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Abstract

The valence shell binding energy spectra and orbital electron momentum profiles of O have been measured by energy2

dispersive multichannel electron momentum spectroscopy at an impact energy of 1200 eVqbinding energy. The effects of
electron correlation on the valence binding energy spectrum are investigated using multi-reference singles and doubles
configuration interaction calculations. The presently reported experimental momentum profiles of O display considerably2

improved statistics compared with previously published EMS results. The measured momentum profiles are compared with
cross sections calculated using both unrestricted and restricted open shell Hartree–Fock methods with basis sets ranging
from minimal to near Hartree–Fock limit in quality. In addition, the effects of correlation and relaxation on the calculated
momentum profiles are investigated using multi-reference singles and doubles configuration interaction calculations of the
full ion-neutral overlap distributions. Electron correlation effects in the ground state are further examined using several
density functional approaches for the momentum profiles. The present EMS measurements and MRSD-CI calculations
clearly show that the binding energy peak at ;27.3 eV has significant contributions from both 4

Sy and 2
Sy processes inu u

contrast to earlier assignments which have attributed this peak to the C 2Sy state alone. Similarly, the binding energy peak atu

33 eV is shown to be due to 2
Sy rather than earlier assignments of 2

P character. q 1998 Elsevier Science B.V. All rightsu u

reserved.

1. Introduction

The electronic structure of the oxygen molecule has been the subject of many theoretical and experimental
studies. This interest is due in part to the great abundance of the molecule and to the important role it plays in

w xliving systems and in atmospheric processes 1 . The open-shell nature of O adds a challenging aspect to2

quantum mechanical calculations that is not present for closed-shell molecules. Experimentally, He I and He II
w x Ž .experiments 2–6 using high-resolution photoelectron spectroscopy PES for the valence shell ionization

w xprocesses of O have been reported up to ;28 eV binding energy. Gardner and Samson 7 extended the2
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valence shell He II PES studies to ;40 eV binding energy and high resolution threshold PES studies using
w x Ž .synchrotron radiation have also been reported 8 . In addition, X-ray photoelectron spectroscopy XPS studies

w x w xup to ;32 9 and ;60 eV 10 have been reported. The full valence shell binding energy spectrum has also
Ž . Ž . w xbeen measured at low resolution 1 eV fwhm by dipole e,2e spectroscopy 11 and by electron momentum

Ž . w xspectroscopy 2 eV fwhm 12 out to ;60 eV.
Ž .Electron momentum spectroscopy EMS with symmetric non-coplanar geometry provides detailed informa-

w xtion on the electronic structures of atoms and molecules 13–16 and in particular measures orbital electron
Ž .densities momentum distributions . In the EMS reaction, the kinematics of the electrons are completely

determined and, under these conditions, the reaction provides two categories of information. Firstly, the binding
energy spectra are obtained over a wide energy range by keeping the energies of the emitted electrons equal and
fixed and varying the incident energy. Secondly, for the transitions giving rise to the peaks in the binding energy
spectrum, the electron momentum distribution for the molecular orbital characteristic of the initial state in the
transition is obtained to within a close approximation by measuring the EMS cross-section at a fixed binding
energy e as a function of the azimuthal angle f between the detectors for the two emitted electrons.
Consequently, the EMS technique provides stringent tests for quantum chemical calculations at the Hartree–Fock
Ž . Ž . Ž .HF , configuration interaction CI and density functional theory DFT levels. In addition, the EMS technique

Ž .is particularly sensitive to the chemically important outer spatial low momentum regions of the electron
w xdensity in the molecule 14 .

w xThe first reported study of O by EMS was the early single channel experimental work of Suzuki et al. 122

in which valence electron momentum distributions corresponding to the major features in the binding energy
spectrum up to 60 eV were obtained. While no calculated binding energy spectra or theoretical momentum

w xprofiles were reported in that work 12 , experimental momentum profiles were obtained for binding energies up
to 60 eV. In some cases, the experimental momentum profiles corresponding to the production of the individual
quartet and doublet ion states arising from ionization of the same orbital were obtained. The a4P and A2Pu u

ion states were difficult to deconvolute because of the limited statistics even with the higher energy resolution
Ž .1.2 eV fwhm available at impact energies of 400 eV. In addition, the 1p ionization satellite peak at 23.7 eVu

could not be resolved from the nearby c4Sy state. On the basis of the shapes of the observed momentumu

profiles, the peaks at 39 and 47 eV were assigned to 4
Sy and 2

Sy ion states from 2s ionization although nog g g

accounting for the total 2s pole strength and the high binding energy region out to 60 eV was made. A furtherg
w xlimitation was the statistical precision of the data due to low instrumental sensitivities 12 . In particular, the

2 y w xmomentum profiles corresponding to the C S and 33.0 eV final ion states showed large scatter 12 .u
w xSubsequent EMS work on O by Tossell et al. 17 presented both experimental and theoretical momentum2

profiles for the five valence orbitals of O but no binding energy spectra were reported. However, although the2

shapes of the observed momentum profiles agreed qualitatively with theory, the calculations used very limited
w xbasis set size 17 . Very limited statistics were also apparent and the momentum profiles corresponding to

w xindividual quartet and doublet states were not resolved 17 .
The binding energy spectra of oxygen are more complex than for closed-shell cases because of the presence

of both quartet and doublet final ion states which make the deconvolution and interpretation of the spectra more
difficult. The ability of theory to predict the relative intensity of the quartet and doublet ion states in the EMS

Ž .spectrum of oxygen or other open-shell molecules and their corresponding momentum profiles has not been
investigated.

The initial orbital origin of the peak in the 33 eV region of the O binding energy spectrum has been the2
w xsubject of considerable dispute. Gardner and Samson 7 did not include this energy region in their experiment

w xwhile the XPS study of Siegbahn et al. 10 attributed the 33 eV peak to shake-up or more likely characteristic
Ž . w xenergy losses. The fact that the peak was observed at a comparable intensity in dipole e,2e work 11 , which

w xwas done at much lower pressure than the XPS study 10 , suggested that energy losses undergone by ejected
photoelectrons could be ruled out and that the peak at 33 eV was more likely due to final ion states arising from

w x 2shake-up mechanisms. The propagator techniques used by Cederbaum and Domcke 18 calculated all of the Pu
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w x 2intensity to be at energies F27.3 eV while Dixon and Hull 19 predicted all the P intensity to be at F22.7u
w x 2eV. Other theory by Honjou et al. 20,21 , using configuration interaction wavefunctions placed all of the Pu

2 y Žintensity at energies F24.3 eV and predicted that the peak at 33.0 eV was mainly due to S and to a lesseru
. 2 y w xextent S poles. The multiconfigurational electron propagator calculations of Yeager and co-workers 22,23g

predicted that almost all the intensity due to ionization of a 1p electron is below 24.56 eV and also indicatedu
2 y ¨ w xthat a transition at ;34.7 eV is due to a S state. The electron propagator techniques by Purvis and Ohrn 24u

w xdid not predict any poles in the 33 eV region. Gerwer et al. 25 suggested that the 33 eV peak be assigned as
2
P since this led to reasonable agreement between their calculated total electronic ion state cross-sections foru

Ž .y1 Ž . w xformation of 1p ions and those obtained by measurements using dipole e,2e spectroscopy 11 as well asu
w x w xHe I PES experiments using a many line light source 26 . However, many corrections were required 25 for

unresolved experimental final ion state cross-sections and the agreement between theory and experiment was
only moderately good. On the basis of the observed p-type momentum profile and peak area arguments, Suzuki

w x 2et al. 12 suggested that the peak at 33 eV was due to a P satellite associated with the 1p ionization process.u u
w x 4 y 2 yHowever, this assignment 12 was not definitive since poles from 2s ionization with c S or C S parentu u u

final ion states would also have p-type momentum distributions similar to those from poles corresponding to 2
Pu

w xionic states. No momentum profiles were reported for the 33 eV region in the EMS work of Tossell et al. 17 .
The above history indicates that improved experimental and more detailed theoretical investigations of O2

w xare desirable. In the intervening years since the previous EMS studies on O 12,17 large improvements in2
w xsensitivity have been achieved with the development of multichannel EMS spectrometers 27–29 . In addition, a

range of much more sophisticated calculation methods using large basis sets are now possible with current
w xcomputing devices. Recent work on open shell molecules in this laboratory 30 has presented more detailed

Ž .theoretical calculations and multichannel EMS experimental work for the outermost HOMO orbital of O as2

well as for NO and NO . The present work now reports multichannel energy dispersive electron momentum2

spectroscopy measurements of all valence orbital momentum profiles and complete valence shell binding energy
Ž .spectra up to 59 eV for O with improved statistical precision compared with previous work. The comparison2

of theoretical intensities to the experimental EMS binding energy spectrum and the subsequent theoretical
modelling of the measured momentum profile intensities has also been carried out using a range of computa-
tional methods and basis sets. The EMS binding energy spectra including the more complex inner valence
region are compared with the results of a new multi-reference singles and doubles configuration interaction
Ž .MRSD-CI calculation of the ionic states using very large basis sets. The measured orbital momentum profiles
are compared with a variety of Hartree–Fock treatments ranging from a minimal STO-3G basis to near

Ž .Hartree–Fock limit quality basis sets including a 168 contracted Gaussian type orbital 168-GTO calculation
Ž .developed in the course of the present collaborative work. Both the unrestricted Hartree–Fock UHF and

Ž .restricted open-shell Hartree–Fock ROHF methods have been used to calculate momentum profiles in the
present work. In addition, the effects of correlation and electronic relaxation on all of the valence orbital

Ž Ž ..momentum profiles are also investigated with new MRSD-CI overlap calculations 168-G CI . In the case of
Ž2 . Ž . w xthe outermost 1p orbital P final ion state an averaged coupled-pair functional ACPF 31 calculationg g

using the 168-GTO basis is also reported. Many-electron effects on all O momentum profiles are further2

investigated with density functional methods, using the target Kohn–Sham approximation of the EMS
w x Ž .cross-section 29,30,32–39 with local and non-local gradient corrected functionals.

In the present work, careful attention has also been given to obtaining individual experimental momentum
profile measurements corresponding to the separate quartet and doublet final ion state exit channels arising from
a common initial orbital origin. Experimental momentum profiles are provided for all of the orbital ionizations

2 4 2 4 y 2 y 2 Ž . 4 y 2 yleading to the X P , a P , A P , b S , B S , P 3 , c S and C S final ion states as well as for the peakg u u g g u u u
Ž4 y 2 y .at 33 eV. The inner valence 2s ionization S and S final ion states pole strengths have been studied byg g g

an analysis of the binding energy and momentum profiles for the high energy 36–59 eV region. The comparison
of the calculated momentum profiles with individual experimental momentum profiles has been used to

2 2 Ž .determine pole strengths for the 1p ionization peaks corresponding to the A P parent state and the P 3u u u
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Ž .satellite state 23.7 eV and these pole strengths have been compared with previously published experimental
w x w x 4 y 2 y3,12 and theoretical 18–25 results. In a similar way, pole strengths for production of the c S and C Su u

states from 2s ionization have also been determined. An assignment of the peak at 33 eV in the bindingu

energy spectra is provided by an analysis of the measured EMS and calculated MRSD-CI binding energy
Ž .y1 Ž .y1spectra and the pole strengths in the 1p and 2s manifolds.u u

2. Experimental method

The symmetric non-coplanar energy dispersive multichannel EMS spectrometer has been described in detail
w x Ž y5 .29 and thus only a brief description will be given here. The gas-phase target molecules ;10 Torr are

Ž .ionized by impact with a high energy electron beam E s1200 eVqbinding energy . The outgoing electrons0
Ž .scattered and ionized are electron optically retarded to 50 eV, selected energetically by electrostatic analyzers
and detected in coincidence.

