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Electron-correlation efFects in the photoionization of Nz
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We have implemented a multichannel configuration-interaction complete-active-space (MCCI CAS)
approximation to study electron;correlation e5ects in molecular photoionization. This approach in-
cludes both target relaxation and correlation due to coupling between different asymptotic scattering
channels. The method employs a complete-active-space configuration-interaction wave function to
represent the bound target states where the configuration interaction is computed using a single-center
expansion to evaluate all integrals. The scattering equations are then solved using the Schwinger varia-
tional method. We present results of a detailed MCCI-CAS-Schwinger study of the photoionization of
molecular nitrogen in the photon energy region of 19—26 eV„ including nine coupled electronic channels.
The results are in good agreement with the available experimental data. In particular, we obtain theoret-
ical cross sections including interactions with the ionization channel leading to the C X„+ state of N2+.
The theoretical results are found to have a resonance structure similar to that observed in the experi-
mental photoelectron asymmetry parameters in the (3a~ ) ionization channel near 22 eV.

PACS number(s): 33.80.Eh, 33.60.Cv, 03.65.Nk

I. INTRODUCTION

In recent years, angle-resolved photoelectron spectros-
copy has provided a wealth of information for probing
the electronic structure of small molecules, both for mol-
ecules in the gas phase and molecules adsorbed on sur-
faces. The interpretation of many aspects of the available
data represents a formidable challenge to theory. Even
though current theory is, in general, quite good for small
systems, there are still qualitative and quantitative
discrepancies between theory and experiment. The
foremost example, where there are still discrepancies, is
the photoionization of Nz, w'hich has been studied by
numerous theoretica, l [1—8] methods and has also been
the object of many experimental studies [9—13].

The main questions that remain and that we wish to
examine are what degree of correlation is necessary and
how many (and which) ion states must be included to ac-
curately represent the valence photoionization of molecu-
lar N2. Recent calculations [1] using the separated-
channel frozen-core Hartree-Fock (SCFCHF) and the
multichannel frozen-core Hartree-Pock (MCFCHF) ap-
proximations indicate that in general the MCFCHF re-
sults are in better agreement with experiment. However,
there are certain quantitative aspects of the experimental
cross sections that are better reproduced by the much
simpler SCFCHF results. Thus, for example, MCFCHF
results do not have the intensity in the 1n.„~km contin-
uum channel which wrongly presents itself as a strong
valence transition above threshold in SCFCHF calcula-
tions, and by including the important interchannel cou-
pling efFects, the MCFCHF calculations yield the struc-
ture in the (2o „) ' photoelectron asymmetry parameter
found experimentally near 33 eV. However, even though
the qualitative features of the computed cross sections are
improved by considering the efFects of interchannel cou-
pling, quantitative agreement is made worse in some
channels as exempli6ed by the fact that the SCFCHF re-

suits give better agreement with the experiments for the
width and position of the shape resonance in the (3o.s )

ionization channel. Thus, there Inust be important
deficiencies in the treatment of correlation efFects in the
MCFCHF calculations; this is also indicated by the lack
of agreement in the length and velocity forms in the cross
sections of the ( ln „) ' channel.

There exist further signi6cant deviations between
theory and experiment as exemplified in the photoelec-
tron asymmetry parameter in the (3trs) ' channel [10]
near 22 eV which is due to autoionization leading to the
C X„+ state of Nz+ which was not included in the
MCFCHF calculation, thus indicating the need to in-
clude additional ion states.

In the close-coupling approximation for studying pho-
toionization, the total X-electron wave function is ex-
panded as a sum of antisymmetrized, spin-adapted prod-
ucts of (N —1)-electron target configuration state func-
tions (CSF) and single-electron channel orbitals. This
formalism includes efFects due to target relaxation, corre-
lation, and polarization as well as interchannel coupling.
However, to date, little work has been done in using
multicon6gurational target wave functions for e-molecule
scattering or molecular photoionization [14—18).

We have recently reported a multiconfigurational mul-
tichannel Schwinger study [14] on the core ionization of
CO. In that study, the simultaneous ionization and exci-
tation of target electrons (shake-up processes) is an im-
portant electron correlation efFect that cannot be de-
scribed by the frozen-core model. The computational
method used then was severely limited; only CSF's that
had three or fewer singly occupied orbitals could be in-
cluded. Thus, in the construction of a singlet X-electron
wave function from (N —1)-electron doublet CSF's that
contain three or fewer singly occupied orbitals, there ex-
ist only three di6'erent cases that need to be considered
(Table I). These three cases are easily identified and cod-
ed. However, as the number of singly occupied orbitals
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TABLE I. Form of the (N —1;S=1/2, Mz= 1/2) and (N;S =O,M@=0)-electron CSF s for some
simple cases.

