in agreement with the experiment of Angel and Samneeds further investigations. Comparison of our partial cross
son and Samson and Pareek. This peak in our calculation &ections with the PES measurement of van der Meeata.
caused by proper and extensive account of many electroguggests a possible error in normalization of relative mea-
correlation. The peak appears in the partial photoionizatioryred cross sections: as also argued by Berkd@Bkon the
cross sections for leaving the*on in the *P° state. Our  pasis of a sum-rules analysis. We believe that our results are

fects are more important for th&P° state than for thé’'S® i the study of atmospheric processes.

and ?D° states. The large differences with the calculation of

Smith for partial photoionization cross sections leaving the

. . 2 0 . . .

ion in th_e P° state also |nd(|)cate the importance of glectron- ACKNOWLEDGMENT
correlation effects for théP° state. Electron-correlation ef-

fects play an important role in predicting photoionization  This research work was supported by NASA.
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