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Gaussian-type-orbital basis sets for the calculation of continuum properties in molecules:
The differential photoionization cross section of molecular nitrogen
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The differential cross section of the valence one-photon ionization of N2 is computed in the random phase
approximation using largeL2 basis sets of Gaussian-type orbitals~GTO’s! and aK-matrix-based technique.
Several special polynomial spherical GTO’s are included in the basis set used to adequately represent the
orbitals lying in the electronic continuum. Ionization channels originating from the 3sg , 1pu , 2su , and 2sg

occupied orbitals are considered, both in separated and interacting channel approaches.
@S1050-2947~98!05003-3#

PACS number~s!: 33.80.Eh, 33.20.2t, 33.60.2q
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I. INTRODUCTION

Molecular nitrogen is a privileged system for studies
molecular photoionization. It has been the subject of a la
number of experimental@1–28# and theoretical@29–51#
studies. See also Ref.@52#.

The system is ideal for both experimentalists, due to
abundance of features in the spectra, and for theorists,
can put their methods and calculations to a severe test.

Valence photoionization of molecular nitrogen has be
the subject of analysis of different theoretical groups, an
reference system for different approaches to study the
lecular continuum. Early studies by Davenport@32# em-
ployed Slater’s scattered-waveXa method @53# and could
give no account of the details of the spectrum. The Stielt
Tchebycheff moments method~SM! @54,55# was employed
at different levels of approximation by Rescignoet al. and
later by Langhoffet al. @39# in an analysis of the inner
valence-shell photoionization of molecular nitrogen. The S
in the random phase approximation~RPA! was employed by
Williams and Langhoff@40#. Lucchese and co-workers hav
employed the iterative Schwinger variational method@56,57#
in several instances, also recently@41,49–51#. Collins and
Schneider have chosen N2 as one of the systems to whic
they applied their linear algebraic approach for molecu
photoionization@44# and molecular nitrogen has also be
the reference taken by Yabushita, McCurdy, and Rescign
test the efficiency of the complex-basis-function approach
the RPA @48#. Integral photoionization profiles for the va
lence ionization of N2 and O2 were obtained by combining
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multiconfigurational linear response and SM by Swanstr”m
et al. @46#.

In the last 15 years we have developed a good expertis
the treatment of the properties of the continuum in molecu
with L2 techniques@58–60#. The details of the differentia
cross section are obtained through a method based upo
determination of the reactionK matrix ~KM ! in a version
adapted to the use ofL2 basis sets@61#. Recently we have
devoted our attention to the efficient use of Gaussian-t
orbitals ~GTO’s! as expansion sets for the molecular co
tinuum orbitals. Applications have been made to the pho
ionization of H2 @62# and Li2,LiH @63#. By using a special
K-matrix approach, the limitations of GTO’s and their ina
equacy to describe Coulomb waves at large distances f
the origin were overcome. The advantages of the use
GTO’s in molecular photoionization are numerous: amo
others, we mention here the possibility of exploiting com
puter codes written for the study of bound states, as the m
ticenter one- and two-electron integral program we dev
oped@64#. Furthermore, expensive one-center expansion
the electronic charge density, Coulomb and exchange po
tials can be avoided.

The accurate numerical results reported for N2 in several
papers over the years may then be used as reference
different approaches and novel numerical algorithms:
seems only natural to extend our approach to the study of
valence photoionization of the nitrogen molecule. The p
cess of interest is

N21hn→N2
11e2, ~1!

with the range of energies extending in the continuum up
70 eV, well beyond the inner-valence ionization thresho
e.g., for the photoejection of electrons from the four valen
molecular orbitals~3sg , 1pu , 2su , and 2sg!.

ic
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In the following, after a brief review of the theory and
description of the computational tools, a detailed accoun
the features of the differential photoionization cross sect
profile of N2 will be given.