In the symmetric non-coplanar scattering geometry, the two outgoing electrons are selected to have equal
Ž .polar angles u su s458 relative to the forward scattered electron beam. Each electron energy analyzer1 2

accepts a range of kinetic energies from 596 to 604 eV simultaneously, but only those coincident electron pairs
w x Ž .with summed energies in the range of 1200"3.5 eV are recorded 29 . The relative azimuthal out of plane

angle f between the two outgoing electrons is variable over the range of 08 to "308. Under these high impact
Ž .energy and high momentum transfer conditions, the plane wave impulse approximation PWIA provides a good

w xdescription of the collision 15 and the ionized electron essentially undergoes a clean ‘knock-out’ collision. In
the PWIA, the momentum p of the ejected electron prior to knock-out is related to the azimuthal angle by
w x13,15 :

1r222ps 2 p cos u yp q 2 p sin u sin fr2 1Ž . Ž . Ž .Ž .1 1 0 1 1

where p sp s 2 E is the magnitude of the momentum of each outgoing electron and p s 2 E is the( (1 2 1 0 0
Ž .momentum of the incident electron both in atomic units .

Ž .In EMS the individual orbitals are selected according to their binding or ionization energies. With the
Ž .multichannel energy dispersive spectrometer used in the present work, binding energy spectra BES are

collected at a series of azimuthal angles f. Momentum distributions as a function of angle are obtained by
deconvolution of these binding energy spectra using Gaussian functions located at each ionization energy in the
BES. The widths of the Gaussian functions can be determined from a consideration of published PES vibronic

Ž .manifolds and the instrumental energy resolution function 1.5 eV fwhm . For each ionization process, the area
Ž .of the fitted peak or the integral of the spectral region, where appropriate is plotted as a function of momentum

Ž Ž ..calculated from f using Eq. 1 . The set of areas as a function of momentum for a specific binding energy is
Ž .referred to as an experimental momentum profile XMP . All multichannel measurements in the present work

w xwere obtained using the ‘binning’ mode 29 . The O sample was obtained from Medigas gas products and was2

of )99.0% purity. No impurities were observed in any of the spectra.

3. Theory

3.1. Cross-sections calculated using spin unrestricted open shell EMS theory

Ž .The EMS binary e,2e differential cross-section per electron in the PWIA for randomly oriented gas-phase
w xmolecules is given by 13–15,37 :

22 Ny1 N<² < : <s A S H pC C dV 2Ž .ÝEMS f f i
f



( )J. Rolke et al.rChemical Physics 230 1998 153–186 157

< Ny1: < N :where p is the momentum of the target electron state prior to knockout and C and C are the totalf i
Ž .electronic wavefunctions for the final ion state and the target molecule ground initial state respectively. It

Ž . 2should also be noted that Eq. 2 involves both initial and final state correlation and the quantity S is asf
w x Ž .defined in Ref. 37 . The overlap of the ion and neutral wavefunctions in Eq. 2 is known as the Dyson orbital

<² Ny1 < N : < 2while the square of this quantity is pC C and is referred to as an ion-neutral overlap distributionf i
Ž .OVD . Thus, the EMS cross section is essentially proportional to sums of spherical averages of the squares of
the Dyson orbitals in momentum space. This generalized formulation of the EMS cross-section is useful when
using many-body calculations for the initial and final wavefunctions, such as configuration interaction

w x Ž .treatments 14,15,37,40 . The summation in Eq. 2 is over all degenerate final state wavefunctions correspond-
ing to the same experimental binding energy. This formulation with the summation is appropriate for
unrestricted open shell calculations for systems such as O .2

Ž . Ž .Eq. 2 is greatly simplified by using the Target Hartree–Fock approximation THFA . Within the THFA,
Ž . w x < Ny1: < N :only final ion state correlation is allowed 37 and the many-body wavefunctions C and C aref f

approximated as independent particle determinants of ground state target Hartree–Fock orbitals. In the THFA,
2 f w x fS sS , as can be seen from Ref. 37 . The quantity S is called the spectroscopic factor and is the probabilityf j j

Ž .y1 < Ny1:of the ionization event producing a C one-hole configuration of the final ion state, C . The ion state isj f
Ž .then dominated by a single hole in only one orbital and Eq. 2 can be simplified to:

2 2f f< < < <s A S H c p a dVq S H c p b dV 3Ž . Ž . Ž .Ý ÝEMS j j j j
f f

Ž .where c p is the one-electron momentum space canonical Hartree–Fock orbital wavefunction for the jthj
Ž .electron, corresponding to the orbital from which the electron was ionized. The quantity c p is the Fourierj

Ž . Ž .transform of the more familiar one-electron position space orbital wavefunction c r . The integrals in Eq. 3j
Ž .are known as the spherically averaged one-electron momentum distributions MDs .

Ž . w xEq. 2 may also be re-interpreted in the context of Kohn–Sham density functional theory 33,34 . The Target
Ž . Ž .Kohn–Sham Approximation TKSA gives a result similar to Eq. 3 in which the canonical Hartree–Fock

KSŽ .orbital is replaced by a momentum space Kohn–Sham orbital c p :j

2 2K S K S< < < <s A H c p a dVq H c p b dV 4Ž . Ž . Ž .Ý ÝEMS j j
f f

It should be noted that some accounting of electron correlation effects in the target ground state is included in
the TKSA via the exchange correlation potential. A more detailed description of the TKSA-DFT method may be

w xfound elsewhere 33,34 . The TKSA approach has been compared with near Hartree–Fock limit and MRSD-CI
overlap calculations and EMS measurements for the experimental momentum profiles of a number of small

w x w xmolecules 30,33,37 including HOMOs of O , NO and NO 30 as well as to large molecules2 2
w x29,32,35,36,38,39 .

Ž . Ž .To compare the cross-sections calculated as a function of momentum using Eqs. 2 – 4 above with the
Žmeasured XMPs, the effects of the finite spectrometer acceptance angles in both u and f Dus"0.68 and

.Dfs"1.28 must be included in the TMPs. This is achieved in the present work using the Gaussian-weighted
w x Ž Ž ..planar grid method of Duffy et al. 41 . After momentum resolution folding, the OVD Eq. 2 or the MDs

Ž Ž . Ž .. Ž .Eqs. 3 and 4 are referred to as theoretical momentum profiles TMPs .
Ž . Ž .The specific forms of Eqs. 2 – 4 above have been determined in the present work for spin-unrestricted

Ž Ž ..descriptions of the electronic structure of O see Appendix A for the case of the THFA form of Eq. 3 . In the2
Ž 2 q.case of the HOMO of O only an a electron may be ionized to give the P state of O so that the2 g 2

Ž Ž . Ž . Ž .calculation is straightforward i.e. Eq. 2 has only one term and Eqs. 3 and 4 retain only the term involving
Ž . KSŽ . .c p a or c p a , respectively . In addition, it should be remembered that the resulting cross-section for thej j

ŽHOMO is per electron i.e. in the case of the doubly occupied HOMO of O the relative cross-section must be2
.doubled .
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Ž .The situation is rather different if an orbital other than the 1p HOMO orbital is ionized. In cases where ag

quartet final ion state is produced, then the ion state spin eigenfunction must result in a total spin of 3r2 2. One
Ž . Ž . Ž .possible spin eigenfunction corresponds to the a 1 a 2 a 3 configuration for the three unpaired electrons in

the ion. In this case it can be said that a c b electron ionization process from the orbital of interest contributesj

to the spin unrestricted TMP corresponding to the quartet ion state. However, as shown in Appendix A, a spin
eigenfunction with total spin of 3r2 can also be constructed from a particular linear combination of the
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .a 1 a 2 b 3 , a 1 b 2 a 3 and b 1 a 2 a 3 electron configurations for the ion. Thus, c a electronj

ionization from the orbital of interest also makes a contribution to the spin-unrestricted TMP corresponding to
the quartet final ion state. The relative contributions of these c b and c a electron ionizations to the spinj j

Ž .unrestricted TMPs corresponding to a quartet ion state of O are 1 and 1r3, respectively see Appendix A .2
Ž .Similarly, for ionization from an orbital other than the HOMO producing a doublet final ion state, the ion state

spin eigenfunctions must involve a total spin of 1r2. The ion state spin eigenfunction corresponds to a linear
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .combination of a 1 a 2 b 3 , a 1 b 2 a 3 and b 1 a 2 a 3 electron configurations only and therefore it

can be said that only c a electron ionization from the orbital of interest contributes to the TMP correspondingj
Ž .to a doublet final ion state with a relative contribution of 2r3 see Appendix A . Finally, the relative

Ž .cross-sections for quartet and doublet other than the HOMO states must also allow for the double occupancies
and respective degeneracies of the orbitals being ionized.

3.2. Cross-sections calculated using spin restricted open shell EMS theory

Ž .For spin restricted treatments of open shell systems such as O the summation per electron in Eq. 2 is2
Ž .simply replaced by a multiplicative factor F equal to the relative intensity see Appendix A . It should be noted

that the factor F already includes the degeneracy and occupancy of the respective initial orbitals. Thus, the
relative EMS cross-section can be written as:

2 <² Ny1 < N : < 2s AFS H pC C dV 5Ž .EMS f f i

Ž .Using the THFA described above in Section 3.1, Eq. 5 simplifies to the following expression for spin
Ž .restricted open shell Hartree–Fock orbitals c p :j

f < < 2s AFS H c p dV 6Ž . Ž .EMS j j

Ž . Ž .Likewise, Eq. 5 simplifies within the TKSA described above in Section 3.1 to the following expression
KS Ž .involving spin restricted open shell Kohn–Sham orbitals c p :j

< KS < 2s AFH c p dV 7Ž . Ž .EMS j

The same considerations regarding instrumental angular resolution effects described in Section 3.1 must also
be taken into account before comparison of the spin restricted open shell calculations to experiment. The OVDs

Ž . Ž . Ž .in Eq. 5 or MDs in Eqs. 6 and 7 are referred to as TMPs after momentum resolution folding.
In the spin restricted case, the relative intensity F for a given ion state with total spin S is proportional to the

Ž .product of the spin degeneracy factor P equal to 2Sq1 and orbital factor P equal to the orbitalspin orbit
w xdegeneracy of the ion state as has been pointed out in earlier photoelectron spectroscopy studies 42–44 :

FAP P 8Ž .spin orbit

It should also be noted that where several states arise from ionization of an orbital of an open-shell molecule
Ž .e.g. doublets and quartets for O , the sum of the F factors associated with the various final ion states arising2

2 It should be noted that in practice spin contamination can occur to varying extents in spin unrestricted treatments, see Section 4.1 below.
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Ž . w xfrom a given orbital ionization must equal the number of electrons occupancy in that orbital 44 . This allows
the intensities of the TMPs arising from ionization from the various orbitals of O to be placed on a common2

scale. Thus, in constructing the spin-restricted TMPs corresponding to the 2
P , 4

P , 2
P , 4

Sy, 2
Sy, 4

Sy and 2
Sy

g u u g g u u

final ion states of O the relative intensity factors F of 2, 8r3, 4r3, 4r3, 2r3, 4r3 and 2r3, respectively, are2

used to put the TMPs on a common relative intensity scale.

4. Calculations

4.1. Hartree–Fock calculations

Spherically averaged theoretical momentum profiles have been calculated for the orbitals of O using several2
Žbasis sets of varying quality within the plane wave impulse and the target Hartree–Fock approximations via Eq.

Ž . Ž .. Ž . Ž .3 or Eq. 6 . Both the UHF see Section 3.1 and ROHF see Section 3.2 methods have been used for all
Ž .basis sets. The instrumental angular momentum resolution was included in the calculations using the

w xGaussian-weighted planar grid method 41 . Various other calculated and experimental electronic properties are
w xlisted in Table 1. The experimentally derived equilibrium geometry for O from Ref. 45 was used in the2

STO-3G-U, STO-3G-R, 6-311qG )-U, 6-311qG )-R, AUG5-U and AUG5-R calculations while the 168-U
w xand 168-R calculations used the experimentally derived equilibrium geometry for O from Ref. 46 .2

When considering the properties in Table 1, it should be noted that the UHF methods and ROHF methods
give different values for the total energy and spin contamination. The highest orbital is partially filled in ROHF

w x Ž .theory while all other electrons are spin-paired 50,51 i.e. the a ,b pairs have the same spatial orbital so that
ROHF calculations modify the closed-shell Hartree–Fock Hamiltonian only in the terms involving the unfilled
outermost orbital. The UHF method, however, treats the effects of the unpaired electron on the a and b spin

Žmanifolds differently and thus assigns different spatial orbitals to all a and b electrons i.e. two determinants
are solved in the UHF method, one yielding a set of a molecular orbitals and the other yielding a set of b

.molecular orbitals, each with a possible occupancy of one . The increased flexibility of the UHF method causes
the UHF total energy for a given molecule and basis set to be generally lower than the ROHF total energy.

w xHowever, spin contamination can be problematic for UHF wavefunctions 50,51 and thus UHF wavefunctions
ˆ2are not true eigenfunctions of the total spin operator S . A measure of the spin contamination is found by

ˆ2 ˆ2² :calculation of the expectation value of S . The value of S is 2.0 for O when no spin contamination is2

present and it can be seen that all the UHF calculations in Table 1 this value is exceeded due to interference
from states of higher multiplicity. Spin contamination does not arise in the ROHF method and thus all ROHF

ˆ2² :calculations give an S value for O of exactly 2.0. A large amount of spin-contamination in any2

wavefunction may cause inaccuracy in computed properties, but the spin contamination of the UHF wavefunc-
Ž .tions in Table 1 is reasonably small -3% .

