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Multiplet-specific shape resonant features in 3a 9 photoionization of 0 2 
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We report multiplet-specific photoionization cross sections and photoelectron angular 
distributions for the 3ug orbital of 0 2 leading to the b 4 l:g- and B 2l:g- ion states obtained 
using Hartree-Fock photoelectron orbitals. These cross sections show significant nonstatistical 
behavior at low photoelectron energies which arises from the sensitivity of the kuu shape 
resonance to the exchange potentials ofthese two molecular ions. Specifically, the oscillator 
strength associated with the shape resonance in the B 2l:g- cross section is shifted to lower 
energy compared to that of the b 4 l:g- cross section. This shift gives rise to a quartet to doublet 
cross section ratio of more than 15:1 near threshold. These effects are difficult to assess in the 
measured cross sections due to the presence of strong autoionization features. Significant 
multiplet dependence is also seen in the calculated photoelectron angular distributions. 

INTRODUCTION 

Recent (2 + 1) resonant-enhanced multiphoton ioniza
tion (REMPI) studies via the C 3Ilg(3sug11rg) and 
d 1 Ilg ( 3sug 11rg) states of 0 2 have shown significant differ
ences in the photoelectron spectra for these two multi
plets.1·2 Strong multiplet-specific effects have also been ob
served in the 5u photoionization of NO, where a difference 
of as much as 3 e V is seen in the positions of the shape reso
nance in the cross sections for the A 1 II ( 5u- 1 ) and 
b 3TI (su-I) ions. 3,4 These effects arise from differences in 
the exchange potentials experienced by the photoelectron 
associated with these multiplets. Such differences can be 
especially important in shape resonant regions due to the 
localized nature of the photoelectron wave function. With 
further development and application of REMPI techniques 
coupled with high resolution photoelectron spectroscopy,5 

such effects will become increasingly important in our un
derstanding of molecular photoionization dynamics. 

Studies of3ug photoionization of02 by Winstead et a/.6 

using anL 2 Feshbach-Fano formulation ofStieltjes moment 
theory and multiplet-specific potentials have shown signifi
cant nonstatistical behavior in the b 4l:g- and B 2l:g- cross 
sections at energies around the well known ku u shape reso
nance.7-13 Due to strong autoionizing features, 14 these dif
ferences are difficult to assess in the experimental photoelec
tron spectrum. However, recent high-resolution studies14·15 

clearly show multiplet-specific differences in these 3ug cross 
sections. To further examine these multiplet-specific effects, 
we have studied the photoionization cross sections and pho
toelectron angular distributions for the 3ug level of02 using 
Hartree-Fock photoelectron orbitals obtained with the iter
ative Schwinger method. 16 Our results for these cross sec
tions agree well with those of Winstead et a/.6 and, further
more, show large differences in the multiplet-specific 
photoelectron angular distributions. 

An outline of the paper is as follows. In the next section 
we discuss the static-exchange potentials used in these multi
plet-specific calculations and give a brief description of our 
method for obtaining the photoelectron orbitals. In the re
maining sections we present the results of our studies of the 
3ug level of02 along with a comparison of these results with 
experimental data. 

THEORY 

Multiplet-specific wave functions and potentials 

Photoionization of the 3ug orbital of 0 2 leads to the 
b 4l:g- and B 2l:g- ion states with experimental ionization 
potentials 18.17 and 20.29 eV respectively. The dipole-al
lowed final-state wave functions for photoionization leading 
to the b 4l:g- ion are 

1 [ - -1J1 el:u- > = -- 31 <core) 3ug kuu In·t 11rg- I - I< core) 3ug kuu l1rt 11rg-1 
m 
-I (core)3ugkuu l1Tt 11Tg-l- I (core)3ugkuu 11Tt 11Tg-l], {la) 