II. THEORY

Our method to obtain the states into the continuum m
be considered a configuration interaction approach where
multielectron basis, formally, includes the one-electron c
tinuum. The diagonalization of the resulting energy mat
@65# is equivalent to the solution of the system of integ
equations for the half-on-the-shell reactionK matrix. To as-
certain the equivalence let us assume that for each symm
G, the multielectron basis comprises the following.

~i! Several partial wave channel~PWC! sets of functions
uFg,E& built as products of well defined localized ion stat
~target states! uFEI ,SI ,G I

N21 & times very diffuse orbitalsw l ,m,e to

represent the one-electron continuum. The products
coupled to give the correct symmetryG and spin multiplicity
S; a greek index is employed to specify all labels, i.e.,g
[EI g

, SI g
,l g ,mg ,Sg whereE5EI g

1e.

~ii ! A localized channel~LC! set of functionsuFC,Ej
&,

linear combination of Slater determinants built from a set
localized~short-range! orbitals.

These multielectron basis functions are chosen such a
diagonalize the electronic molecular Hamiltonian separa
for each channel and for each ion state considered, i.e.,

^FC,Ej
uĤuFC,Ek

&5d j ,kEj , ^FC,Ej
uFC,Ek

&5d j ,k , ~2!

^Fb,E9uĤuFb,E8&5dE9,E8E9, ^Fb,E9uFb,E8&5dE9,E8 ,
~3!

^F I 8
N21uĤN21uF I

N21&5d I 8,IEI , ^F I 8
N21uF I

N21&5d I 8,I .
~4!

It should be emphasized that both continuum and disc
states occur in the PWC’s. Thus thedE9,E8 stands both for a
Dirac d(E92E8) in the continuum and a Kronecker symb
in the discrete part of the spectrum. Since the solutions
Eq. ~3! are by constructionuFb,E8&5uF I b

N21w l b,mb,e
&, they

determine the best one-electron PWC continuum orbi
w l b,mb,e

for a given parent ionuF I b

N21&. It should also be

obvious that, by this procedure, the multielectron basis fu
tions belonging to different channels of the same manif
are not orthogonal, i.e., for

uÞg, ^Fu,E9uFg,E8&Þ0, ^Fu,E9uĤuFg,E8&Þ0. ~5!

Thus the matrix elementsVuE9,gE8(E) may be defined by

^Fu,E9uĤ2EuFg,E8&5du,gdE9,E8~E92E!1VuE9,gE8~E!.
~6!

Employing this basis, the stationary states in the c
tinuum may be expressed as

uCb,E&5uFb,E&1(
g

(E dE8uFg,E8&P
1

E2E8
KgE8,bE ,

~7!
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where the(* stands for summation upon the discrete sta

and integration upon the energy in the continuum and wh
the sum upon the channels includes, besides all PWC’s,
the LC. The requirement

^Fu,E9uĤ2EuCb,E&50, ;u,E9, ~8!

which is tantamount to diagonalizing the total Hamiltoni
matrix with continuous indices as in a standard time-hono
variational calculation proposed by Fano@65#, yields the sys-
tem of integral equations for theKgE8,bE coefficients, which
may be recognized as the elements of the half-on-the-sheK
matrix

(
g

(E dE8H du,gdE9,E82VuE9,gE8P
1

E2E8J KgE8,bE

5VuE9,bE . ~9!

On the other hand, it should be pointed out that Eqs.~9! also
represent the stationary value of the functional

I ~E,a,b!5(
g

(E dE8FKaE,gE8P
1

E2E8
VgE8,bE

1VaE,gE8P
1

E2E8
KgE8,bEG

1(
g

(E dE8KaE•gE8P
1

E2E8 FKgE8,bE

1(
u

(E dE9VgE8,uE9P
1

E2E9
KuE9,bEG

1VaE,bE , ~10!

for arbitrary variations of theKgE8,bE’s. Thus, since for the
KgE8,bE satisfying Eqs.~9! the functionalsI (E,a,b) are
equal to theKaE,bE , it turns out that the resultingK matrix
on the shell is stationary.