Further details of the Hartree–Fock calculation methods and basis sets are described below. The total number
Ž .of contracted Gaussian-type orbital functions CGTO used is also given. All calculations with the STO-3G,

) Ž .6-311qG and AUG5 basis sets described below were done at the University of British Columbia with the
Gaussian 92 program while the calculations with the 168-GTO basis set were done at Indiana University with
the MELD program. Those calculations employing the UHF method have the ‘-U’ extension added to the basis
set symbol while the ‘-R’ extension indicates the ROHF method.

( ) ( )4.1.1. 1u STO-3G-U and 1r STO-3G-R
Ž .These calculations employed a minimal basis set effectively single zeta . Each function is a contraction of
Ž . w xthree Gaussian functions. The oxygen atoms have a 6s,3p r 2s1p contraction and thus 10 CGTO are used for

w xO . This basis was designed by Pople and co-workers 52 .2
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Table 1
Calculated and experimental properties for O X 3Sy

2 g

a 2 b 2 c dˆŽ . ² : Ž . ² : Ž . Ž .Basis set and calculation method Total energy hartree S Q au r au p auezz max

Hartree – Fock calculations
1u STO-3G-U y147.634 2.0034 y0.9307 40.652 1.36
1r STO-3G-R y147.632 2.0000 y0.9258 40.649 1.36

)2u 6-311qG -U y149.660 2.0488 y0.4304 43.744 1.10
)2r 6-311qG -R y149.638 2.0000 y0.4708 43.673 1.07

3u AUG5-U y149.686 2.0488 y0.1574 43.446 1.07
3r AUG5-R y149.663 2.0000 y0.2304 43.385 1.05
4u 168-U y149.691 2.0484 y0.2178 43.446 1.07
4r 168-R y149.667 2.0000 y0.2768 43.386 1.05

Post-Hartree – Fock calculations
4c 168-CI y150.133 2.0000 y0.2766 43.337 1.03
4a 168-ACPF y150.146 2.0000 y0.2716 43.410 1.03

eDFT calculations
3l AUG5-L y149.338 – y0.3259 43.878 0.96
3p AUG5-P y150.547 – y0.3390 43.924 0.95
3b AUG5-BP y150.418 – y0.3224 43.708 0.98

f g h iExperimental y150.326 y0.29 44.4"0.2 1.0

a ˚ Ž . w xCalculations performed at the experimental equilibrium bond length of 1.20748 A 2.28181 au , Ref. 45 with the exception of the 168-U,
˚ Ž .168-R, 168-CI and 168-ACPF calculations which were performed at the experimental equilibrium bond length of 1.20752 A 2.28189 au ,

w xRef. 46 .
b Ž .² Ž 2 2 .:The quadrupole moment is defined as Q s 1r2 Ýq 3 z y r , summing over all nuclei and electrons. Calculated quadrupolez z i i i

moments are for a non-relativistic, non-vibrating, non-rotating molecule.
c ² 2: ² 2:The electronic spatial extent is defined as r s Ýr , summing over all electrons.e i
d Ž .The p corresponds to the value of momentum where the intensity of the momentum profile is at a maximum see Fig. 4a and b .max
e The total energy from Kohn–Sham DFT has been suggested to be in error because of shifted orbital energies relative to ionization

w xpotentials from Dyson’s equation 33 . See also Section 4.3.
f The ‘experimental’ total energy is the estimated non-relativistic, non-vibrating, infinite nuclear mass total energy. Total energy obtained by

w x w x w xadding the atomic energies from Ref. 47 to the D values from Ref. 46 plus the zero point energy from the frequencies in Ref. 46 .0
g w xRecommended value from Ref. 48 .
h w xRef. 49 .
i Present work.

( ) ) ( ) )4.1.2. 2u 6-311qG -U and 2r 6-311qG -R
w xThese calculations used an augmented version of the 6-311G basis of Pople and co-workers 53 . The

) w x6-311qG basis is formed by augmenting the 6-311G with diffuse s- and p-functions 54 and spherical d-type
w x Ž . w xpolarization functions 55 on the oxygen atoms to produce a 12s,6p,1d r 5s,4p,1d contraction per atom. A

total of 44 CGTO are employed for O .2

( ) ( )4.1.3. 3u AUG5-U and 3r AUG5-R
w xThe basis set for these calculations was taken from the work of Dunning et al. 56–59 . The AUG5 basis set

used in the present work is actually a truncated form of Dunning’s aug-cc-pV5Z basis set in which all f-, g- and
h-functions have been removed. This truncation was adopted to provide compatibility with the density

Ž .functional calculations since the DFT program deMon cannot handle the higher l functions in its present form.
Ž . w xThus, the AUG5 consists of a 33s,13p,5d r 7s,6p,5d contraction per atom. In addition, the d functions have

been changed from spherical to Cartesian so that the Hartree–Fock results from this basis set can be directly
compared with the DFT results from this basis. Thus, a total of 110 CGTO are used for O .2
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( ) ( )4.1.4. 4u 168-U and 4r 168-R
Ž . w xThe 168 CGTO basis set developed in the present work has a 19s,14p,3d,2f,1g r 7s,8p,3d,2f,1g contraction

Ž . w x Ž .per atom. The primary 19s,14p functions are taken from Partridge 60 , while the 3d,2f,1g polarization
w xfunctions are from Dunning 56 . The first fourteen s functions were contracted into two s functions using the

first fourteen 1s and 2s atomic orbital coefficients. Similarly, the first seven p functions are contracted into one
p function using the first seven 2p atomic orbital coefficients. This contracted basis set is further augmented by

yŽ 2 . w xadditional diffuse s and p functions from Partridge’s supplementary functions for O P 60 . All components
of the d, f and g functions are kept in the calculations.

4.2. MRSD-CI and ACPF calculations

( ) ( )4.2.1. 4c 168-CI and 4a 168-ACPF
Ž .The near Hartree–Fock limit 168-R calculation described above in Section 4.1 for calculations 4u and 4r

Žwas chosen as the initial reference calculation thus all present CI calculations use the restricted open shell
. Žformulation . The frozen-core, multi-reference singles and doubles excitations configuration interaction MRSD-

. Ž . w x ŽCI and average coupled-pair functional ACPF 31 calculations were then performed at Indiana University
.with the MELD program on both the neutral molecules and cation radicals with the neutral symmetry restricted

w xROHF K-orbitals 61 . The full ion-neutral overlap distributions were then calculated in the plane wave impulse
Ž .approximation of the EMS cross-section via Eq. 5 to investigate the role of electron correlation and relaxation
Ž .effects on the TMPs. The instrumental angular momentum resolution was included in the TMPs using the

w xGaussian-weighted planar grid method 41 . Various other electronic properties from these calculations are listed
w xin Table 1. The experimentally derived equilibrium geometry for O 46 was used in both calculations.2

4.3. DFT calculations

( ) ( ) ( )4.3.1. 3l AUG5-L, 3p AUG5-P and 3b AUG5-BP
w xThe three density functional calculations were carried out using the deMon program 62,63 and the large

Ž .AUG5 orbital basis set described above in Section 4.1 for calculations 3u and 3r at the experimental
w xequilibrium geometry 45 . All calculations used a random extra-fine grid and the energy convergence was set at

10y7 hartree. The auxiliary basis set for fitting the charge density and exchange-correlation potential was the
Ž . w xO 5,4;5,4 from the deMon program 62,63 . The AUG5-L calculation employs the local density approximation

w xfunctional of Vosko et al. 64 while the AUG5-P calculation uses the gradient corrected correlation functional
w xof Perdew and Wang 65,66 . The AUG5-BP uses a combination of the correlation functional of Perdew and

w x w xWang 65,66 and the exchange functional Becke 67 . The spin unrestricted Kohn–Sham orbitals have been
extracted from the result and the TMPs have been calculated using the spin unrestricted TKSA equation for the

Ž Ž .. w xEMS cross-section Eq. 4 . The instrumental angular resolution effects 41 were also incorporated into the
TMPs. Various other electronic properties from the DFT calculations are listed in Table 1. However, it should
be noted that the use of inexact functionals in practical DFT calculations causes the total energies to differ from

w xthe exact result 33 and thus the DFT total energies in Table 1 are not readily comparable to those from
Hartree–Fock methods, CI and ACPF. In addition, while the DFT calculations reported in the present work use

ˆ2² :the spin unrestricted open shell formulation and thus contain some degree of spin contamination, the S
Žvalues are not tabulated in Table 1 because the deMon program does not compute this expectation value see

.Section 4.1 for a discussion on spin contamination .
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5. Results and discussion

5.1. Binding energy spectra

Ž .Oxygen belongs to the D point group and its open-shell ground state valence shell electronic configura-`h

tion in the Hartree–Fock approximation is

2 2 2 4 2 3 y2s 2s 3s 1p 1p X S 9Ž .g u g u g g

inner valence outer valence

Removal of an electron from the valence orbitals gives the following experimentally reported Oq ionic states2
w x2–10 :

configuration ionic state
2 2 2 4 1 22s 2s 3s 1p 1p X Pg u g u g g

2 2 2 3 2 4 2 22s 2s 3s 1p 1p a P , A P , P 3Ž .g u g u g u u u

10Ž .2 2 1 4 2 4 y 2 y2s 2s 3s 1p 1p b S , B Sg u g u g g g

2 1 2 4 2 4 y 2 y2s 2s 3s 1p 1p c S ,C Sg u g u g u u

41 2 2 4 2 y 2 y 4 y 2 y2s 2s 3s 1p 1p S , S , S 2 , S 2Ž . Ž .g u g u g g g g g

Ž .In addition, a satellite peak of disputed origin has been observed at 33.0 eV labelled Q in the present work .
The X 2P ground ionic state from 1p ionization has a vertical ionization potential of 12.30 eV and is wellg g

w xresolved in the measured photoelectron spectra 2–7 . The valence shell ionization potentials reported in the
Ž . Ž . w x w x w xHe I and He II studies of Edqvist et al. 3 and Baltzer et al. 6 and the XPS results of Siegbahn et al. 10 are

w xpresented in Table 2. Results from the earlier EMS study of Suzuki et al. 12 are also shown in Table 2.
Ionization from orbitals other than the 1p HOMO results in an ion with three singly occupied orbitals andg

Table 2
Experimental ionization energies and peak widthsa for O2

b bOrbital origin Final ion state Vertical ionization energies Peak width
c dw x w x w x w xPES 3 PES 6 XPS 10 EMS 12 EMS this work EMS this work

21p X P 12.30 12.31 13.1 12.5 12.30 0.80g g
41p a P 16.70 16.70 17.0 16.8 16.7 1.00u u
21p A P 17.73 17.64 16.8 17.5 0.90u u
4 y3s b S 18.17 18.17 18.8 18.1 18.2 0.52g g
2 y3s B S 20.43 20.30 21.1 20.3 20.3 0.70g g

2 Ž .1p P 3 24.0 23.9 23.7 23.7 1.50u u
4 y2s c S 24.58 24.56 25.3 24.5 24.5 0.40u u

2 yŽ .2s P, C S 27.3 27.9 27.5 27.4 2.40u u

Q 33.6 32.5 33.0 1.40
4 y2s S 39.6 39 38.9 2.25g g
2 y2s S 41.6 39 40.9 2.00g g
4 y Ž .2s S 2 46 47 45.2 3.00g g
2 y Ž .2s S 2 48 47 48.4 3.00g g

a All ionization energies and peak widths are in eV.
b w xAssignments from Refs. 3,4,6,10,12 with the exception of the peak at 33.0 eV which has been labelled Q in the present work.
c Energy position of the maximum of the Gaussian function width for this final ion state used in the deconvolution procedure.
d Natural half-width of the Gaussian function for this final ion state used in the deconvolution procedure.
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thus both quartet and doublet ion states are observed. Ionization of the 1p orbital gives the a4P state at 16.7u u
2 2 Ž . w x 2 Ž .eV, the parent A P state at 17.6 eV and a higher energy P 3 pole at 23.9 eV 6 . The presence of a P 2u u u

w x 2 Ž .pole of very low intensity is predicted to be at ;20 eV by theory 18,19,22,23 . This weak P 2 pole has notu
w xbeen identified experimentally 2–7 . It should be noted that other notation systems have been used for the

2 Ž . w x 2 Ž .predicted P 2 pole at ;20 eV 18,19,22,23 and the experimentally observed P 3 pole at ;23.7 eV.u u
w x 2 2Baltzer et al. 6 employed a similar notation of 2 P and 3 P for these states, respectively, while Suzuki etu u

w x 2 Ž .al. 12 chose to ignore the predicted pole at ;20 eV and instead applied the notation P 2 to theiru
w xexperimentally observed pole at 23.7 eV. Suzuki et al. 12 also assigned the peak at ;33 eV in the EMS

2 Ž .binding energy spectrum to 1p ionization and labelled the final ion state of this peak as P 3 . In the presentu u

work, we label the peak at 33 eV simply as Q and discuss its possible orbital origin on the basis of the present
experimental results and calculations in Section 5.2.4.