1J1 enu > = -
1
- [ 31 < core)3ug k1ru+ 11rt 11rg-1 - I< core) 3ug k1ru+ 11rg+ 11Tg- I 

m 
- I (core) 3ugk1T u+ 11Tt 11Tg-l - I (core) 3ugk1Tu+ 11Tg+ 11Tg- I], (lb) 

where (core) = 1~ 1~ 2~2~ 11T~. For photoionization leading to the B 2l:g- ion, the dipole-allowed final-state wave func
tions are 
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'l'e:l;) = -
1
- [ 21 (core) 3ug kuu 11Tg+ 11Tg-l - I (core)3ugkuu 11Tg+ 11Tg-l 

J6 
-I (core)3ugkuu 11Tt 11Tg-l], (2a) 

'llenu) = -
1
-[ 21 (core) 3ug k1Tu+ 11Tg+ 11Tg-l -I (core)3ugk1Tu+ 11Tt 11Tg-l 

J6 
- I (core) 3ugk1Tu+ 11Tg+ 11Tg- I]. (2b) 

With these wave functions, the static-exchange one-electron equations for the photoelectron orbital </Jk can be obtained from 
the variational expression, (8'1'IH- E I'll) = 0, where His the fixed-nuclei Hamiltonian and E is the total energy. They are of 
the form 

p [1 + I (2J; - K;) + I (aJn + bnKn) - c]PI</Jk) = 0, 
core open 

(3) 

where J; and K; are the Coulomb and exchange operators, respectively, Pis a projection operator which enforces orthogona
lity of the continuum orbital to the occupied orbitals, 17 the one-electron operator /is given by 

2 za != -112V;-I-· (4) 
a ria 

Za is the nuclear charge, and cis the photoelectron kinetic energy. The coefficients an and bn ofEq. (3) determined using the 
multiplet-specific wave functions ofEqs. (1) and (2) are given in Table!. 

Calculations 

The photoelectron orbitals of the static-exchange equa
tions of Eq. ( 3) were obtained using the iterative Schwinger 
variational method, discussed extensively elsewhere. 16

•
17 To 

solve the Lippmann-Schwinger equations for the contin
uum orbital associated with the nonlocal molecular ion po
tential of Eq. ( 3), the scattering potential is approximated 
by a separable form, 

ij 

where the matrix U - 1 is the inverse of the matrix with ele
ments Uu = (a; I U laj) and the a;'s are discrete basis func
tions (see Table II). To ensure convergence of the photoion
ization cross sections, we use photoelectron orbitals 
obtained after one step in our iterative procedure. 16

•
17 

For the ground state of02, we used the [3s2p1d] Carte
sian Gaussian basis set of Dunning eta/. 18 Calculations with 
this basis at the equilibrium geometry of R(O- 0) = 2.282 
a.u. give an SCF energy of - 149.635 14 a.u. 

TABLE I. Coefficients of the static-exchange potentials of Eq. ( 3). 

an/bn 

Ion Channel" 3a8 
11r,+ 117'.-

b •I.; 3!..- (ka.) II~ II~ IIi 
2n. <krt. > II~ llj 1/i 

B 2!.,- 3!..- (ka.) II -j II -g II-~ 

'n. <k1T. > II -j II -g 1/- ~ 

• Channel symmetry designation of the ion plus photoelectron system. 

All matrix elements and functions arising in the solution 
of the Lippmann-Schwinger equations associated with Eq. 
( 3) were evaluated via single-center expansions about the 
molecular center. The partial wave expansion of the photo
electron orbital, i.e., 

(
2)1/2 IP +I 

</J~-> = -;; 1~0 m~-/<!Jli;;-,>(r)Y1:n(llk), (6) 

was truncated at IP = 7. The other partial wave expansion 
parameters were chosen as follows 17

: 

(i) maximum partial wave in the expansion of the occu
pied orbitals in the direct potential = 30, 

(ii) maximum partial wave in the expansion of the occu
pied orbitals in the exchange potential = 20(1ug ), 
20(1uu), 10(2ug), 10(2uu), 10(3ug), 10(11Tu), 10(11Tg), 

TABLE II. Scattering basis sets used in Eq. (5). 