The K matrix and theS matrix are connected by the we
known relations

S~E!5
12 ipK ~E!

11 ipK ~E!
,

whereK (E) is the matrix upon the energy shell. The stat
which satisfy the boundary condition appropriate for
photoionization process are given by

uCb,E
~2 !&5(

g
uCg,E&@12 ipK ~E!#g,a

21 . ~11!

The positions and the widths of the autoionizing states m
then be found by looking for the zeros of11 ipK (E) via
analytical continuation.

The use ofL2 orbitals implies that our multielectron bas
functions cannot yield the true continuum. Therefore the s
tem of integral equations~9! is discretized using as grid
points the energy values provided by separate channel v
tional calculations, according to Eqs.~2!–~4! @59#.
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An important point for the success of the method is
knowledge of the additional phase shiftsd(k) of the orbitals
w l ,m,e , needed to evaluate the asymmetry parameters. W
the use of suitable polynomial spherical GTO’s~PSGTO! to
represent such orbitals these quantities were achieved
special technique already described elsewhere@63#.

It is worthwhile to emphasize that theVuE9,gE8(E) matrix
elements are evaluated without making any approxima
for the lack of orthogonality among different channels. Th
exact evaluation, together with the presence of the LC
quite important, since they account properly for the corr
behavior of the continuum states in the molecular regi
This makes the use of high values ofl , which seems man
datory in other methods@66,50#, unnecessary. The feature
extremely convenient from a computational viewpoint.

A K-matrix-like approach may also be implement
within the RPA framework. In fact by employing excitatio
operators corresponding to the unoccupied self-consis
field ~SCF! orbitals for the LC, and to the orbitalsw l g ,mg,e

for the PWC’s, it is possible to set up the RPA scheme. T
resulting equations

S M Q

Q* M* D S X
•,aE

Y
•,aE

D5ES S 0

0 2S* D S X
•,aE

Y
•,aE

D ~12!

refer now to a basis which formally includes excitations in
the continuum. In the RPA the ion states are character
simply by thej g index of the emptied SCF orbital. The no
malization becomes

X†
•,bE8SX

•,aE2Y†
•,E8bS* Y

•,aE5dE8,Eda,b , ~13!

whereE indicates the excitation energies with respect to
ground state SCF energy. Due to the lack of orthogona
among the orbitals of different channels, the matricesM and
Q are not the usual RPA matrices. The detailed express
of the elements of theM , Q, S matrices may be found in
@67#.

For energies corresponding to excitation in the continu
Eq. ~12! above is solved by posing

XbE8,aE5dabdE8,E1P
1

E2e
KbE8,aE , ~14!

YbE8,aE5LbE8,aE . ~15!

This yields a system of integral equations for theK and the
L matrices. The numerical implementation of the RPA w
L2 basis follows closely the procedure described abo
Thus, by using as grid points those provided by theL2 basis
set calculation and exploiting adequate quadrature formu
the system of integral equations reduces to a system of li
equations which may be solved for arbitrary values of
excitation energy. The one-electron transition densitiesr0,bE
yielded directly by the solution of the RPA equations a
then transformed to obtain the transition densities appro
ate to photoionization according to

r0,aE
~2 ! 5(

b
r0,bE@12ıpK ~E!#b,a

21 , ~16!

were as usualK (E) is the on-the-shell RPAK matrix.
e
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III. COMPUTATIONAL DETAILS

In the dipole, vertical transition approximation for rando
molecular orientation, the orientational averaged differen
cross section for the transition from the initial stateuC0& to a
continuum final stateuC

j b ,E8,k̂

(2)
&, due to the absorption of on

photon of energyv, can be expressed as@59# ~a.u.!

ds j g
~v!

dk̂
5

s j g
~v!