Table 3
Ž . qMRSD-CI states and intensities pole strengths for O2

2 a 2 b2 Ž . Ž . Ž . Ž .State Energy au Energy eV S 1.23=S Excitation Coefficientf f

y y1Ž .S y149.3924 20.53 0.807 0.993 3s 0.91g g
y1 y1 1Ž . Ž . Ž .y148.9729 31.94 0.039 0.048 p p 3s 0.82u g u
y1 y1 1Ž . Ž . Ž .y148.9360 32.94 0.020 0.025 p 2s p 0.80u u g

y1 y2 2Ž . Ž . Ž .y148.9023 33.86 0.053 0.065 3s p p 0.63g u g
y1 y1 1Ž . Ž . Ž .p 2s p 0.53u u g

y1 y2 2Ž . Ž . Ž .y148.6451 40.86 0.182 0.224 3s p p 0.49g u g
y1 1 y1 1Ž . Ž . Ž . Ž .2s 2s p p 0.52g u u g
y1Ž .2s 0.45g

2 y y1 y1 1Ž . Ž . Ž .S y149.2367 24.76 0.059 0.039 3s 1p 1p 0.91u g u g
y1 y1 1Ž . Ž . Ž .y149.1290 27.69 0.270 0.332 3s 1p 1p 0.74g u g
y1Ž .2s 0.55u
y1Ž .y148.9011 33.89 0.375 0.461 2s 0.61u
y1 y1 1Ž . Ž . Ž .3s 1p 1p 0.52g u g
y2 1Ž . Ž .y148.7611 37.70 0.029 0.036 1p 3s 0.89u u

4 y y1Ž .S y149.2387 24.71 0.652 0.802 2s 0.84u u
y1 y1 1Ž . Ž . Ž .y149.1007 28.46 0.102 0.125 3s 1p 1p 0.77g u g
y2 1Ž . Ž .y148.6945 39.52 0.025 0.031 3s 3s 0.71g u

Ž .y2 Ž .y1 Ž .2y148.5913 42.32 0.006 0.007 1p 2s 1p 0.82u u g

4 y y1Ž .S y149.4768 18.23 0.853 1.049 3s 0.92g g
y1 y1 1Ž . Ž . Ž .y149.0655 29.42 0.019 0.023 p p 3s 0.86u g u
y1 y1 1Ž . Ž . Ž .y148.7941 36.81 0.009 0.011 p 2s p 0.66u u g

y1 y2 2Ž . Ž . Ž .3s p p 0.48g u g
y1Ž .y148.6705 40.17 0.773 0.951 2s 0.85g

2 y1Ž .P y149.6947 12.30 0.815 1.002 1p 0.91g g
y2 1Ž . Ž .y149.2016 25.72 0.021 0.026 1p 1p 0.91u g
y2 1Ž . Ž .y148.8933 34.11 0.011 0.014 1p 1p 0.80u g

2 y1Ž .P y149.4860 17.98 0.303 0.373 1p 0.93u u
y1Ž .y149.4366 19.16 0.004 0.005 1pu
y1Ž .y149.2561 24.23 0.477 0.587 1p 0.73u
y1 y1 1Ž . Ž . Ž .y148.8406 35.54 0.023 0.028 3s 1p 3s 0.59g g u
y2 y1 2Ž . Ž . Ž .3s 1p 1p 0.43g u g

4 y1Ž .P y149.5291 16.81 0.838 1.031 1p 0.94u u

a In the present work renormalized pole strengths are used when comparing with experiment, see discussion in Section 5.2.
b The renormalized pole strength is equal to 1.23=S2. The factor of 1.23 is the scaling factor used to normalize the MRSD-CI calculation inf

Ž .Fig. 3a see Section 5.2 .
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Ionization of a 3s electron likewise leads to the separate quartet b4Sy and doublet B2Sy states which areg g g
w xobserved in the photoelectron spectra at binding energies of 18.17 and 20.43 eV, respectively 3,4 . Similarly,

removal of an electron from the inner closed shell 2s orbital produces the Oq c4Sy and C 2Sy states. Baltzeru 2 u u
w xet al. 6 have assigned these processes to ionization potentials of 24.56 eV and 27.3 eV, respectively. However,

Ž . w x 4 ythe present MRSD-CI results Table 3 and other calculations 20–23 predict the presence of strong S polesu

that overlap the peak traditionally associated with the C 2Sy ionic state. This predicted dual character isu

supported by the present experiments and therefore we label the peak at 27.3 eV as peak P in the present work
2 Ž . 4 yand discuss its composition in Section 5.2.4. The P 3 and c S states are difficult to separate because ofu u

their closeness in energy. The observed ionization potentials for the peak corresponding to the c4Sy final ionu
w xstate reported by high resolution experiments 3,6,7 are ;0.9 eV less than that reported in the XPS work of

w xSiegbahn et al. 10 .
Ionization of the inner-valence 2s orbital produces the 4

Sy and 2
Sy states. Due to the more limited energyg g g

resolution of XPS, the vertical ionization potentials of these states are not as well-characterized as the lower
w x 4 y 2 yenergy states. Siegbahn et al. 10 reported S and S vertical ionization potentials of 39.6 and 41.6 eV,g g

w xrespectively, while Gardner and Samson 7 reported values of 39.7 and 40.3 eV. The threshold PES
w xexperiments of Ellis et al. 8 gave similar values of 39.5 and 40.8 eV. In addition, the pole strength of these

states is thought to be further split into several satellite processes both from considerations of experiment
w x w x w x8,10–12 and theory 20–24 . The earlier studies 8,10–12 all showed that the inner valence region of the
binding energy spectrum of O is split into satellite peaks at ;46 and 48 eV. In Table 2, these states are2

w x 4 yŽ . 2 yŽ .labelled 12 as S 2 and S 2 . However, additional satellite processes must occur since the intensityg g

continues out to the limit of the data at 59 eV.
Fig. 1 shows the binding energy spectra of O from 9 to 59 eV for measurements at relative azimuthal angles2
Ž . Ž . Ž .of a fs0.58 and b fs8.58 impact energy of 1200 eVqbinding energy on a common intensity scale and

at an energy resolution of 1.5 eV fwhm. Fig. 1c shows the summed binding energy spectra of O from 9 to 592

eV for azimuthal f angles of 0.58, 1.58, 3.58, 5.58, 8.58, 9.58, 12.58, 13.58, 16.58, 17.58, 20.58, 24.58 and 30.58.
The energy scale was calibrated with respect to the 1p vertical ionization potential as measured by highg

w xresolution photoelectron spectroscopy 3,4 . Gaussian peak shapes have been fitted to the main peaks throughout
Žthe spectra in Fig. 1a–c using vertical ionization potentials and Franck–Condon widths folded with the EMS

. w xinstrumental energy width of 1.5 eV fwhm estimated from photoelectron spectroscopy measurements 3,4,6,10 .
The relative energy spacings of the Gaussian peaks were estimated from the vertical ionization potentials, with
small adjustments to compensate for the asymmetries in the shapes of the Franck–Condon envelopes. For the
states above 30 eV, energies and widths were more difficult to determine because of the lower energy resolution

w xof the XPS studies 10 . Measured and calculated ionization potentials from the literature and those used in the
present work are shown in Table 2. The peak widths used in the present work to fit the experimental EMS
binding energy spectra in Fig. 1 are also given in Table 2.

In the outer valence region of the fs0.58 and 8.58 experimental binding energy spectra, several features can
Ž 2 .be seen in each spectrum. A peak due to the 1p ionization process the X P state is observed at a bindingg g

w xenergy of 12.30 eV, which is consistent with the results of photoelectron spectroscopy 3,4,6 . This peak
displays characteristic ‘p-type’ behaviour, having a greater intensity at fs8.58 than at fs0.58. The band
from 15 to 21 eV contains four ionization processes. The quartet and doublet states arising from 1p ionizationu
Ž 4 2 .the a P and A P states are observed at 16.7 and 17.5 eV, respectively, in agreement with the observed PESu u

w xspectrum 3,4,6 . These two states are clearly p-type and are difficult to deconvolute because of their close
w x 2 Ž 4 yspacing 3,6 and because of the low intensity of the A P state. The next two quartet and doublet states b Su g

2 y.and B S arise from ionization of the 3s orbital. The energies of these peaks are also consistent with theg g
w x 4 yliterature values of 18.17 and 20.43 eV 3,4,6 . The b S state is very intense and ‘s-type’ so that it has greaterg

intensity at fs0.58 than at fs8.58. Thus, although the b4Sy state is very close to the A2P state, theg u
Žseparation of the two states is aided in the EMS binding energy spectra by their different symmetries i.e. s-type

. 2 yand p-type, respectively . Since the B S state also arises from the 3s orbital, it is likewise s-type.g g
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Ž . Ž . Ž .Fig. 1. EMS binding energy spectra of O from 9 to 59 eV at a fs0.58, b fs8.58 and c over all thirteen f angles, obtained at an2
Ž .impact energy of 1200 eVqbinding energy . The dashed lines represent Gaussian fits to the peaks and the solid curve is the summed fit.

See text for details.
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2 Ž . w xThe presence of the P 3 satellite peak arising from 1p ionization has been reported to be at 23.90 eV 6 .u u

The EMS binding energy spectra and associated curve fit in Fig. 1 show a p-type momentum profile at an
2 Ž .energy of 23.7 eV which can be identified with the P 3 satellite. This process is close in energy to the nearbyu

4 y w xc S state at 24.56 eV 6 and it is clear from Fig. 1b that two ionization processes are present in this energyu
4 y Žregion. The c S state arises from 2s ionization and is also p-type. The closeness of these two states and theu u

.fact that both are p-type complicates the deconvolution of the spectrum in this region.