Type of Gaussian 
Continuum symmetry function• Exponents 

Cartesian s 
z 

Spherical I = I 
I= 3 
I= 5 

Cartesian x 
Spherical xz 

I= 1 
I= 3 

16.0,8.0,4.0,2.0, 1.0,0.5 
1.0,0.5 
4.0,2.0, 1.0,0.5 
4.0,2.0, 1.0,0.5 
1.0,0.5 
8.0,4.0,2.0, 1.0,0.5 
0.5 
1.0 
1.0 

• Cartesian functions are centered at the nuclei and the spherical functions 
at the molecular center. For details of the forms of these functions and 
their use see Ref. 17. 
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(iii) maximum partial wave in the expansion of l/r12 in 
the direct and exchange terms = 60 and 30, respectively, 

( iv) all other partial wave expansions were truncated at 
I= 30. 
Based on earlier convergence studies, 17 this choice of expan
sion parameters should provide photoionization cross sec
tions within a few percent of the converged values. The asso
ciated radial integrals were obtained with a Simpson's rule 
quadrature. The grid contained 800 points and extended out 
to 64.0 a.u. with a step size of0.01 a.u. from the origin to 2.0 
a.u. Beyond 2.0 a.u. the largest step size was 0.16 a.u. 

RESULTS AND DISCUSSION 

Figure 1 shows the calculated eigenphase sums for the 
ku u continuum for the two ion cores. These multiplet-specif
ic eigenphase sums are quite different. The b 4~g- eigen
phase sum illustrates shape resonance behavior with a rapid 
increase starting at threshold. The B 2~g- eigenphase sum 
also shows shape resonant behavior, but this behavior sug
gests that the discrete oscillator strength distribution below 
this threshold must be perturbed. Studies by Morin et a/. 14 

show significant Rydberg-valence mixing for the low 
members of the npuu series leading to the B 2~g- ion. To 
examine this effect on the discrete spectrum we have calcu
lated the oscillator strengths for the first four members of 
this Rydberg series. The oscillator strengthfn is given by 

fn = 4/9E I (¢(3ug) lzlnuu W. (7) 

The factor of 4/9 is due to the multiplicity of the final state 
ion and E is the excitation energy in a.u. The npuu orbitals 
were obtained using the improved virtual orbital (IVO) ap
proximation 19 with our SCF basis augmented by a set of p 
functions with exponents of 0.1, 0.05, 0.025, 0.001 25, and 
0.000 625 at the molecular center. Figure 2 shows the result
ing oscillator strength in histogram form for the nuu Ryd-
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FIG. 2. Oscillator strength distribution in the discrete and continuous spec
tra for the 3a8 - a" transition. The energy scale is relative to the ionization 
threshold of20.29 eV. 

berg series of the B 2~g- ion and the adjoining kuu contin
uum cross section. The height and width of each step in the 
histogram arefn (dn!dE) and dE !dn, respectively. 20 These 
results show that the uu spectral distribution for the B 2~g
state is strongly perturbed below threshold. Our calculated 
discrete spectrum agrees qualitatively with the results of 
Winstead et a/. 6 obtained with a more extensive basis set. 

