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Photoionization cross sections have been computed using correlated

initial and ®nal target states obtained with standard ab initio

techniques and using a numerical representation of the continuum

scattering orbitals. Here, core ionization of small molecular systems

will be focused on. A brief review of previous results obtained using

these methods is given. New results are then given for the N 1s

ionization of NO and the N 1s ionization of N2. In the study of NO,

the spin-coupling scheme which best describes the shape-resonant

state and the energy dependence of the branching ratios for the

singlet and triplet ®nal ion states will be considered. In the study of N2

core ionization, the effects of the coupling of nearly degenerate core

levels and the effects of correlation on the importance of interchannel

coupling will be considered.
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1. Introduction

Much progress has been made in the ability to compute the photo-

ionization cross sections of molecules. For linear molecules the

azimuthal symmetry reduces the dif®culty of the calculation. Thus for

these systems it is possible to perform very accurate calculations

including both correlation in the initial and ionized target states and

correlation of the photoelectron with the target electrons. In this

paper we will discuss results obtained with the multichannel

Schwinger con®guration interaction method (MCSCI) (Stratmann &

Lucchese, 1995) which we have used to study a number of core

ionization processes. To consider larger systems, simpler treatments

of the correlation effects are usually employed.

There are a number of interesting resonance effects which occur at

energies near the threshold for core ionization of a molecule (Chen et

al., 1989). Just below the threshold for ionization there are transitions

from the core level to valence and Rydberg levels of the molecule.

These states then have a number of modes of decay. The excited

states can decay by emission of light, by an Auger-type decay process,

and by fragmentation. The Auger process is known as a resonant

Auger decay. Furthermore, there are two modes of non-radiative

decay in the resonant Auger process. The ®rst mode is a participator-

type decay where the electron in the valence or Rydberg level

participates in the decay process; the second mode is a spectator-type

decay where the initially excited electron remains in its excited state

and the other electrons take part in the decay process. In our study on

the resonant Auger ionization of CO due to the C 1s ! 2�* exci-

tation, we found that the MCSCI approach can obtain the width of

the resonant state and can predict the degree to which the decay

process is of the participator or spectator type (Botting & Lucchese,

1997).

When the photon energy is greater than the threshold for the core

ionization process, the resonances that occur are qualitatively very

similar to those found in photoionization from the valence shell. One

®nds one-electron resonances that are due to angular momentum

barriers. These resonances are usually fairly broad when compared

with two-electron resonances. Often these shape resonances resemble

unoccupied valence antibonding orbitals as in the photoionization of

CO (Lucchese & McKoy, 1983) or N2 (Lucchese et al., 1982) in which

there are prominent �*-type resonances which are trapped by an l = 3

angular momentum barrier. However, we have found in the photo-

ionization of S 1s in SF6 that there is a resonance of t1u symmetry

which is not similar to any of the unoccupied valence orbitals of that

system and is characterized by an l = 9 angular momentum barrier

(Natalense & Lucchese, 1999).

One difference between valence ionization and core ionization is

that generally in the valence region there are several valence ion

states that are well described by single-hole states. At higher energies

in the valence region there are usually shake-up states that can be

characterized by two vacancies in the bound orbitals of the initial

state and one virtual orbital occupied. These states often strongly mix

with the inner valence single-hole states, leading to strong con®g-

uration mixing effects that can complicate the interpretation of the

photoionization cross sections. In the region of core ionization there

are three possible cases which can occur. If there is only one atom in

the molecule of a particular type, then in the region of the core

ionization of that atom there will be only one hole state. If there are

two or more atoms of a particular type, and if the atoms are

equivalent, there will be a number of degenerate or nearly degen-

erate hole states. In these cases, there can be interesting coupling

effects between the hole states and the vibrational motion of the

molecule. One such effect is dynamic hole localization (Domcke &

Cederbaum, 1977). If the atoms are not equivalent, then there will be

a more substantial splitting between the core levels.

In a previous study of the C 1s photoionization of acetylene (Lin &

Lucchese, 2000a), we have considered the case of chemically

equivalent atoms. In that study we considered the effects of electron±

electron correlation on the description of the �* shape resonance

which occurs at about 20 eV above the C 1sÿ1 threshold. It was found

that, without the inclusion of correlation in the description of the

target states, the effects of interchannel coupling were exaggerated.

We further found quantitative agreement with experimental cross

sections (Thomas et al., 1999) for the resolved 1�ÿ1
g and 1�ÿ1

u partial

photoionization cross sections with a calculation including the two

hole states and the four strongest shake-up states.