Wave function CSF Path

fi(x )

fz(X )

A [(core)P, [a] ]
[(core)P PbP [2aaP P—aa a—Pa] ]

A

6

[(core)P, PbP, [aPa —Paa] ]
2

[(core)Q, X; [aP—Pa] ]
A

2

[(core)P, PbP, y; [2aaPP Paa—13 aPa—P
A

12—PaPa —aPPa+ 2PPaa ] ]
[(co—re)P, Pb P,y; [aPaP Pa a—P al3P—a +PaPa J ]

+1
+1+1 —1

+1—1+1

+1—1

+1+1 —1 —1

+1—1+1—1

increases, the number of cases that need to be considered
grows rapidly, the work needed to implement these on a
case by case basis becomes overwhelming. Further, such
an approach would not be general, a new set of cases
would need to be programmed for every di6'erent 6nal
spin symmetry that one encounters in di8'erent spin
species (e.g., molecular oxygen or ionized radicals}.

Here we present a more general approach that allows
the inclusion, in principle, of any level of excitation. %'e
have also extended the code to take full advantage of all
symmetry aspects.

There are several objectives for the current work.
First, by including more CSF's with more unpaired elec-
trons we hope to obtain significant improvements by ac-
curately describing the residual ion. In particular, we ex-
pect quantitative improvements, such as bringing the
length and velocity form into better agreement, as well as
qualitative improvements in the calculated cross sections
and photoelectron asymmetry parameters by including
more accurately described ion states.

Previously, all integrals used in the computation of the
(N —1}-electron target states were obtained analytically
using standard quantum-mechanical codes. However, in
the ¹ lectron scattering problem all integrals are done
numerically. This leads to small o6'-diagonal channel ma-
trix elements that were neglected in our previous study
[14]. The second objective was to avoid this problem by
treating the bound and continuum part of the problem on
an equal footing (i.e., numerically).

The number of target states included in the close-
coupling calculations is necessarily limited due to practi-
cal considerations. It has been pointed out that, when us-
ing multiconfigurational targets, the exclusion of some of
the energetically open channels can give rise to spurious
resonances [18]. This eff'ect can be illustrated by consid-
ering a case where there is a compact representation of
the included target states, such that each state contains
one identifiable principal configuration. The continuum
function can develop a component that resembles a
penetration term that can be represented by an I. expan-
sion, and the penetration term is thus built exclusively
from ¹electron target orbitals used in the close-coupling
expansion. The same penetration term can arise from
different channels. In particular, the penetration term

might represent a major component of one of the omitted
ion state channels, i.e., can be identified with an (N —1)-
electron eigenstate, thereby leading to a spurious reso-
nance. One solution that has been proposed to solve this
problem consists of orthogonalizing the channel scatter-
ing states to the strongly occupied molecular orbitals.
This solution is good only for states with an identifiable
principal configuration such that the orbital set can be di-
vided into strongly doubly occupied and weakly occupied
orbitals; this approach will not work for highly correlated
states.

However, such penetration terms can only give rise to
states that are included in a complete-active-space
configuration interaction (CASCI). The third objective
was to illustrate the utility of the CAS approach since no
spurious resonances can occur if one includes all energeti-
cally open channels obtained from the CAS. However,
the number of open channels to be included using a 6nite
basis set, rises rapidly as the incident photon energy
reaches the ionization energy, thereby making the corn-
putation ever more demanding.

We will consider the photoionization process in the
fixed nuclei approximation, and limit ourselves to consid-
er only the ionization from the valence orbitals of N2 and
to the restricted photon energy region of 19—26 eV where
there are few enough open channels to make the calcula-
tion feasible.

II. THEORY

The multichannel configuration-interaction (MCCI)
wave function for a system of N electrons at a total ener-
gy where one electron is asymptotically free can be writ-
ten as [19]

where y; s is the ith channel scattering function, g~ is an
(N —1 }-electron channel CSF, @; represents the
configuration-interaction wave function of the residual
target in channel i, N, is the number of channels, and Xb
is the number of CSF's used in the expansion. The nota-
tion g~(y;s) implies an antisymmetrized spin-adapted
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FIG. 1. Branching diagram for spin eigenfunctions. X is the
number of open-shell electrons and S is the total spin angular
momentum.