In Fig. 3 we show our calculated 3ug photoionization 
cross sections along with those of Winstead et a/.6 leading to 
the b 4~g- (IP = 18.17 eV) and B 2~g- (IP = 20.29 eV) 
ions. The behavior near threshold in the cross sections for 
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FIG. 3. Multiplet-specific cross sections for the b ·~.- and B 2 ~.- states of 
0 2+ :-and - -, present results in the dipole length and velocity forms, re
spectively; - - - Feshbach-Fano Stieltjes moment theory multiplet-specific 
results of Ref. 6. 
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each ion is due to the u u shape resonance seen in the associat
ed eigenphase sums in Fig. I. The weak maximum at higher 
energy in these cross sections arises from the energy depen
dence of the nonresonant k1r u channel. These results show 
significant nonstatistical behavior near threshold, with the 
resonance maximum for the b 4l:g- state at a photoelectron 
energy of about 4 e V and the oscillator strength for the 
B 2l:g- cross section significantly shifted toward threshold. 
This behavior in the oscillator strength leads to a ratio ofthe 
quartet to doublet photoionization cross sections of over 
15:1 just below 25 eV photon energy as shown in Fig. 4. 
These large deviations from statistical behavior are obvious
ly not seen in studies with a multiplet-averaged potential 
which give a resonance position of-3.5 e V above threshold 
for both ions. 7-

10 At higher energies our results are in good 
agreement with these studies7

-
10 and show the expected 2:1 

statistical ratio. 
In Fig. 5 we compare our calculated b 4:Ig- and B 2:Ig

cross sections with the experimental data ofGustaffson. 13 At 
low photoelectron energy, the experimental cross sections 
are dominated by an autoionizing window resonance at - 21 
eV involving Rydberg states leading to the c 4l:u- ion 
(IP = 24.5 eV) 13 and the kuu shape resonant background. 
Higher resolution work shows this autoionizing structure at 
low energy in more detail, 14

•
15 as well as additional structure 

in the b 4.lg- cross section arising from Rydberg levels lead
ing to the B 2:I

8
- ion. 14 In fact, a window resonance appears 

at nearly the same energy as the peak of the shape resonance 
in our calculated b 4 .l

8
- cross section 14 and in the region of 

rapid increase in our calculated B 2:Ig- cross section. 14
•
15 Al

though this autoionizing structure hinders a simple "assign
ment" of the shape resonance feature in the two multiplet 
cross sections, these high resolution studies show relatively 
broad shape resonance features at significantly different 
photoelectron energies for the two ions. The high resolution 
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FIG. 4. Ratio ofthe calculated b ·~.- cross section to the B 1~.- cross sec
tion: - and - -, present results in the dipole length and velocity forms, 
respectively. 
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FIG. 5. Photoionization cross sections for the b ·~.- and B 1~.- states of 
0,+ : - and - -, present results in the dipole length and velocity forms, 
respectively; *• experimental results of Ref. 13 for the b ·~.- state; 0, ex
perimental results of Ref. 13 for the B 1 ~.- state. 

study of Morin eta/. 14 shows a maximum in the cross section 
at 21.5 eV photon energy or about 3.5 eV kinetic energy for 
the b 4l:

8
- ion. The B 2.lg- cross section peaks at about 1 eV 

above threshold. 14
•
15 This can be seen more clearly in Fig. 6 

which shows theB 2.lg- cross section on an expanded energy 
scale near threshold. Assignment of this maximum is hin
dered by the difficulty of obtaining accurate measurements 
at very low photoelectron energies. 15 Clearly, however, there 
is no shape resonant maximum in the B 2:Ig- cross sections 
at 23 eV photon energy, as seen in previous theoretical stud
ies using multiplet-averaged potentials. 7-
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Figure 7 shows our calculated photoelectron asymme-
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FIG. 6. Photoionization cross sections for the B 1~,- state of 0,+ near 
threshold: -, present results (length); - - -, calculated static-exchange vi
brationally averaged results of Ref. 9 using a multiplet-averaged potential; 
0, experimental results of Ref. 13. The dots are the experimental total cross 
sections from Fig. 2 of Ref. 14. The structure at - 23 e V arises from autoion
ization as discussed in Refs. 14 and 15. 
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FIG. 7. Photoelectron asymmetry parameters for the b 4 I,- state ofO,+: 
- and --, present results in the dipole length and velocity forms, respec
tively;---, MSM calculations of Ref. 10 using a multiplet-averaged poten
tial; 0, experimental results of Ref. 21. 