Ž . Ž .Fig. 2. Measured and calculated binding energy spectra of O from 9 to 59 eV at a fs0.58 and b fs8.58. The solid curves indicate2
Ž .the synthesized theoretical binding energy spectra with pole energies and pole strengths Table 3 given by the 168-CI MRSD-CI calculation

which was also used for the angular dependence. The same energy peak widths as used in Fig. 1 have been folded into the synthesized
spectra. The theoretical and experimental binding energy spectra are area normalized on the 9–36 eV region at fs8.58. See text for details.
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w x 2 yA further ionization process, traditionally labelled 2–10 as the C S state from 2s ionization has beenu u
w x Žobserved at 27.3 eV using high resolution photoelectron spectroscopy 6 . However, the present work see

. Ž4 y.Section 5.2.4 below indicates that an additional ion state S contributes to the ionization in this energyu
Ž .region. In view of this situation the peak observed Fig. 1 at 27.4 eV is referred to as peak P. In addition, the

satellite peak labelled Q in the present work is observed at 33.0 eV in Fig. 1. The photoelectron study of
w xSiegbahn et al. 10 gives a vertical ionization potential of 33.6 eV for this peak while the value of 32.5 eV from

w xSuzuki et al. 12 is in better agreement with the present work.
Ž .The observed binding energy spectra Fig. 1 in the high energy region from 36–59 eV are complex. An XPS

w x 4 y 2 ystudy by Siegbahn et al. 10 assigned the broad peak at ;39 eV to contain the two S and S states fromg g

2s ionization at vertical ionization energies of 39.6 and 41.6 eV, respectively. However, it should be notedg

that energy positions are more difficult to determine with the lower energy resolution of XPS. Deconvolution of
Ž .the EMS binding energy spectra in the present work gives slightly different results Table 2 of 38.9 and 40.9

w x w xeV. Both states are clearly s-type, which is consistent with earlier EMS measurements 12 . Siegbahn et al. 10
4 yŽ . 2 yŽ .also observed states in the high energy region at 46 and 48 eV which they assigned to be S 2 and S 2g g

w xsatellite states from 2s ionization. Suzuki et al. 12 supported this conclusion by measurement of the EMSg

momentum profiles. The EMS binding energy spectra in the present work also show intensity in this region and
Ž .Gaussian peaks have been fitted to these dominantly s-type peaks at 45.2 and 48.4 eV Table 2 . In addition, the

Ž .spectra in Fig. 1 show a high energy tail mainly s-type out to the limit of the data at 59 eV.
Calculated binding energy spectra are compared with the measured binding energy spectra in Fig. 2. Theory

and experiment have been area normalized below 36 eV binding energy in the fs8.58 spectrum The calculated
spectra are obtained by using the pole energies and pole strength S2 values given by the presently reportedf

Ž .168-CI MRSD-CI calculation see Table 3 as well as the angular dependence from the presently reported
168-CI theoretical momentum profiles for each pole at each angle. The measured EMS instrumental energy
resolution function, as well as the widths of the transitions as observed in the experimental EMS binding energy

Ž .spectra see Fig. 1 and Table 2 have been folded into the calculated spectra. Good agreement is obtained
Ž 2 .between experiment and theory for the 1p HOMO orbital X P final ion state . The correct shapes andg g

positions are also reasonably well predicted at both angles for the band from 15 to 21 eV which contains four
closely spaced ion states with two different symmetries. The intensity of the peak at ;20.5 eV corresponding

2 y Ž .to the B S state Table 2 is underestimated by theory at fs8.58 with the present normalization. In addition,g
Žthe widths and positions in the 23–25 eV energy region are not well reproduced by theory the closely-spaced

2 Ž . 4 y .P 3 and c S states are observed in this region, see Fig. 1 and Table 2 . The experimental and theoreticalu u

intensities for peaks P and Q observed experimentally at ;27.5 and ;33 eV are in agreement, but the energy
positions predicted by theory are about 1 eV too high. Large discrepancies in energy positions and intensities
also occur at both angles for the 4

Sy and 2
Sy states at ;39 eV. The difference in intensity between experimentg g

and theory in this region can likely be attributed to the presence of higher energy satellite processes clearly
visible in the experimental spectra out to the 59 eV limit not taken into account by the MRSD-CI calculation.

Ž .The MRSD-CI calculation in the present work only takes into account states up to ;42 eV see Table 3 . In
this regard, it should be noted that the MRSD-CI calculations are not expected to be accurate above the double

Ž . qionization potential of O ;36.3 eV because of the presence of highly excited Rydberg states of O2 2

converging on the double ionization limit.

5.2. Comparison of experimental and theoretical momentum profiles

Experimental and theoretical spherically averaged momentum profiles have been obtained for each of the
valence orbitals of O . Experimental momentum profiles are extracted from the multichannel binning mode2

binding energy spectra. The relative intensities for the different transitions are maintained by the sequential,
angular-correlated data collection process. The Gaussian fitting procedure, described above in Section 5.1 for
the binding energy spectra, is used to determine the relative intensities of the various transitions at each
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Ž . Ž .Fig. 3. Summed experimental and calculated spherically averaged momentum profiles for the a outer valenceq2s orbital and b outeru

valenceq2s q2s orbitals of O . The experimental data points are obtained by summing the measured binding energy spectra from 9 tou g 2
Ž . Ž . Ž .36 eV Fig. 3a and 9 to 59 eV Fig. 3b at each azimuthal angle momentum . The solid curves are the sum of the respective momentum

Žprofiles calculated by several quantum mechanical methods and a wide variety of basis sets see Section 4 for descriptions of the
. w xcalculations . The momentum resolution has been folded into all calculations using the GW-PG method 41 before summation. The

experimental data has been normalized to the AUG5-BP calculation in Fig. 3a and this same normalization factor has been applied to the
Ž . Ž .data in Fig. 3b and all individual orbital momentum profiles see Figs. 4–7 . Note that the 168-CI calculation curve 4c is also shown as

Ž .1.23=4c curve 4C . See text for details.
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Ž 2 . Ž 4 2 .Fig. 4. Measured and calculated spherically averaged momentum profiles for the 1p X P and 1p a P , A P orbitals of O . Theg g u u u 2

solid circles represent the experimental energy dispersive multichannel measurements obtained in the present work with the binning mode of
w xthe EMS spectrometer. The open circles represent the experimental energy dispersive multichannel measurements from Ref. 30 obtained

earlier in this laboratory using the non-binning mode of the same EMS spectrometer. All calculations have been spherically averaged and
folded with the experimental momentum resolution. See text for details.
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Ž 4 y 2 y. Ž2 Ž ..Fig. 5. Measured and calculated spherically averaged momentum profiles for the 3s b S , B S and 1p P 3 orbitals of O . Theg g g u u 2

solid circles represent the experimental energy dispersive multichannel measurements obtained in the present work with the binning mode of
the EMS spectrometer. All calculations have been spherically averaged and folded with the experimental momentum resolution. See text for
details.
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Ž 4 y .Fig. 6. Measured and calculated spherically averaged momentum profiles for the 2s c S , P and Q orbital of O . The solid circlesu u 2

represent the experimental energy dispersive multichannel measurements obtained in the present work with the binning mode of the EMS
spectrometer. All calculations have been spherically averaged and folded with the experimental momentum resolution. See text for details.
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azimuthal angle f. The experimental momentum profile corresponding to a particular final ion state is obtained
by plotting the area under the corresponding fitted peak for each electronic state of the ion as a function of p
Ž .i.e. f angle . With this procedure all experimental momentum profiles are automatically placed on a common
relative intensity scale. The theoretical momentum profiles are obtained as described in Sections 3.1 and 3.2.

Ž Ž .The experimental and theoretical momentum profiles shown on an angle f scale because of the wide
Ž ..range of binding energy included, see Eq. 1 have been placed on a common intensity scale by normalizing the

experimental data, summed from 9–36 eV, to the AUG5-BP theory summed over the outer valence orbitals
Ž .1p , 1p , 3s plus the 2s orbital as shown in Fig. 3a. The 2s orbital has been left out of the summation ong u g u g

Fig. 3a because:

Ž4 yFig. 7. Measured and calculated spherically averaged momentum profiles corresponding to sums of states as indicated and for the 2s S ,g g
2 y.S orbital of O . The solid circles represent the experimental energy dispersive multichannel measurements obtained in the present workg 2

with the binning mode of the EMS spectrometer. All calculations have been spherically averaged and folded with the experimental
momentum resolution. See text for details.
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Ž .1 As can be clearly seen on Fig. 1, there is apparently 2s intensity beyond the limit of the experimentalg

data which extends out to 59 eV.
Ž . w x2 Little or no 2s intensity is predicted 20–24 above 36 eV.u
Ž . 4 y 2 y3 The momentum profile analysis of the 2s ionization processes giving S and S final ion states asu u u

shown in Figs. 6 and 7 and discussed in Section 5.2.4 below accounts for essentially all the intensity below 36
eV.

Ž .4 This range is below the double ionization potential of O , see discussion in Section 5.1 above.2

It should also be noted that all the TMPs in Fig. 3a are shown at unit pole strength except for the 168-CI
Ž .momentum profile curve 4c which was constructed using the MRSD-CI poles in Table 3 each with their

Ž 2 .respective pole strength S value. It is clear from Fig. 3a that only the density functional theory calculationsf
Žpredict the correct shape of the observed XMP from 9–36 eV, especially in the low momentum region below

. Ž .fs108 . A shape very different from experiment is predicted at lower momenta angles by the Hartree–Fock
and CI calculations. The AUG5-BP density functional theory calculation which includes both correlation and

Ž .exchange has been chosen for normalization of the experimental data. However, the local AUG5-L and
Ž .correlation-only AUG5-P density functional theory calculations give very similar results. The normalization

factor obtained in the above procedure for Fig. 3a has been used for each individual orbital for all experimental
Ž . Ž .and all theoretical comparisons see Figs. 4–7 in the present work. The CI calculation curve 4c has much

lower intensity than experiment because the chosen normalization to the AUG5-BP curve assumes that virtually
all of the ionization intensity for the orbitals lies within the energy range 9–36 eV. The CI calculation however

Žpredicts typically only ;80% of each ionization manifold in the binding energy range below 36 eV see Table
.3 with the ‘missing’ pole strength unaccounted for and presumably located at higher binding energies. In order

Žto treat the CI calculation in a manner consistent with the above normalization scheme, a second curve 4C,
.equal to 1.23=4c has been constructed on Fig. 3a to provide the best intensity and shape fit between CI and

experiment at least in the region above fs108. At lower f angles the CI calculation provides a poor shape fit
to experiment. It should be noted that this factor corresponds to the same normalization of CI to experiment as
was used for the binding energy spectra in Fig. 2. Similarly, the summed experimental and theoretical

Ž .momentum profiles over the entire measured binding energy range from 9–59 eV Fig. 3b for the valence
Ž .orbitals 1p , 1p , 3s , 2s and 2s have also been constructed using the same normalization factor forg u g u g

Ž .experiment and theory from Fig. 3a. The 168-CI momentum profile curve 4c in Fig. 3b was constructed using
the MRSD-CI poles in Table 3 each with their respective S2 value. Good agreement for shape is obtainedf

between experiment and all calculations over the entire angular range of the data in Fig. 3b. Although the better
Hartree–Fock calculations are close to the summed experimental data, the DFT calculations predict slightly
greater intensity than experiment, particularly at the lower momenta. In this regard, additional extra 2sg

Ž .intensity is expected above the upper limit of the experimental binding energy 59 eV as discussed above. The
w xdiscrepancy between theory and experiment above fs208 is likely due to distorted wave effects 15 at higher

momenta. The 168-CI momentum profile predicts a lower intensity than experiment and this may be due to the
Ž 2 .remaining pole strength S which is likely located in the high energy range above 36 eV. In a manner similarf

Ž .to Fig. 3a, a second CI curve 4C has been constructed by multiplying curve 4c by a constant scaling factor of
1.23. This curve matches the experiment better than curve 4c, although it still does not predict all the

Ž 2 .experimental intensity. The renormalized MRSD-CI pole strengths 1.23=S are also shown in Table 3.f

The experimental and theoretical momentum profiles corresponding to each of the various ion states
Ž .associated with the five valence orbitals of O see Section 5.1 are presented in Figs. 4–7 using the above2

normalization. The energies shown on Figs. 4–7 correspond to the binding energy peak maxima of the ion states
Ž .observed in the present work see Fig. 1 and also Table 2 The Hartree–Fock and DFT TMPs are presented at

unit pole strength on Fig. 4a–d, 5a–d and 7b–d. In the other panels of Figs. 4–7, the Hartree–Fock and DFT
TMPs are presented at a pole strength scaled by a factor to shape fit the XMP and to determine an experimental

Ž .pole strength the factor required in each case is indicated in each panel . The ACPF profile has only been
Ž .calculated for the HOMO see Fig. 4a and b and is presented at unit pole strength. The MRSD-CI theoretical
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Ž . Ž 2 .momentum profiles curves 4C in Figs. 4–7 are presented at their renormalized pole strengths 1.23=S fromf

Table 3.