N-electron CSF constructed from the product of g and

In any given channel, we consider all possible excita-
tions consistent with the total M value and g/u symme-
try of some given reference con6guration.

%'e next construct all the linearly independent spin
eigenfunctions arising from a given spatial orbital occu-
pation [20). We note that the spin operators S and S,
are symmetric under a permutation of the particles,
hence a pure spin eigenfunction remains a spin eigenfunc-
tion under permutation with the same values of S and M.
Thus, the construction of spin eigenfunctions can be iso-
lated from any considerations of the orbital form of the
wave function, and also from the overall space-spin an-
tisymmetry requirements. Thus, if one takes any orbital
product and attaches a spin eigenfunction and antisym-
metrizes, the result will be a properly antisymmetric spin
eigenfunction. Since the spin eigenfunctions consist of
products of spin functions, the antisymmetrizer will turn
every term into a Slater determinant constructed from
the spin orbitals which are products of the spatial orbitals
and spin functions.

To obtain the actual spin functions X(N, S,M) we have
used the branching diagram method [20]. Since the
Hamiltonian and the other physical quantities we are in-
terested in are spin independent we may choose M =S.
In the branching diagram method (Fig. 1), starting with
an (n~ —1)-electron spin eigenfunction with quantuin
number S, two n -electron spin eigenfunctions can be
formed by either adding the spin of the n th electron
leading to the state with total spin S+1/2, or by sub-
tracting it to obtain the state with total spin S —1/2 (for
S~ 1/2), according to the addition theorem of angular
momentum. Starting with a single electron, one succes-
sively adds or subtracts the spin of additional electrons,
the sequence of additions and subtraction defining a path,
which is easily represented by a string of integers, [+1].
For a given fina1 X one must And all possible paths lead-
ing to the state with spin S. For the explicit construction

of a spin eigenfunction, using the notation S*=S+1/2,
the proper linear combinations for subtraction is given by
[20]

S (a)= g S (i)

and the proper linear combinations for addition is given
by

X(n,S)=X(n~ —1,S )a(n~} . (4)

Thus, for a given spatial orbital occupation q, the
(N —1)-electron CSF can then be written as

g*= Aq [+1];= AqX~(N —1,S ) (5)

and the X-electron CSF is written as

Qq (Xk ) = Aqui, [ +1],' = AqykX; (N, S),
where 3 is the antisymmetrizer, q represents a set of oc-
cupation number, and the path [21)and [+1[' diff'er

only by an additional integer in the latter.
We have also implemented a procedure to construct X

states (m =0}with the proper symmetry with respect to
reAection in the plane containing the intermolecular axis.
Under this symmetry operation (we take the reflection
plane to be the x-z plane), a spatial one-electron orbital

P, is transformed into +P;., and thus the entire CSF is
also transformed. %'e then determine the overlap matrix
between the original CSF and the transformed CSF
which is thus the matrix representation of the symmetry
operation. %'e then block factor and diagonalize the re-
sulting blocks. The eigenvalues of this matrix have unit
norm and the eigenvectors form a set of functions that
are of the correct symmetry and are mutually orthogonal.
This is a necessary procedure in order to obtain a set of
CSF's that are mutually orthogonal and thus avoid linear
dependence in the final CSF's.

Once we have constructed the (N —1}-electron CSF's,
we perform a numerical CI using our single-center-
expansion scattering code to evaluate all needed integrals.
From the branching diagram method, or from Eqs. (5)
and (6), one can easily see that for a given spin symmetry
of the S-electron wave function there is a one-to-one
correspondence between the CSF's used to construct the
N-electron wave function and the (N —1)-electron CSF's
used to construct the target states. Thus, the CI expan-
sion coefficients C;. for a given CSF QJ(X;) in the N
electron state @;(X;), is identical to the CI expansion
coefficient for the corresponding CSF P in the (N —1)-
electron state N;. Thus,

X(n, S)=[(2S+1}(2S+2)]
X [ —S*S+(n }+(2S+1)1]
XX(n —1,S+)P(n },

where S+ are the usual spin raising and lowering opera-
tors, and where
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where the values of C are identical to those used in Eq.
(1).

To make the correct association between N and
(N —1)-electron CSF's, for any given N-electron CSF,
one must determine whether the last (continuum) elec-
tron was coupled in by addition or by subtraction. This
is easily done by examining the path used to construct it.
Alternatively, from Eqs. (2) and (4), it is evident that if in
a given X-electron CSF there exists no determinant where
the spin of the continuum electron is P (i.e., all a) then
this particular N-electron CSF comes from an (N —1)-
electron CSF with spin S . Similarly, if in the N-
electron CSF there exists at least one determinant where
the continuum electron has spin P, then this would corre-
spond to a CSF obtained from an (N —1)-electron CSF
with spin S+.