try parameters for the b 4~g- state along with the data of 
Holmes et a/. 21 and the multiple scattering model (MSM) 
calculations of Dittman et a/. 10 using a multiplet-averaged 
potential. Both calculations are in good agreement with ex
periment and show a dip in the asymmetry parameter at 
roughly the resonance position of Fig. 3. In Fig. 8 we com
pare our calculated photoelectron asymmetry parameters 
for the B 2~g- state with the results ofMSM calculations of 
Dittman eta/. 10 With the multiplet-averaged potential used 
in the MSM calculations the B 2~g- asymmetry parameter is 
similar to that of the b 4~g- state. The large differences 
between our results and the multiplet-averaged calculations 
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FIG. 8. Photoelectron asymmetry parameters for the B 1I,- state of 0,+: 
- and - -, present results in the dipole length and velocity forms, respec
tively;---, MSM calculations of Ref. 10 using a multiplet-averaged poten
tial. 

of Dittman eta/. 10 arise primarily from our use of a multi
plet-specific potential and the resulting shift in the oscillator 
strength as discussed above. In Fig. 9 we show our calculated 
photoelectron asymmetry parameters for the b 4~g- and 
B 2~g- states to more clearly illustrate the large predicted 
multiplet-specific differences in /3. Katsumata et a/. 22 have 
reported values of0.58 ± 0.06 and 1.05 ± 0.06 for /3 for the 
b 4~g- (v+ = 0) and B 2~g- (v+ = 1) ions respectively at 
the He I line (21.2 eV). Although these measurements can
not be directly compared to the present vibrationally unre
solved results, they do show the same large qualitative 
differences between the quartet and doublet asymmetry pa
rameters as seen in the present work. Continuum source 
measurements could provide considerable insight into the 
multiplet-specific behavior of these photoelectron angular 
distributions. 

CONCLUSIONS 

We have calculated photoionization cross sections and 
photoelectron angular distributions for the 3ug level of 0 2 

using Hartree-Fock photoelectron orbitals obtained with 
multiplet-specific potentials. These cross sections for the 
b 4~g- and B 2~g- ions show highly nonstatistical behavior 
arising from the sensitivity of the ku u shape resonance to the 
exchange components of the different ion potentials seen by 
the photoelectron. Specifically, the oscillator strength asso
ciated with the u u shape resonance for the B 2~g- ion is shift
ed to lower energy compared to that of the b 4~g- cross sec
tion which peaks at -4 eV above threshold. Our calculated 
cross sections agree well with the multiplet-specific Fesh
bach-Fano Stieltjes moment theory results of Winstead 
et a/.6 Previous theoretical studies using a multiplet-aver
aged potential could not distinguish such differences 
between the doublet and quartet photoelectron orbitals and 
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FIG. 9. Multiplet-specific photoelectron asymmetry parameters (length) 
for the b 4 I,- and B 1 I,- states of 0,+ . 
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hence led to a resonance peak at -3.5 eV photoelectron 
kinetic energy for both ions. 7-

10 Although autoionization 
structure complicates the photoelectron spectrum at low en
ergy, high resolution experimental results do show that the 
uu shape resonance for the B 2:lg- ion appears much closer 
to threshold than that for the b 4 :lg- ion. 14

•
15 These multi

plet-specific effects are also seen in the photoelectron angu
lar distributions where our results show substantial differ
ences from the multiplet-averaged results of Dittman eta!. 10 

for the B 2:lg- ion in the shape resonance region. Continuum 
source measurements of the photoelectron angular distribu
tions for the B 2:lg- ion would provide insight into such mul
tiplet-specific effects. Above the shape resonance region our 
results agree well with previous calculations7

-
10 as well as 

experimental results "-13 and show the expected 2:1 statisti
cal ratio. 
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