2. Computational methods

The method we have used to study the various photoionization

processes is the MCSCI method. In this method, the close-coupling

approximation is used with the target states represented by con®g-

uration interaction (CI) wave functions. This leads to a set of coupled

integro-differential equations that are solved using the Schwinger

variational method. This method has been described in detail else-

where (Lucchese et al., 1986; Bandarage & Lucchese, 1993; Stratmann

& Lucchese, 1995; Stratmann et al., 1996) so we will only give a brief

outline of the method here. In the MCSCI method, the photoionized

state of a molecule is described by a stationary state wave function of

the form
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where �p is the one-electron scattering wave function of channel p.

�p represents the CI target ion wave function of channel p, which is a

linear combination of spin-adapted N ÿ 1 electron con®guration

state functions (CSF)  �. �p��p� and  ���p� are antisymmetrized



spin- and symmetry-adapted products of the corresponding N ÿ 1

electron functions and the continuum one-electron function �p.

The wave function 	s satis®es the time-independent SchroÈ dinger

equation
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with the appropriate asymptotic boundary condition and where HN is

the N-electron Hamiltonian and E is the total electronic energy.

Given the molecular orbitals {'i} and the CI wave functions of the

residual ion of different channels, we are able to obtain the coupled

variational equations for the scattering wave functions,
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where p, q are the channel indexes,
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"p is the asymptotic kinetic energy of the photoelectron in channel p,

with "p = Eÿ Ep, where Ep is the electronic energy of the residual

ionic state in channel p, and Upq is the non-local optical potential

(Bandarage & Lucchese, 1993).

The Lippmann±Schwinger equation is then

� � � 0 �Gc VQ �; �5�
where � and � 0 are the vectors of the channel-scattering wave

function and Coulomb wave function, respectively. The potential VQ

in equation (5) is a Phillips±Kleinman pseudopotential (Lucchese et

al., 1982; Bandarage & Lucchese, 1993), which enforces the ortho-

gonality between a given scattering wave function and selected

molecular orbitals. In (5), Gc is the multichannel Coulomb Green's

function matrix given by
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The variational functional for the photoionization transition

moment leading to the target state of channel p can be constructed as
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where the quantity R
L�V�
i is a function of the electronic dipole

operator, and {'0i} forms the multichannel scattering basis set. The

superscript L(V) denotes that this equation may be solved using

either the length or the velocity approximation. This multichannel

Schwinger result is further re®ned using PadeÂ approximates to IL�V�
p

(Lucchese & McKoy, 1983).

The double-differential photoionization cross section of a given

channel is expressed in length (or velocity) and the mixed form as
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The ®nal cross sections and the asymmetry parameters are obtained

by integrating over all orientations of the molecule in the laboratory

frame.

The calculation of the photoionization cross section begins with the

calculations of the initial and target states. In order to simplify the

calculation, we use the same set of molecular orbitals in the CI

calculations of the initial and all ®nal states. For the ionization of the

core levels, these common orbitals are usually obtained by a

complete-active-space self-consistent-®eld (CASSCF) calculation on

the ground state of the molecule of interest using the MOLPRO

program (Werner & Knowles, 1996). However, for valence ionization

we have also found that a state-averaged multi-con®guration self-

consistent-®eld (MCSCF) calculation on a selection of important ion

states has yielded very good results (Wells & Lucchese, 1999).

Molecular natural orbitals generated from this step are used by the

MCSCI code to construct the CSFs and total electron wave functions.

In the following steps, the single center expansion (SCE) technique

and numerical grid method have been employed in all integrations.

Different levels of the MCSCI calculations are performed to

investigate how the different types of correlation contribute to the

photoionization process. Calculations based on the single-channel

Schwinger Hartree±Fock (SCSHF) approximation contain no corre-

lation. Multichannel Schwinger Hartree±Fock (MCSHF) approx-

imation calculations show the results of target response to the

photoelectron without including target correlation. Single-channel

Schwinger con®guration interaction (SCSCI) calculations show the

effects of target correlation. The full MCSCI calculation has all

correlation effects included. In addition, by selectively including and

removing channels it is possible to consider which channels are

important in various resonant features. In core ionization we are

particularly interested in the effects of interchannel coupling between

core-hole channels and in the effects of interchannel coupling

between core-hole and shake-up channels. In the study of linear

systems, the full MCSCI calculation can be performed with up to �20

ion states included in the close coupling expansion. For non-linear

systems, we are only able to treat the photoionization problem at the

SCSHF level. At this level, interesting shape resonance effects can be

considered (Natalense & Lucchese, 1999); however, two-electron

resonance processes such as autoionization cannot be studied.