To obtain the scattering equations for the scattering
orbital y;, the MCCI wave function is required to satisfy
the projected Schroedinger equation

X C;NX;~l&« ~l+MCCI)
i=1

where H& is the usual X-electron Hamiltonian and
@,(5y, ) represents all possible variations of 4;(y; ) which
can be obtained by varying the scattering orbital y;. We
do not impose any orthogonality constraints (a priori) be-
tween y; and those spatial molecular orbitals [P ] which
are not doubly occupied in every configuration. This per-
mits the scattering function to include the functional
space spanned by the molecular orbitals. There exist oth-
er methods that require the scattering function to be or-
thogonal to the bound states [18]. To relax this unphysi-
cal restriction they include "penetration" terms that be-
long to the Hilbert space of L N-electron wave func-
tions. Both formulations give rise to unphysical spurious
resonances when one includes only a restricted set of
channel state functions. In the present calculation, how-
ever, this is avoided by including all the open channels
from a CASCI calculation of the ion states in the energy
range considered.

The actual computation of the potential is done as fol-
lows. Since each CSF is a sum of Slater determinants, the
matrix elements of the Hamiltonian in the channel basis
is expanded in a summation of matrix elements over
Slater determinants. In order to apply the Condon-Slater
rules to evaluate the matrix elements, the scattering func-
tion is further expanded in the molecular orbital basis set
and the part orthogonal to them. This is done by insert-
ing unity, 1=P+Q, where the projection operators are
defined as

III. RESULTS AND DISCUSSIQN

A self-consistent-field (SCF) calculation on the ground
state of N2 using the standard triple g valence plus polar-
ization basis set [21] at an internuclear separation of
2.068 a.u. gives a total electronic energy of —108.977 829
a.u. The SCF initial state of molecular nitrogen, includ-
ing the two lowest-lying virtual orbitals is given by

(lo ) (lo„) (2o ) (2o„) (3cr ) (lm'„) (lm ) (3o„)

The canonical molecular orbital basis so obtained usu-
ally leads to a slowly convergent CI expansions due to the
fact that the virtual orbitals are too diffuse. Thus it is
useful to employ a set of natural orbitals to keep Xb, the
length of the CSF expansion, to a minimum. We have
then included correlation through a CAS-MCSCF calcu-
lation using the 10 orbitals listed above where we have
maintained the lo. and 1'„orbitals as doubly occupied
in all configurations and considered all other orbitals ac-
tive. The CAS-MCSCF total energy is —109.127082
a.u. We then obtain a set of natural orbitals by diagonal-
izing the one-electron density matrix for this state. The
initial state CAS-MCSCF wave function consists of 96
symmetry adapted CSF's.

After construction of the (N —1)-electron CSF's we
perform a numerical CASCI using matrix elements corn-
puted using the single-center expansion technique. We
are primarily interested in obtaining good excitation en-
ergies and not absolute ionization potentials (Ip's). Thus
we present in Table II the energies for the three lowest
valence excited states of Nz+ relative to the ground state
of Nz+. We have considered the dependence of the IP's
on the l expansion using expansions up to l =100 and
1 =40. We have verified that the diff'erences in the excita-
tion energies using the different expansions are within 0.2
eV. We have previously reported that the shape reso-
nance for ionization in the (3og) channel is relatively
insensitive of the maximum l used [22]. Thus, to mini-
mize the computational effort required and to insure a
reasonable accuracy of the calculation, all calculations
presented below were done using an expansion up to
l =40. The total energy is —108.291 819 a.u. for N2 and
—107.694987 a.u. for Nz+ using l =40. Thus, we com-
pute the lowest-lying IP at 16.24 eV, which is 0.64 eV
above the experimentally determined first IP of 15.60 eV.

The vertical IP for the C X„+ of Nz+ is some 3 eV
above the experimentally observed adiabatic IP. In a
simple molecular orbital picture, this state represents a
shake-up state in which a bonding electron o. electron is

TABLE II. Excitation energies (in eV) from the ground ion
state of N2+ to the three lowest ion states.

and where the sum runs over all active spin orbitals. Each
matrix element is thus reduced to sums of the usual one
and two electron integrals and products of overlaps with
one and two electron integrals. The general form of this
potential has been discussed in detail by Bandarage and
Lucchese [14].