( 2 )5.2.1. The 1p orbital X P final ion stateg g
Ž . Ž 2 .The experimental momentum profile for the 1p HOMO orbital of O X P final ion state is shown ing 2 g

Fig. 4a and b. The outermost XMP is well separated in energy from the rest of the valence ionization manifold,
which ensures that all the observed intensity of the momentum profile is due to ionization to the lowest lying
ion state only and contains no mixing with other ionization processes. The solid circles in Fig. 4a and b
represent the experimental energy dispersive multichannel measurements obtained for the HOMO in the present
work with the binning mode of the EMS spectrometer. The open circles in Fig. 4a and b represent the

w xexperimental energy dispersive multichannel measurements for the HOMO from obtained earlier 30 in this
laboratory using the same EMS spectrometer in the non-binning mode. The HOMO data as originally published
w x30 was height normalized to CI and ACPF theory. In contrast, the present normalization is more stringent in

Žthat it has been achieved using theory and experiment summed over the outer valence plus the 2s orbitals seeu
. w xFig. 3a and Section 5.2 above . Therefore, in Fig. 4a and b the earlier data 30 have been renormalized to the

Ž .presently obtained measurements solid circles in the region of the maximum. With the presently employed
more stringent normalization procedures, the comparison of theory and experiment is more rigorous than in the

w xoriginal work 30 .
The 1p experimental momentum profile is compared on Fig. 4a with the various theoretical momentumg

Ž .profiles TMPs calculated at the UHF and ROHF Hartree–Fock level and also with the MRSD-CI and ACPF
ion-neutral overlaps as described in Sections 4.1 and 4.2 above. Selected properties for each calculation and
corresponding experimental values are shown in Table 1. The Hartree–Fock basis sets used range from a
minimal STO-3G basis to the very much larger 168-GTO basis set. The calculated TMPs for the HOMO are as

w xpreviously presented 30 . The effects of many-body correlation and electronic relaxation are also seen on Fig.
4a from the MRSD-CI and ACPF calculations of the TMPs. The 168-CI momentum profile in Fig. 4a

2 Ž .corresponds to the P MRSD-CI pole at 12.30 eV Table 3 . The slightly higher cross-section than is expectedg

from theory or symmetry considerations at very low p was persistently observed. The reason for this is not at
present understood. Calibration using the Ar 3p orbital showed the expected nodal behaviour at the lowest
momenta.

As might be expected, there is a large disagreement between the STO-3G minimal basis set calculations
Ž .curve 1u and 1r and the observed shape and intensity of the XMP. The intermediate size basis set

) Ž .6-311qG -U calculation curve 2u gives better agreement with experiment than the STO-3G calculations but
Žit still underestimates the p-1 au region of the XMP. The larger size basis set UHF calculations curves 3u

.and 4u are in better agreement with experiment with regard to shape and the similarity of curves 3u and 4u
suggests that the UHF momentum profiles are essentially converged at this level of basis set size. Similarly, the
higher level ROHF momentum profiles generally agree better with experiment as the basis set size is increased.

w xAs noted previously 30 , the ROHF momentum profiles with intermediate and large size basis sets for this
Žorbital generally display a higher relative intensity at low momentum than UHF calculations of the same basis

. Ž .set size . The converged ROHF momentum profiles curves 3r and 4r match the shape and intensity of the
ŽXMP well but it should be noted that the UHF method predicts some other electronic properties such as total

.energy, see Table 1 better than the ROHF method. It should be noted that, on the basis of the present
Ž . Ž .normalization, the CI curve 4C and ACPF curve 4a which is shown at unit pole strength calculations fit the

shape of the XMP comparably well and only slightly overestimate the intensity.
Ž 2The density functional momentum profiles shown on Fig. 4b for the HOMO 1p orbital X P final iong g

. w xstate are the same as those published earlier 30 . It can be seen that all three DFT calculations give quite
similar results and display slightly more intensity at low momentum than is observed experimentally. The

Ž .MRSD-CI and ACPF calculations curves 4C and 4a most closely fit the experimental data for shape and
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intensity. However, all DFT calculations for the 1p orbital also provide a good description of the shape of theg

XMP.

( 4 2 2 ( ) )5.2.2. The 1p orbital a P , A P and P 3 final ion statesu u u u
Ž 2 .Experimental and theoretical momentum profiles for the 1p orbital of O a P final ion state are shownu 2 u

in Fig. 4c and d. The best results for shape and intensity compared to the XMP are clearly the intermediate and
Ž . Ž .large basis set UHF calculations of AUG5-U curve 3u and 168-U curve 4u . The ROHF calculations from

these basis sets are adequate for shape comparison, but the intensity is much too low. This is in contrast to the
Ž . w xHOMO Fig. 4a and the previous work on the HOMOs of NO, O and NO 30 where ROHF calculations2 2

gave better shape comparisons with the XMP than UHF calculations. As noted above the 168-CI momentum
4 Ž .profile in Fig. 4c and d corresponds to the P MRSD-CI pole predicted at 16.81 eV Table 3 . This 168-CIu

Ž .calculation predicts results curve 4C that are closer in intensity and shape to the intermediate and large basis
Ž .sets ROHF results than UHF calculations. The DFT momentum profiles Fig. 4d are more intense than the

Ž .168-CI calculation curve 4C , but are still unable to account for the experimental intensity at p-1.2 au. The
DFT momentum profiles predict the shape of the observed XMP well but not the intensity. If the density
functional TMPs are multiplied by a factor of ;1.2, an excellent shape fit with experiment is obtained. The
choice of functional has little effect on the overall shape of the TMPs.

Experimental and theoretical momentum profiles for the 1p orbital of O corresponding to the A2P finalu 2 u

ion state are shown in Fig. 4e and f. The 168-CI momentum profile in Fig. 4e and corresponds to the 2
Pu

Ž .MRSD-CI pole at 17.98 eV Table 3 . The statistics for this final ion state are very limited due to the low
intensity of this state and the difficulty in deconvoluting it from the energetically close and intense a4P andu

b4Sy states. The Hartree–Fock and DFT theoretical momentum profiles in Fig. 4e and f have been furtherg

scaled by a factor of 0.4 to provide reasonable agreement with the intensity of the XMP and because of the
Ž 2 Ž . .additional 1p satellite intensity at higher energy discussed below i.e. the P 3 peak at 23.7 eV . Within theu u

rather limited precision of the experimental data, this experimentally obtained pole strength of 0.4 derived from
a comparison of the intensities of the XMP and TMPs is consistent with the theoretical estimates of 0.44 by

w x w x w xCederbaum and Domcke 18 , 0.34 by Dixon and Hull 19 and 0.35 by Honjou et al. 20,21 . The MRSD-CI
Ž .calculation of the present work see Table 3 predicts a renormalized pole strength of 0.373 in excellent

agreement with the experimental value. It should also be noted that the ROHF momentum profiles in Fig. 4e
Ž .generally predict more intense TMPs than their UHF counterparts. The 168-CI momentum profile curve 4C

predicts a shape and intensity more similar to the ROHF limit curves 3r and 4r than the UHF limit curves 3u
Ž .and 4u. The DFT momentum profiles Fig. 4f are very similar in shape and intensity to the 168-CI calculation.

3 Ž .The experimental and theoretical momentum profiles for the 1p orbital corresponding to the P 3 satelliteu u

state are shown in Fig. 5e and f. As expected, the XMP and TMPs are similar to the momentum profiles
2 Ž .corresponding to the parent A P state at 17.5 eV see Fig. 4e and f . It should also be noted that the 168-CIu

2 Ž .momentum profile in Fig. 5e and f corresponds to the P MRSD-CI pole at 24.23 eV Table 3 . The peak is ofu

low EMS intensity and is close in energy to the peak corresponding to the c4Sy state and thus deconvolutionu

leads to some scatter in the data. The satellite splitting has been accounted for by scaling the Hartree–Fock and
Ž .DFT TMPs by a further factor of 0.55 to give the large basis set ROHF calculations curves 3r and 4r

reasonable agreement with the experimental intensity. Other choices could be made for the normalization of
experiment to theory, but curves 3r and 4r were chosen since ROHF momentum profiles agreed well for the

Ž .intensities of other doublet states see Fig. 4a and Fig. 5c . It should be noted that this experimentally derived
w xpole strength of 0.55 is identical to the calculated pole strength reported by Cederbaum and Domcke 18 . The

experimental pole strength from Fig. 5e and f also agrees quite well with the MRSD-CI calculation of the
2 Ž .present work which predicts a renormalized P pole strength of 0.589 at 24.23 eV see Table 3 . Dixon andu

w xHull 19 predicted a slightly higher pole strength of 0.64. On comparing the relative fits of the various TMPs in
Fig. 5e and f, it is obvious that the minimal basis set STO-3G-U and STO-3G-R profiles are in poor agreement

Ž .with the measured intensity and shape of the XMP. The large basis set UHF calculations curves 3u and 4u and
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Ž .the 168-CI calculation curve 4C predict reasonable shapes for the XMP, but have low intensity with the
present normalization factor of 0.55. The DFT momentum profiles are all very similar and all fit the experiment
well within the limited experimental statistics for this ionization process. The DFT momentum profiles
adequately predict the experimental intensity in a manner similar to the large basis set ROHF calculations
Ž .curves 3r and 4r .

w x 2Previous work 12,25 assigned peak Q as P in character. However, a consideration of the theoretical andu

experimentally derived 2
P pole strengths rules out the possibility that the 33 eV peak consists of 1pu u

Ž . 2processes. The MRSD-CI theory of the present work Fig. 2 and Table 3 predicts three P poles belowu
Ž . Ž;24.3 eV. The MRSD-CI poles at 17.98 eV renormalized pole strength 0.373 and 24.23 eV renormalized

. 2 2 Ž . w xpole strength 0.589 can be identified with the A P and P 3 states observed in the PES 3,4,6 . Asu u
2 Ž .mentioned previously, the P 2 state has not been observed experimentally but has been predicted to beu

w x 2formed with a very low cross-section at ;20 eV 18,19,22,23 . The weak P MRSD-CI pole at 19.16 eV inu
Ž . 2 Ž .Table 3 renormalized pole strength of 0.005 can be identified with this predicted P 2 state. The threeu

2 Ž .MRSD-CI P energies and renormalized pole strengths 0.373, 0.005 and 0.589 below 24.3 eV in the presentu
w xwork are in reasonable agreement with previous predictions 18–21 . The propagator technique work of

w x 2 2 Ž . 2 Ž .Cederbaum and Domcke 18 gave A P , P 2 and P 3 energies of 17.47, 19.75 and 27.32 eV with relativeu u u
w xintensities of 0.44, 0.01 and 0.55. The semi-empirical CI calculations of Dixon and Hull 19 predicted energies

w xof 17.56, 19.97 and 22.72 eV with relative intensities of 0.34, 0.001 and 0.64. Honjou et al. 20,21 predicted
energies of 17.84, 20.7 and 24.44 eV and relative intensities of 0.35, 0.000, and 0.47 for these states,

w xrespectively. In addition, Yeager and co-workers 22,23 obtained calculated ionization energies of 17.77, 20.82
2 2 Ž . 2 Ž .and 24.56 eV for the A P , P 2 and P 3 ionic states, respectively. It should be noted that all previousu u u

w x 2calculations 18–23 and the present MRSD-CI results place virtually all the P intensity below ;27.3 eVu
2 w xand, in most cases, below 24.5 eV. However, the P assignments of the previously published theory 18–23u

w xand the presently reported calculation differ from those of Suzuki et al. 12 who designated the observed 23.7
2 Ž . 2 Ž .eV peak as P 2 and then used this assignment to characterize the peak at ;33 eV as P 3 on the basis ofu u

w xthe comparison of experimental intensity ratios with those from theory 18–21 and the theoretical study of
w x 2Gerwer et al. 25 . It is suggested in the present work that the theoretical P intensity ratios were not comparedu

w x 2 Ž .with the correct experimental intensities in the previous EMS work 12 due to the predicted P 2 intensity atu
Ž 2 Ž .;20 eV being incorrectly compared with the 23.7 eV experimental peak and thus the theoretical P 3u

.intensity being incorrectly compared with the 33 eV experimental peak intensity . The ionization energies and
w xpole strengths listed above from previously published theory 18–23 , the MRSD-CI calculation of the present

w xwork and the photoelectron study by Baltzer et al. 6 all indicate that the peak at 23.7 eV in the EMS binding
2 Ž . 2energy spectra should be assigned as P 3 and that no significant P intensity is present at 33 eV. The onlyu u

2 Ž .predicted MRSD-CI P pole above 24.3 eV is of too low intensity 0.028 renormalized pole strength and toou
Ž . w xhigh energy 35.54 eV to account for peak Q. In addition, while Gerwer et al. 25 included the 33 eV peak in

the total 1p photoionization cross-section for comparison of their theory to experiment, the agreement wasu

only moderately good and several correction procedures were required for the summation of unresolved peaks in
Ž .the dipole e,2e and line-source data. In the present work, the experimentally derived pole strengths for the

2 2 Ž . Žpeaks corresponding to the A P and P 3 states are found to be 0.4 and 0.55, respectively Fig. 4e,f and Fig.u u
. w x5e,f and even with the limited statistics for these profiles these values correspond well with theory 18–21 and

the presently reported MRSD-CI calculation. Thus, at least 0.95 of the experimental 2
P pole strength has beenu

accounted for at energies much lower than 33 eV and this represents essentially all the 2
P pole strength, givenu

the experimental statistics.