3. Results

3.1. N 1s ionization of NO

In our study of the photoionization of NO, the equilibrium struc-

ture of molecular NO is used in the calculations, in which RN±O =

1.15077 AÊ . In the ®rst step, a restricted Hartree±Fock (RHF) calcu-

lation is performed on the ion ground state using the MOLPRO

program (Werner & Knowles, 1996), followed by an MCSCF calcu-

lation including all core and valence orbitals. Dunning's aug-cc-pVTZ

basis set with augmented diffuse functions was used in these calcu-

lations (Dunning, 1989). The natural orbitals are constructed from

the MCSCF calculation and serve as the molecular basis set in the

following MCSCI calculation.

In the next step, initial molecular states and target ion states are

obtained by full CI (FCI) calculation with the graphical unitary group

approach (GUGA) (Hinze, 1981) using the natural orbital set. SCSCI

and two-channel Schwinger con®guration interaction (2CSCI)

calculations were performed using the initial and target states

calculated above. The continuum scattering orbitals are obtained by

performing a scattering calculation on a model potential using a set of

general Gaussian-type orbitals and selecting a compact basis set from

the ®nal eigenfunctions (Stratmann et al., 1996).

The ground state of NO has the con®guration of

1�2
O2�2

N3�24�25�21�42�1. The N 1s ionization of NO leads to two �
states with different multiplicity, singlet or triplet states. The calcu-

lated ionization potential (IP) is 409.59 eV for the 3� state, and

410.44 eV for the 1� state. The experimentally determined IPs are

410.3 and 411.8 eV, respectively (Siegbahn et al., 1969). The SCSCI
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and 2CSCI calculations produce very similar shapes of the total and

partial cross sections. The partial cross sections from the 2CSCI

calculation are plotted in Fig. 1(a). Sharp resonances occur in both

channels but at slightly different positions. The maximum of the cross

section is 413.5 eV in the channel leading to the 1� state and 414.5 eV

in the channel leading to the 3� state. These two shape resonances

are also observed in the measured photoionization cross sections for

the two channels, but are broader than those we obtained (Ruedel &

Hergenhahn, 2000). By comparison with the single-channel scattering

calculations, we observed little interchannel coupling between these

two channels. The intensity ratio between these two channels is

plotted as a function of photon energy in Fig. 1(b). In the high-energy

limit, the intensity ratio 3�/1� is slightly higher than 3, which matches

the spin statistic ratio. Near the threshold, however, the intensity ratio

changes dramatically. The minimum of the ratio is �0.88, located at

413 eV, just around the ®rst shape resonance. The maximum of the

ratio is �5.24, located at 415 eV, close to the shape resonance in the

channel leading to the 3� state. Experiments have veri®ed the exis-

tence of the structure in the measured intensity ratio, but the oscil-

latory structure near the threshold is much less signi®cant.

The shape resonances have been veri®ed as �*-type resonances.

Compared with previous calculations by Wallace et al. (1982), the

positions of the shape resonances from our calculation are much

closer to the threshold, and the intensity ratio is also different from

the spin statistics that they used. For the N 1s core ionization of NO,

the couplings between core and valence orbitals are strong enough

that a multiplet-averaged approach is not feasible. Our results also

indicate that the couplings between continuum scattering wave

function and valence orbitals are much less signi®cant than the core-

valence coupling. Thus, the shape resonances in the photoelectron

scattering from the singlet or triplet ion potentials are observed in

different positions. This is in contrast to the behavior of the corre-

sponding resonance in the 5�ÿ1 valence ionization of NO (Stratmann

et al., 1996). In the valence region, the 5�±k� coupling is much

stronger than the N 1s±k� coupling. The consequence of this stronger

coupling is that in the valence region there is only one strong shape

resonance feature in the photoionization process. This resonant state

then decays into the two possible asymptotic 3� and 1� channels. In

the partial cross sections the resonance then appears at the same

energy in each channel.

The core ionization of NO is a unique system. We observed that the

MCSCI calculation for this system is very sensitive to the selection of

the molecular basis set. Our calculations also showed that the cross

sections are very sensitive to the NÐO bond distance (Lin &

Lucchese, 2000a). This geometry dependency of the photoionization

cross section may be the cause of the difference between theory and

experiments.

In our current calculations, we excluded the many possible shake-

up channels in the close-coupling expansion. However, we believe

that the couplings between the core-hole states and shake-up chan-

nels cannot be neglected. The exclusion of the shake-up channels in

the expansion may also be the cause of the disagreement.

3.2. N 1s ionization of N2

The calculation of N 1s photoionization of N2 is performed at its

equilibrium geometry, in which RN±N = 1.09768 AÊ . An RHF calcu-

lation is ®rst performed for the ground state of the N2 molecule. A

CASSCF calculation including full valence orbitals is then performed,

followed by a multi-reference con®guration interaction (MRCI)

calculation. A set of natural orbitals is generated after the MRCI

calculation. The following natural orbitals are selected to form the

molecular orbital set in the selected CI calculation,

1�g1�u2�g2�u3�g1�u1�g3�u4�g2�u2�g4�u: �10�

Two restrictions are applied in the selected CI calculation, i.e. only

two electrons are allowed in the last six orbitals, and only one elec-

tron is allowed in the last four orbitals. Total and partial cross sections

are obtained by coupled-channel scattering calculations.