Transition

W 2II+~X 2X+
g g

B X+ X X+
Q g

g 2y+ ~ 2@+

MCEP
Ref. [25]

1.72
3.04

10.79

1.06
2.43

10.58

'Estimated from RKR potential (Ref. [23]).

Experiment

1.38
3.18
9.8'
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promoted to the antibonding IT' orbital and is accom-
panied by a considerable increase in bond length; the ex-
perimentally determined internuclear equilibrium dis-
tances [24] are 1.09768 A or X'Xs+ and 1.471 A for
C X„+. Thus, the di6'erence between the computed verti-
cal IP and the experimental IP is in qualitative agreement
with our expectations.

In the photoionization calculations the highest-lying
open channel corresponds to the 8 X„+ state of Nz+.
Since the computed IP is within 0.1 eV of the experimen-
tally determined vertical IP for this state, we have decid-
ed not to shift any of our IP's and, therefore, present a
completely ab initio calculation.

We present in Table III our results for the lowest-lying
ion states of N2+. We compare our results to results ob-
tained from the GAMESS computer program [21]. The re-
sults presented there should be identical to our own in
the limit that the l expansion approaches infinity. We
have verified that for I = 100 agreement is within 0.02 eV.
We have also compared our results to the
multiconfiguration electron propagator (MCEP) results of
Nichols, Yeager, and Jdrgensen [25] and have found that
all IP's computed here are within 1 eV of those found us-
ing MCEP. We further present the orbital occupation
differences between the Hartree-Fock (HF) neutral-target
wave function and the principal CSF's of the ion states.
Some of the configurations have the same primary
configuration and di8'er by their spin symmetry in the ~
subsystem to form intermediate singlets or triplets.

After the three ion hole states, all other states shown,
represent shake-up states in which one of the electrons
has been promoted to the mg orbital and roughly appear

in the order as expected in a simple molecular orbital pic-
ture. Thus, states in which the m subsystem is spin cou-
pled to give an intermediate triplet lie energetically lower,
in agreement with Hund's rule. We further note that
there is a large splitting when the two unpaired electrons
lie in the same plane (i.e., same m value) thus having
stronger e -e interactions.

We have performed MCCI-CAS calculations including
the first 3 (MCCI-CAS-3), the first 4 (MCCI-CAS-4), and
the first 9 (MCCI-CAS-9) ion states listed in Table III.
We will further present results in the SCFCHF approxi-
mation and the MCFCHF approximation previously ob-
tained [1]. In the MCFCHF calculation, the target states
were the four valence ion states (3o )

' Xs,
(lm„) ' Il„+, (2o„) ' X„+, and (2cr )

' X, which
were represented by single CSF wave functions construct-
ed from the SCF orbitals of the ground state of N2. In
the present MCCI-CAS calculations, we have computed
points every 0.1 eV. In all regions where we could detect
any structure we have done points at every 0.05 eV.

In Fig. 2, we present the total cross sections for the
(3os) ' channel. We present results obtained in the
SCFCHF, MCFCHF, and MCCI-CAS-9 calculations
with available experimental data. The main feature in
this ionization channel is due to the shape resonance cen-
tered at about 29 eV in the 3ug~ko„channel and
which determines the overall appearance of the cross sec-
tions as can be seen from the SCFCHF. In the energy
range considered, the SCFCHF and MCFCHF calcula-
tions are in good agreement with each other. The
MCCI-CAS-9 calculations presents two prominent peaks
at approximately 20.5 and 23.5 eV which are not clearly

TABLE III. The ionization potentials (in eV) for ion states of N2 below 33 eV. The last column
lists the occupational difference between the HF neutral target and the principal occupation of the ion
state.

Ion State CASCI
I =40

GAMES S

Ref. [21]
MCEP

Ref. [25]
Principal

configuration

1

2
3
4
5
6
7
8

9

2y+

II„
2g+

Q

2g+

'rr.
2+
2Q

2Q

States included
16.24
17.30
18.67
26.82
26.79
27.16
27.93
27.95
28.44

in the MCCI-CAS-9
16.25
17.29
18.83
26.82
26.87
27.14
27.93
27.94
28.44

scattering
15.52
17.24
18.56
26.31
26.73
26.82

calculation
{3o )

(1~„)
(2o-„)
(3-,')-'(1-.
(3o.g ) ( 1~g
(17T„) {lm'g

(3o.g ) '( le.„
(3o.