( 4 y 2 y )5.2.3. The 3s orbital b S and B S final ion statesg g g
Ž 4 y .The experimental and theoretical momentum profiles for the 3s orbital of O b S final ion state areg 2 g

Ž .shown in Fig. 5a and b. All profiles are similar in shape except that the STO-3G calculations curves 1u and 1r
Žare in serious disagreement, as might be expected. The intermediate and large ROHF calculations curves 2r, 3r
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.and 4r show much better agreement with the shape and intensity of the observed XMP than the STO-3G-R
calculation. It should be noted that the 168-CI momentum profile in Fig. 5a and b corresponds to the 4

Sy
g

Ž . Ž .MRSD-CI pole at 18.23 eV Table 3 . The MRSD-CI calculation curve 4C is formed from an initial ROHF
reference state and thus the intensity of the 168-CI momentum profile is similar to curves 2r, 3r and 4r. Similar

Ž 4 .to the XMP corresponding to the quartet a P ionic state in Fig. 4c and d, the best fit to the shape andu

intensity of the XMP corresponding the quartet b4Sy ion state in Fig. 5a is given by the higher level UHFg
Ž .calculations curves 2u, 3u and 4u . However, these UHF TMPs still underestimate the experimental intensity

Ž .slightly. The high momentum region p)1 au is modelled reasonably well by all calculations. Excellent
Ž .agreement for both shape and intensity is obtained for the DFT and experimental momentum profiles Fig. 5b .

All the DFT profiles are very similar in shape and intensity and provide the best match to the experimental
intensity.

The experimental and theoretical momentum profiles for the 3s orbital of O corresponding to the B2Sy
g 2 g

final ion state are shown in Fig. 5c and d. Both the STO-3G-U and STO-3G-R momentum profiles are poor
Ž .predictions of the XMP shape and intensity. The higher level UHF calculations curves 2u, 3u and 4u show

reasonable agreement with the shape of the observed XMP but slightly underestimate its intensity. In contrast,
Ž .the ROHF calculations curves 2r, 3r and 4r show excellent agreement with the experimental shape and

intensity, particularly in the low momentum region. It appears that large basis set UHF calculations are best for
Ž .predicting the shape and intensity of XMPs associated with quartet final ion states Fig. 4c,d and Fig. 5a,b

while large basis set ROHF calculations are a better model for the XMPs corresponding to doublet final ion
Ž . Ž .states Fig. 4a,b and Fig. 5c,d . The 168-CI momentum profile curve 4C in Fig. 5c and d corresponds to the

2 y Ž .S MRSD-CI pole at 20.53 eV Table 3 . This MRSD-CI momentum profile provides excellent agreementg
Ž .with the experimental shape and intensity of the XMP. The DFT momentum profiles are too intense Fig. 5d

although the shape of the XMP is adequately predicted.

( 4 y )5.2.4. The 2s orbital c S final ion state, peak P and peak Qu u
Ž 4 y .The experimental and theoretical momentum profiles for the 2s orbital of O c S final ion state areu 2 u

4 y Ž .shown in Fig. 6a and b. The S MRSD-CI pole at 24.71 eV Table 3 has been chosen for the calculation ofu
Ž .the 168-CI momentum profile curve 4C . It is clear from Fig. 6a and b that the experimental and theoretical

intensities are very different since the Hartree–Fock and DFT TMPs as shown have been multiplied by a factor
of 0.7 to match the experimental intensity. This experimentally estimated pole strength of 0.7 is in good

Ž .agreement with the renormalized pole strength of 0.802 at 24.71 eV calculated by the MRSD-CI method
Ž .Table 3 . It is suggested that the ;30% difference in intensity between the TMPs and the XMP in Fig. 6a and
b is due to splitting of the 2s ionization process into additional 4

Sy satellite states or ‘poles’ due to electronu u

correlation effects.
Considering next the broad peak Q at 33 eV, it should be noted that no 4

Sy states are predicted in this energyu
Ž .region by the present MRSD-CI calculations see Table 3 or by any of the other earlier published theoretical

w x Ž .studies 20–23 . It should also be noted that the region of the binding energy spectrum Fig. 1 above 36 eV is
Ž .y1dominantly due to s-type 2s processes as discussed in Section 5.1 and therefore any contributions fromg

Ž 4 y 2 y.p-type processes i.e. S and S in this region are very small or negligible. Peak Q must therefore containu u

essentially only 2
Sy states and a 0.572Sy fraction of the Hartree–Fock and DFT TMPs is found to fit the XMPu u

Ž . Ž . 2 yfor this peak Fig. 6e and f . This fraction is in quite good agreement with the renormalized MRSD-CI Su
Ž . w x 2 ypole strength of 0.461 predicted at 33.89 eV Table 3 . Honjou et al. 20,21 also predicted strong S poles atu

w x34.9 and 36.6 eV while Yeager and co-workers 22,23 identified the experimentally observed peak in the region
of 33 eV with a 2

Sy ionization process calculated at 34.70 eV.u

The above analysis leaves experimental pole strengths of 0.34Sy and 0.432Sy unaccounted for and thisu u

intensity must therefore be mostly in peak P at 27.4 eV since all other regions of the binding energy spectrum
Ž Ž .y1have been assigned see Section 5.2.5 and Fig. 7 below for a discussion of the 2s contributions which areg
. Ž 4 y 2 y.located above 36 eV . Peak P is well-fitted by the TMP linear combination of 0.2 S q0.3 S as shown inu u
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Fig. 6c and d. The above analysis of the c4Sy ionic state and peaks P and Q therefore account for ;90%u
Ž 4 y 2 y. 4 y 2 y0.7q0.2 for S and 0.57q0.3 for S of the pole strength of the S and S manifolds. The aboveu u u u

w xassignment of peak P is further supported by the present MRSD-CI and earlier calculations 20–23 which all
predict both 4

Sy and 2
Sy ionization strength in the region of ;27 eV with relatively minor additional strengthu u

located in the higher energy region above 36 eV. Finally, it should be noted that 0.72 of the 4
Sy pole strengthu

would be needed for a good fit if peak P was due to the quartet state and this is clearly not the case since ;0.7
of the 4

Sy pole strength is already contained in the c4Sy state at 24.5 eV.u u

Fig. 7a and b give further evidence that almost all of the 4
Sy and 2

Sy pole strength is accounted for if thereu u

are significant 4
Sy processes in peak P and if peak Q has mainly 2

Sy character. Fig. 7a shows the experimentalu u
4 y Ž . Ž .data for the peak corresponding to the c S ionic state 24.5 eV and peak P 27.4 eV added together andu

compared to several high-level calculated 2s momentum profiles. The individual Hartree–Fock and DFTu

TMPs corresponding to 4
Sy final ion states are included in the sum with a unit pole strength while a poleu

2 y Ž .strength of 0.3 has been used for the TMPs corresponding to S final ion states. The CI calculation curve 4Cu

in Fig. 7a consists of the summation of the poles at 24.71, 27.69 and 28.46 eV, each with their respective
renormalized S2 values. Good shape and intensity agreement is obtained for the TMPs and summed XMP inj

Fig. 7a, especially for the CI calculation. In Fig. 7b, the experimental data for the peak at 24.5 eV corresponding
4 y Ž . Ž .to the c S ionic state, peak P 27.4 eV and peak Q 33 eV have been summed and compared to severalu

high-level Hartree–Fock and DFT 2s momentum profiles corresponding to 4
Sy and 2

Sy final ion states eachu u u
Ž .with unit pole strength. The CI calculation curve 4C in Fig. 7b consists of the summation of the poles at 24.71,

27.69, 28.46 and 33.89 eV, each with their respective renormalized S2 values. Within the statistics of the data itf

can be seen that experiment and theory are in good agreement for total intensity, indicating that essentially all of
4 y 2 y Ž 4 y .the S and S pole strength lies within the energy region containing the three peaks c S , P and Q .u u u

(4 y 2 y )5.2.5. The 2s orbital S and S final ion statesg g g

The experimental and theoretical momentum profiles for the 4
Sy and 2

Sy parent and satellite states fromg g
w x2s orbital ionization are shown in Fig. 7c and d. Siegbahn et al. 10 gave vertical ionization potentials of 39.6g

and 41.6 eV for the 4
Sy and 2

Sy states, but the present EMS work gives slightly lower ionization potentialsg g
Ž . w xTable 2 . Gardner and Samson obtained ionization potentials of 39.7 and 40.4 for these states 7 . Due to the

Žlimited knowledge of the positions and widths of these states, an energy slice from 36–43 eV open circles in
.Fig. 7c and d encompassing the main peak centered at ;39 eV has been taken. The same normalization factor

Ž . 4 y 2 ydetermined for all other orbitals see Fig. 3 has been used in Fig. 7c and d. The MRSD-CI S and S polesg g
Ž . Žat 40.17 and 40.86 eV Table 3 have been chosen for the calculation of the 168-CI momentum profile curve

.4C since their energies and pole strengths correspond most closely with the experimentally observed parent ion
states. While the XMP is clearly s-type, it does not match the theoretical intensity and thus additional 2sg

Ž .ionization intensity must occur in higher energy poles. All calculations Hartree–Fock, MRSD-CI and DFT
Žmodel the experimental shape and intensity in a similar manner. A second energy slice from 43–59 eV filled

. w xtriangles in Fig. 7c and d shows the same s-type shape and this is consistent with previous observations 10,12
Ž .y1indicating that the higher energy region is predominantly composed of 2s poles. The peak centered atg
Ž .;47 eV accounts for the majority of the intensity in the 43–59 eV region see Fig. 1 and the states assigned as

4 yŽ . 2 yŽ . Ž w x .S 2 and S 2 are found within this peak see Refs. 10,12 and also Table 2 . Results from the MRSD-CIg g

calculation in the present work only extend to ;42 eV and do not take into account the very high energy
region because of complications involving the modelling of double ionization. While the shape of the 36–59 eV

Fig. 8. Momentum and position density contour maps for the 1p , 1p and 3s orbitals of an oriented O molecule calculated at theg u g 2

Hartree–Fock level using the 168-R basis set. The contour values represent 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, and 99.0% of the
Ž . Ž .maximum density. The side panels top and right side show the density along the dashed lines dashed vertical and horizontal lines for

each density map.
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Ž .binding energy slice filled circles in Fig. 7c and d agrees well with that of the summed theory for 2sg

ionization, some experimental intensity is apparently missing. However, as noted in Section 5.2, the missing
Ž .intensity Fig. 3 at a binding energy of 59 eV is still non-zero and therefore additional 2s intensity remains atg

higher binding energies.

5.3. Density maps in momentum and position space

The momentum and position space density contour maps corresponding to each of the five valence orbitals of
an oriented O molecule are presented in Figs. 8 and 9. These density maps provide some insight into the2

Ž .corresponding spherically averaged experimental and theoretical momentum profiles. The position space maps
< < 2are slices of the orbital electron density c through a plane containing both nuclei. The momentum space

Fig. 9. Momentum and position density contour maps for the 2s and 2s orbitals of an oriented O molecule calculated at theu g 2

Hartree–Fock level using the 168-R basis set. The contour values represent 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, and 99.0% of the
Ž . Ž .maximum density. The side panels top and right side show the density along the dashed lines dashed vertical and horizontal lines for

each density map.