The electronic con®guration of the ground state of N2 is

1�2
g1�2

u2�2
g2�2

u3�2
g1�4

u. The N 1s ionization in N2 includes both 1�ÿ1
g

and 1�ÿ1
u ionization channels. The calculated IP for N 1s of N2 is that

of the 1�ÿ1
u state, which equals 413.054 eV. The measured IP (Chen et

al., 1989) is 409.938 eV. The calculated splitting between two core-

hole states, 1�ÿ1
u and 1�ÿ1

g , is 0.144 eV. The small splitting makes it

dif®cult to distinguish their contributions to the N 1s photoionization

cross section. However, the two channels did have very different

dynamics in the core photoionization process due to their symmetry

properties.

The total cross section of the N 1s ionization and the partial cross

sections of the two channels are plotted in Fig. 2, together with the

total cross section measured by a high-resolution photoionization

study (Kempgens et al., 1996). The experimentalists found a shape

resonance at �419 eV. Many studies using a multiple-scattering

model (MSM) (Dehmer & Dill, 1975), or the Stieltjes±Tchebycheff

moment theory (STMT) (Rescigno & Langhoff, 1977), or the

Schwinger method with frozen-core Hartree±Fock including core

relaxation effects (RCHF) (Lynch & McKoy, 1984), were not able to

reproduce both the magnitude and position of this resonance. Our

calculation found the shape resonance located at about 420 eV with

the maximum of about 2 Mb, which agrees very well with the

experiments. Further investigation found that this is a ��u-type reso-

nance, which is found in the components with a total �u symmetry

after photoionization. The main contribution comes from the channel

leading to the 1�ÿ1
g ion state. By looking only at the components with

®nal �u symmetry, the single-channel calculations show that the

contribution from the channel of the ®nal 1�ÿ1
u ion state is about 10%

of the channel of the ®nal 1�ÿ1
g ion state at the peak of the shape

resonance, and, in the coupled-channel calculation, the ratio only

slightly increases. The result apparently suggests that there is little

Figure 1
Photoionization cross sections for the ionization of NO leading to the N 1sÿ1

3� and 1� states of NO+.



interchannel coupling effects between these two channels, which

contradicts the recent random phase approximation (RPA) results

that suggest strong coupling between these two channels (Cherepkov

et al., 2000). We also compare the calculations using the RCHF

approximation and using the CI approximation. The coupled-channel

calculations using the RCHF approximation also suggest much

stronger interchannel coupling effects (Lin & Lucchese, 2000b). In

the study of C 1s photoionization of C2H2, we have already found that

neglecting the correlation of the target ion states leads to exaggerated

interchannel coupling effects in the coupled-channel scattering

calculation (Lin & Lucchese, 2000a). Our results in the N 1s photo-

ionization study of N2 suggest that only the simple treatment of the

core relaxation effect is not suf®cient in such a highly correlated

system.

New experimental developments also enable the measurement of

the angular distribution of the photoelectron in the ®xed-in-space

molecular frame, which provides extra data and information about

the dynamics of the core photoionization process (Cherepkov et al.,

2000). Theoretical studies are in progress to calculate such angular

distributions, and also to include the shake-up channels in the close-

coupling expansion. Thus, we will be able to better understand the

electron correlation effects in the photoionization process, and to

study the interchannel couplings between core-hole states and shake-

up channels.

4. Conclusions

In this paper we studied the N 1s photoionization of NO and N2.

There are several signi®cant differences between these two processes.

First of all, N2 is a close-shell molecule while NO is an open-shell

molecule. The N 1s ionization of NO leads to target ion states with

different multiplicities, and NO will have more channels leading to

the target states due to different spin couplings. Also, N2 is a

homonuclear molecule; both N atoms contribute to the N 1s photo-

ionization. Thus, there are more channels coming from the initial

state of N2. The two molecules have different symmetry properties,

which lead to different coupling and transition rules. Their photo-

ionization spectra also show distinct and interesting characters of the

dynamic processes.

Besides these differences, we also observed some similarities in the

N 1s photoionization. Both the N2 and NO molecules have shape

resonances located near the threshold, which have the character of

the antibonding orbital. We also ®nd that there are only small

couplings between channels of different ®nal core-hole states when

properly correlated ion states are used in the calculations.
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Figure 2
Total photoionization cross sections for ionization of N2 leading to the N 1sÿ1

states of N�2 . The computed cross sections were obtained from a 2CSCI
calculation. The experimental data are from Kempgens et al. (1996).