g ) '{1m „
(3o.g ) '( 1m „

)
—1(1 )+1

)+1
)+1 a

)
—1(1 )+1

)
—1(1~ )+1

)
—1(1 )+1

2@
2g

IIg
2y+

II„
2g

g
2Q

Other low-lying
28.56
28.94
29.31
29.91
30.42
30.82
31.31
32.29

states found in CAS-CI calculation
28.54
28.93
29.31 28.84
30.06 29.78
30.61 29.59
30.98
31.48
32.46

(1m„) ( lm )+'
{3og) '( lm„) '( lm-g )+'
( lm„) ( l~g )+' '
(2o.„) '( la„) '( lag )+'
(2-.)-'(3-,')-'(1 )"
(2u„) '(1~„) '( lm )+'
{2o.„) '(1m „) '(ling )+ '

(2-.
'
)-'(1-.

'
)-'(1 )"

'Primarily (&p ) (7Ttt+ ) (7Tg+ ) ', strongly coupled to (&p —) (7T'g )+'.
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indicated by experiment.
In Fig. 3, we present the photoelectron asymmetry pa-

rameter for this channel. Near threshold, the MCCI-
CAS-9 calculation agrees much better with the available
experimental data then either the SCFCHF or the
MCFCHF calculations. However, it presents a prom-
inent structure at 20.S and 23.S eV, whereas the experi-

2.0

Photon Energy (eV)

FIG. 2. Photoionization cross section in the (3o g ) channel
of N2. Mixed form for the SCFCHF, four-channel MCFCHF,
and nine-channel MCCI-CAS-9 calculations with comparison to
experiment: ( ) MCCI-CAS-9 mixed form; ( ~ ~ ~ )
MCFCHF four-channel mixed form; ( ———) SCFCHF mixed
form; (H) experimental data from Hamnett, Stroll, and Brion
(Ref. [9]);(o ) experimental data of Plummer et ttl. (Ref. [10]).

ment clearly indicates a large broad dip centered around
22 eV. To investigate this further, we also present in Fig.
4 a comparison of the asymmetry parameter obtained
from various MCCI-CAS calculations including three,
four, and nine channels. The MCCI-CAS-3 calculation
represents essentially a horizontal line, in better agree-
ment with experiment than either the SCFCHF or the
MCFCHF calculations. The MCCI-CAS-3 calculation is
equivalent to the MCFCHF calculation except that it
uses correlated target states. Thus, this is indicative that
correlation has significantly improved the calculation.

The MCCI-CAS-4 calculation which further included
the C X„+ state yields a resonance at approximately 22
eV in agreement with experiment although it is somewhat
narrower. It is to be expected that vibrational averaging
wi11 be important for obtaining a better agreement with
experiment. However, it is not clear if the current calcu-
lation treats the fixed nuclei photoionization problem
with sufficient accuracy to obtain quantitative agreement
upon vibrational averaging. We have determined that
the MCCI-CAS-4 calculation leads to very good agree-
ment in a11 channels for both the cross section and the
asymmetry parameter, although perhaps for the wrong
reasons.

The most accurate MCCI-CAS-9 channel calculation
however leads to somewhat difFerent conclusions as it in-
dicates additional significant structure. By comparing
the cross section and asymmetry parameters in all chan-
nels for both the MCCI-CAS-4 and -9 channels results
some general remarks can be made. First, there is a new
prominent feature at 23.S eV in the nine-channel calcula-
tion. Second, the structure due to inclusion of the C X„+
state centered around 22 eV in the four-channel calcula-
tion is moved down some 1 —2 eV in the nine-channel cal-
culation presumably due to strong coupling to the feature
at 23.S eV.

1.5-

(3cr) '

0.5-

0.0-

-0.5 I

20
I

24
I

28 32

~ ~

~ ~

~ ~
~ ~
~ I
~ ~
~ ~
~ ~
~ ~
~ ~
~ ~
~ ~
~ ~
~ I

Photon Energy (eV)

FICx. 3. Photoelectron asymmetry parameter for the (3og)
channel of N2. Mixed form for the SCFCHF, four-channel
MCFCHF, and nine-channel MCCI-CAS-9 calculations with
comparison to experiment: ( ) MCCI-CAS-9 mixed form;
(- ~ ~ ~ ) MCFCHF four-channel mixed form; ( ———)
SCFCHF mixed form; (4) experimental data of Marr et al.
(Ref. [12]); (~) experimental data of Southworth et al. (Ref.
[11]).