( )J. Rolke et al.rChemical Physics 230 1998 153–186 181

maps show momenta perpendicular and parallel to the molecular plane. The calculations are based on the 168-R
near Hartree–Fock limit results which have been found to provide generally good descriptions of the XMPs of
O at the Hartree–Fock level. The origin for the position space maps is the molecular center of mass and all2

dimensions are in atomic units. The side panels on each map show slices of the momentum or position space
Ž . Ž .density along the vertical right panel and horizontal top panel dotted lines.

The momentum and position density maps for the 1p orbital of O are shown in Fig. 8a and b. As discussedg 2
w xin previous work on the 1p density maps 30 , simple molecular orbital Hartree–Fock models describe this MOg

) Ž .as an antibonding p orbital involving out-of-phase destructive interference overlap of atomic O 2p orbitals.
) ŽThe expected shape of a pure p orbital can be seen from the r-map in Fig. 8b i.e. four lobes of density and

.nodal planes both along the internuclear axis and perpendicular to the internuclear axis . The highly nodal
Žcharacter of this orbital in r-space is also reflected in p-space r-space symmetry characteristics are conserved

.upon transformation to p-space and thus there are also two nodal planes in the p-map . In view of this high
degree of nodal behaviour it is not surprising that the experimental and theoretical momentum profiles for this

Ž . w xorbital display such a high p value of 1.0 au in view of the relation ps i"E c rEx 68,69 . The interferencemax

of wavefunctions on the atomic centers is also reflected in the momentum density map as additional lobes called
w x‘bond oscillations’ 70–72 .

The momentum and position density maps for the 1p orbital of O are shown in Fig. 8c and d. The 1pu 2 u
Ž .orbital is a bonding orbital resulting from in-phase constructive interference side-on overlap of atomic O 2p

Ž .orbitals. The expected two-lobed shape of the orbital can be seen from the r-map Fig. 8d . Because the overlap
is off the internuclear axis and because the lobes are of opposite sign, a nodal plane exists along this axis.

Ž .Similarly, one nodal plane is observed in the p-map in the p direction Fig. 8c . The momentum density atparallel
Ž .ps0 is identically zero so that all non-momentum resolution folded profiles for this orbital have zero

intensity at ps0. The small intensity near ps0 in the TMPs shown in Fig. 4a and b is due to momentum
resolution folding effects.

The momentum and position density maps for the 3s orbital of O are shown in Fig. 8e and f. Constructiveg 2

overlap of atomic orbital components is clearly seen in the region between the O atoms to produce a s bond.
The multiple lobes in the p-map are further evidence of this bonding behaviour. The large amount of

Ž .momentum density at ps0 see top and side slices in the p-map indicates the strongly s-type character of the
Ž .experimental and theoretical momentum profiles for this orbital see Fig. 5a–d . In addition, the small secondary

Ž .maxima in the momentum density see side slice in the p-map are reflected in the spherically averaged
momentum profiles as small p-type behaviour with maxima of pf1.4 au.

The 2s orbital of O is predicted from molecular orbital theory to be antibonding and this is reflected byu 2
Ž .the momentum and position density maps for this orbital Fig. 9a and b . The r-map displays a nodal plane

perpendicular to the internuclear axis. Strong multiple lobes are observed in the p-map and no momentum
density is observed at ps0. Maxima in the momentum density observed at pf0.8 au in the side slice of the
p-map are reflected in the p-type shapes of the observed XMP and TMPs for this orbital.

The weakly bonding character of the 2s orbital of O is indicated by the s density between the oxygeng 2
Ž .atoms in the r-map Fig. 9c and d . The inner valence 2s orbital is mostly composed of atomic-like O 2sg

Ž .character. On comparing with the density maps for the 3s orbital Fig. 8c and d it is also clear that the 2s isg g
Ž .more spatially contracted and tends to be more diffuse in momentum space than the 3s orbital. This isg

reflected by the broader momentum profiles for 2s ionization in Fig. 7e and f than for the momentum profilesg

for 3s ionization in Fig. 5a–d. The observed strongly s-type momentum profiles from 2s ionization are alsog g

reflected by the presence of a large amount of momentum density in the 2s p-map at ps0.g
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Appendix A. The EMS cross-section for the open shell molecule O —Contributions from the various final2

ion states

For an open shell molecule such as oxygen the EMS cross-sections for removal of a and b electrons are not
Ž .identical because different spatial orbitals are used in spin unrestricted calculations . In such cases the

Ž . Ž .summations in Eqs. 2 – 4 must be taken into account.
Ionization from the 1p HOMO of O is straightforward in that it can only involve removal of either of theg 2

two a electrons, leaving a doublet final ion state with a single unpaired a electron. Thus for the HOMO of O2
Ž .the EMS cross-section is simply given by two times Eq. 2 or the appropriate THFA or TKSA representations

Ž Ž . Ž .. Ž . KSŽ . .Eq. 3 or Eq. 4 noting that the terms in c p b or c p b are not present . For example, in the THFA thej j

HOMO cross-section becomes:
f < < 2s A2S H c p a dV 11Ž . Ž .EMS j 2p

Ž .In contrast, ionization from any orbital number j i.e. c of O other than the HOMO results in an ion withj 2

three unpaired electrons leading to both quartet and doublet final ion states and the situation is therefore more
complex. Let electrons 1 and 2 denote the electrons in the degenerate HOMO spatial orbitals c and c ,1 2

respectively. The spin eigenfunctions x for the three electrons 1, 2 and j are given below for quartet and
doublet final ion states, respectively:

Quartet final ion states

Ss3r2, M s3r2 x sa 1 a 2 a jŽ . Ž . Ž .S 1

1Ss3r2, M s1r2 x s a 1 a 2 b j qa 1 b 2 a j qb 1 a 2 a jŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .S 2 '3
12Ž .

1Ss3r2, M sy1r2 x s a 1 b 2 b j qb 1 a 2 b j qa 1 b 2 b jŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .S 3 '3

Ss3r2, M sy3r2 x sb 1 b 2 b jŽ . Ž . Ž .S 4

Doublet final ion states
1Ss1r2, M s1r2 x s 2a 1 a 2 b j ya 1 b 2 a j yb 1 a 2 a jŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .S 5 '6

1Ss1r2, M s1r2 x s a 1 b 2 a j yb 1 a 2 a jŽ . Ž . Ž . Ž . Ž . Ž .S 6 '2
13Ž .

1Ss1r2, M sy1r2 x s 2b 1 b 2 a j yb 1 a 2 b j ya 1 b 2 b jŽ . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .S 7 '6

1Ss1r2, M sy1r2 x s b 1 a 2 b j ya 1 b 2 b jŽ . Ž . Ž . Ž . Ž . Ž .S 8 '2

ŽIn an unrestricted open shell formulation the total antisymmetric wavefunctions for the oxygen ion considering
.just the three electrons of interest are formed by Slater determinants of the orbital functions c , c and c and1 2 j

the above spin eigenfunctions. It should be noted that this treatment corresponds to an open shell target
Ž Ž ..Hartree–Fock approximation i.e. Eq. 3 . Analogous considerations will apply for open shells in CI or DFT

treatments. The first ion total wavefunction is given by:

c 1 a 1 c 1 a 1 c 1 a 1Ž . Ž . Ž . Ž . Ž . Ž .1 2 j
1

Ny1 c 2 a 2 c 2 a 2 c 2 a 2Ž . Ž . Ž . Ž . Ž . Ž .C s 14Ž .1 2 j1 '6
c j a j c j a j c j a jŽ . Ž . Ž . Ž . Ž . Ž .1 2 j
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This total wavefunction and the other ion total wavefunctions can be written in shorthand form as:
Quartet final ion states

Ny1 1 < <C s c a c a c a1 1 2 j'6

Ny1 1 < < < < < <C s c a c a c b q c a c b c a q c b c a c a2 1 2 j 1 2 j 1 2 j'3 2
15Ž .

Ny1 1 < < < < < <C s c a c b c b q c a c b c a q c a c b c b3 1 2 j 1 2 j 1 2 j'3 2

Ny1 1 < <C s c b c b c b4 1 2 j'6

Doublet final ion states

1Ny1 < < < < < <C s 2 c a c a c b y c a c b c a y c b c a c a5 1 2 j 1 2 j 1 2 j6

Ny1 1 < < < <C s c a c b c a y c b c a c a6 1 2 j 1 2 j'2 3
16Ž .1Ny1 < < < < < <C s 2 c b c b c a y c b c a c b y c a c b c b7 1 2 j 1 2 j 1 2 j6

Ny1 1 < < < <C s c b c a c b y c a c b c b8 1 2 j 1 2 j'2 3

ŽSimilarly, the total wavefunction for the ground state neutral molecule considering just the four electrons of
.interest can be written:

N 1 < <C s c a c a c a c b 17Ž .i 1 2 j j'2 6

Ž . Ž .If the electron has been removed from the c a or c b orbitals, the ion-neutral overlaps for quartet andj j

doublet final ion states are as follows:
Quartet final ion states

1Ny1 N² < :C C s c p bŽ .1 i j12

Ny1 N 1² < :C C s c p aŽ .2 i j'12 3 18Ž .
Ny1 N² < :C C s03 i

Ny1 N² < :C C s04 i

Doublet final ion states

Ny1 N 1² < :C C s c p aŽ .5 i j'6 6

Ny1 N² < :C C s06 i 19Ž .
Ny1 N² < :C C s07 i

Ny1 N² < :C C s08 i

Thus, the cross-section for quartet final ion states contains contributions from both C Ny1 and C Ny1. The1 2

cross-section for doublet final ion states contains only the contribution from C Ny1. Squaring the ion-neutral5
Ž . Ž . Ž .overlaps in Eqs. 18 and 19 gives the relative weights for these contributions see below .

Ž .Within the Target Hartree–Fock Approximation see Section 3.1 , the spectroscopic strength for the
cross-section per electron can be simplified as S2 sS f. Therefore, the relative intensities of the contributions tof j
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Ž .the quartet and doublet state cross-sections in the unrestricted case are removing a common factor of 1r12 as
follows:

Quartet final ion states
2 1 2Ž1. Ž2.< < < <s AS H c p b dVq S H c p a dV 20Ž . Ž . Ž .EMS j j j j3

Doublet final ion states
2 2Ž5. < <s A S H c p a dV 21Ž . Ž .EMS j j3

It can be seen for the case of quartet final ion states that b and a electron ionization from orbital c contributej

to the EMS cross-section by relative amounts of 1 and 1r3, respectively, assuming SŽ1.sSŽ2.. For the case ofj j

doublet final ion states, only a electron ionization from orbital c contributes to the EMS cross-section.j

It should be noted that the target Kohn–Sham approximation is applied in the same manner as the THFA to
Ž . Ž .yield equations for the oxygen EMS cross-section. These TKSA equations are the same as Eqs. 20 and 21

f Ž . Ž .except that there are no spectroscopic factors S and c p a and c p b are replaced with the correspondingj j j
KSŽ . KSŽ .momentum space Kohn–Sham spin orbitals c p a or c p b.j j

< Ž . < 2 < Ž . < 2Turning now to a spin restricted open shell formulation, the values of H c p a dV and H c p b dVj j
f Ž . Ž .are the same after spin integration. If it is assumed that all the S values in Eqs. 20 and 21 are the same, thenj

these equations simplify to the following relations for the EMS cross-sections corresponding to formation of
quartet and doublet final ion states from the same initial ROHF orbital:

Quartet final ion states
4 2< <s A H c p dV 22Ž . Ž .EMS j3

Doublet final ion states
2 2< <s A H c p dV 23Ž . Ž .EMS j3

ŽThus, the quartet and doublet final ion state cross-sections have relative intensities of 4r3 and 2r3 i.e. they are
.in a 2:1 ratio . Therefore, for spin-restricted calculations, taking into account also the respective orbital

Žoccupancies and degeneracies, the resulting relative intensity factors for the open-shell molecule O i.e. 8r32

and 4r3 for 4
P and 2

P states, 4r3 and 2r3 for 4
S and 2

S states, and 2 for the special case of the 2
Pu u u,g u,g g

. w x Žstate are as described in the photoelectron spectroscopy literature 42–44 i.e. the factors F derived in Section
.3.2 .
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