-1 I I I I I I I I
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FICx. 4. Photoelectron asymmetry parameter for the (3crg )
channel of N2. Mixed form for the three-channel MCCI-CAS-3,
four-channel MCCI-CAS-4, and nine-channel MCCI-CAS-9
calculations: ( ) MCCI-CAS-9 mixed form; (. ~ ~ ~ )
MCCI-CAS-4 mixed form; ( ———) MCCI-CAS-3 mixed
form.
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Thus, even though the MCCI-CAS-4 calculation is in
excellent agreement with experiment, it becomes ap-
parent that the structure that is observed experimentally
near 22 eV is probably not due exclusively to the C X„+

state. The difference between the MCCI-CAS-4 and
MCCI-CAS-9 results indicate strong channel coupling
and correlation e8'ects which are probably not converged
with respect to inclusion of more channels. Additionally,
vibrational averaging might signi5cantly change the
presented results.

In Fig. 5, we present the total cross sections for the
(ln.„) ' channel. We present results obtained in the
SCFCHF, MCFCHF, and MCCI-CAS-9 calculations
with the available experimental data of Hammer, Stoll,
and Brion [9] and Plumer et al. [10]. In Fig. 6, we exam-
ine the difference between the length and velocity forms
for this channel. We have previously pointed out [1] that
in the MCFCHF approximation there exist large
difFerences in the length and velocity forms (6—9 Mb),
thus indicating signi6cant correlation errors. The present
MCCI-CAS-9 have approximately halved (5 Mb} this
difFerence; we 6nd the length form to be in excellent
agreement with experiment. However, for the sake of
consistency and simplicity we will only present results in
the mixed form, which we have also found to be in
reasonable agreement with experiment.

As is well known [26], in the SCFCHF approximation,
the poor positioning of the n.

g orbital in the continuum
leads to a large peak at threshold due to the oscillator
strength in the 1m„~kms channel which can be clearly
seen in Fig. 5. Channel coupling dramatically a6ects the
partial cross section by redistributing a portion of the os-
cillator strength over the difFerent channels and brings
these calculations into much better agreement with ex-
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periment. The MCFCHF and the MCCI-CAS-9 approxi-
mations are in good quantitative agreement with each
other. The structure evident in the MCCI-CAS-9 results
is very similar to that found in the (3crg) channel.
There are two prominent features centered at 20.5 and
23.5 eV which seem to correspond roughly to the struc-
ture in the experimental data. As in the (3og) ' case
MCCI-CAS-4 results (not shown) indicate a single feature
centered at 22 eV.
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FIG. 6. Photoionization cross section in the (1m„) channel
of N2. Length and velocity forms for the MCFCHF and
MCCI-CAS-9 calculations: ( ) MCCI-CAS-9 length and
velocity forms; ( ~ ~ ) MCFCHF four-channel length and ve-
locity forms.
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FIG. 5. Photoionization cross section in the (1'„) channel
of N2. Mixed form for the SCFCHF, four-channel MCFCHF,
and nine-channel MCCI-CAS calculations with comparison to
experiment: ( ) MCCI-CAS-9 mixed form; ( ~ ~ ~ )

MCFCHF four-channel mixed form; ( ———) SCFCHF mixed
form; (G) experimental data from Hamnett, Stoll, and Brion
(Ref. [9]);(0 ) experimental data of Plummer et al. (Ref. [10]).
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FICz. 7. Photoelectron asymmetry parameter for the (1m-„)
channel of N2. Mixed form for the SCFCHF, four-channel
MCFCHF, and nine-channel MCCI-CAS-9 calculations with
comparison to experiment: ( ) MCCI-CAS-9 mixed form;
(. ~ ~ ~ ) MCFCHF four-channel mixed form; ( ———)

SCFCHF mixed form; (A) experimental data of Marr et al.
(Ref. [12]).
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FICi. 8. Photoelectron asymmetry parameter for the (1m„)
channel of N 2. Mixed form for the three-channel MCCI-CAS-3,
four-channel MCCI-CAS-4, and nine-channel MCCI-CAS-9
calculations: ( } MCCI-CAS-9 mixed form; (- ~ ~ )

MCCI-CAS-4 mixed form; ( ———) MCCI-CAS-3 mixed
form.

In Fig. 7, we present the photoelectron asymmetry pa-
rameter for the ( lm„) ' channel. The MCCI-CAS-9 cal-
culations seem to be in good agreement with the experi-
mental data even though they predict a considerable
structure that has not yet been resolved experimentally.
We present in Fig. 8 a comparison of the difFerent
MCCI-CAS calculations including three, four, and nine
channels for the asymmetry parameter in this channel.
We again see the resonance at the 22 eV in the four-

Photon Energy (eV)

FIG. 10. Photoelectron asymmetry parameter for the
(2o„) ' channel of N2. Mixed form for the SCFCHF, four-
channel MCFCHF, and nine-channel MCCI-CAS-9 calcula-
tions with comparison to experiment: ( ) MCCI-CAS-9
mixed form; (- } MCFCHF four-channel mixed form;
( ———}SCFCHF mixed form; (6}experimental data of Marr
et al. (Ref. [12]); (0) experimental data of Southworth et al.
(Ref. [11]);(0) experimental data of Adam et al. (Ref. [13]).

channel calculation which appears to be shifted to 20.5
eV in the nine-channel calculation.

In Figs. 9—11, we present our results leading to the
ionization in the (2o„) channel. The SCFCHF ap-
proximation fits the experimental total cross-section data
better than the MCFCHF approximation. However, the
asymmetry parameters in the MCFCHF approximation
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FIT&. 9. Photoionization cross section in the (2a „) channel
of N&. Mixed form for the SCFCHF, four-channel MCFCHF,
and nine-channel MCCI-CAS-9 calculations with comparison to
experiment: ( ) MCCI-CAS-9 mixed form; ( ~ ~ )
MCFCHF four-channel mixed form; ( ———) SCFCHF mixed
form; (CI) experimental data from Hamnett, Stoll, and Brion
(Ref. [9]);( o ) experimental data of Plummer et al. (Ref. [10]).
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FICx. 11. Photoelectron asymmetry parameter for the
(2'„) ' channel of N2. Mixed form for the three-channel
MCCI-CAS-3, four-channel MCCI-CAS-4, and nine-channel
MCCI-CAS-9 calculations: ( ) MCCI-CAS-9 mixed form;
(- ~ - ) MCCI-CAS-4 mixed form; ( ———) MCCI-CAS-3
mixed form.
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are in better agreement due to inclusion of interchannel
coupling to the shape resonance in the (3os) ' channel.
In Fig. 9, the MCCI-CAS-9 approximation presents vari-
ous maxima, the most prominent close to 20.5 eV
measuring 18.5 Mb. In the MCCI-CAS-4 calculation
(not shown) this peak is located close to 22 eV and mea-
sures 14.1 Mb. Thus, the structure found in this channel
in the experimental total cross-section data of Plummer
et al. [10] seems to be in better agreement with the
MCCI-CAS-9 results.

The asymmetry parameter for the MCCI-CAS-9 ap-
proximations is bracketed by the SCFCHF and
MCFCHF approximations and further indicate much
structure that has not been resolved yet in the experimen-
tal data.

IV. CONCLUSIONS

We have studied the photoionization of N2 using the
numerical MCCI-CAS method. All the required in-
tegrals have been evaluated using a single-center expan-
sion. Although the description of off-center core orbitals
is difIicult in such an expansion, by using a sufficiently
large l expansion, we have obtained excitation energies
that are within 0.01 eV of those obtained using analytical
methods.

In the limited region where we have performed our cal-
culation, the present results are in much better agreement
with experimental results than any previous work. It
would seem that the MCCI-CAS-4 results actually lead
to better agreement with experiment than the more accu-
rate MCCI-CAS-9 results. The inclusion of the C X„+
ion state of N2+, which is present in both the above-
mentioned calculations, is partly responsible for the
structure centered at about 22 eV in all channels present
in both the cross sections and the asymmetry parameter.

We cannot however, at this point, completely determine
the extent to which the presence of this resonance ex-
plains the structure seen in the experimental data.

The choice of ion states to include in the close-coupling
method is not a trivial one, since for practical reasons one
can include only a limited number of channels. The in-
clusion of the lowest nine ion states is seen to give much
structure, although agreement with experimental data is
not yet completely satisfactory. Thus the calculation
does not seem to be converged with respect to the num-
ber of channels that have been included. The accuracy of
our results is additionally constrained by the limited or-
bital active space that we have used. Some of this
disagreement is also certainly due to the fixed nuclei ap-
proximation used here. Including nuclear motion would
probably broaden some of the structure obtained in the
current calculations.

Work is currently in progress to examine some of these
possible sources of disagreement. We can treat the effects
of nuclear motion using numerical methods as has been
demonstrated in earlier calculations [2]. We are also in-
terested in extending this calculation to the region of
26—50 eV to investigate the correlation effects on the lo-
cation and width of the ko „shape resonance and on the
cross sections leading to the (2tT )

' hole states.
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