4p
@11b j g

P2~cosu!#, ~17!

wheres j g
(v) is the integral cross section andb the asym-

metry parameter. The indexj g collects all the labels identi-
fying the asymptotic parent ion stateuC j g

N21& which is spin

coupled to the continuum orbitaluwe k̂& describing the elec-
tron emitted with energye5E82Ej g

N21 in the directionk̂. u

is the angle between the photon polarization andk. The
statesuC j g,E8,k̂

(2) & are obtained by the standard procedure a

linear combination of the PWC’suCb,E
(2)& of Eq. ~11!: for the

RPA corresponding linear combinations of the transiti
densities, Eq.~16!, are used. The calculations were pe
formed both within the static-exchange approximation~SEA!
and RPA frameworks. In the present study only the R
results are reported since they were found to be alway
superior quality both in comparison with experiments and
regards the gauge agreement. The computational scheme
outlined in Ref.@63#.

The experimental equilibrium geometry (R52.068 Å)
was adopted@68#. The molecule was placed along thez axis.
The reference ground state of the neutral molecule was
scribed at the SCF level employing a basis set derived fr
Pople’s 6-31G* set@69# with the seconds and innerp func-
tions decontracted, and the exponent of thed function varia-
tionally determined (j50.95). The ground state energy wa
ESCF52108.946 74 a.u. Excitations involving all four va
lence orbitals were all included in the calculations. In Tab
I the corresponding ionization potentials~IP’s! as provided
by SCF in the Koopman approximation are compared w
experiment@68,70#. It is well known that Koopman’s theo
rem is unable to reproduce the correct order of the vale
orbitals of molecular nitrogen. The highest occupied mole
lar orbital is predicted to be the 1pu instead of the 3sg . The
three lower lying ionization channels open within about
eV. Thus the low lying spectral region is characterized
several Feshbach-type resonances, in particular where
Hopfield autoionizing states lie@71#. In order to get a better

TABLE I. Ionization potentials of the four outer orbitals of mo
lecular nitrogen~eV!.

Ion state
Orbital

X 2Sg
1

3sg

A 2Pu

1pu

B 2Su
1

2su

2Sg
1

2sg

Koopman’s 17.19 16.70 21.12 40.19
Experimenta 15.57 '17.0b 18.75 '38c

aFrom Ref.@70#. See also Ref.@68#.
bTaken as the approximate centroid of the Franck-Condon ban
cTaken as the approximate centroid of the several ionization thr
olds for the ion states lying in the region.
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description of this part of the spectrum the computed I
have been replaced by the experimental ones.

The orbitals employed to describe the PWC’s were
panded on PSGTO’s forl up to 3 and usual spherical GTO
in geometrical sequences forl .3. In Ref. @63# PSGTO’s
were proven to be particularly efficient to expand lowl
PWC’s, due to the strong attractive characteristics of the m
lecular potential. The maximum value ofl was here 7. All
PWC’s were centered at the midpoint of the molecular a
Table II shows how the spherical components contribute
the PWC’s; see Refs.@72,73# for details. A total of 15
PWC’s for the 1Su

1 final state symmetry, and of 18 PWC
for each component of the1Pu final state symmetry entere
the calculations.

The PWC orbitals for a givenj , l , m were determined by
solving the one-electron problem yielded by the SEA eff
tive Hamiltonian

ĥ j ,SEA5T̂1V̂j ,SEA
N21 , ~18!

where the last term represents the effective SEA potentia
the j hole. No orthogonality constraints were imposed. In
dentally we note that in order to obtain zero-order states
definite spatial symmetry, special effective Hamiltonian o
erators are to be introduced when the orbitalj belongs to a
two-dimensional irreducible representation@72#.

The LC includes excitations to the virtual SCF orbita
and to a few tight functions withl 50, 1, and 2. These las
functions are introduced to give a better description of
behavior of the final one-electron continuum states near
nuclei, where the potential dip localizes some electron d
sity. The LC orbitals are orthogonal by construction to t
occupied SCF orbitals.

Due to the overlap of the partial wave orbitals and t
localized orbitals in each channel, the complete basis
including the several PWC’s and the LC, is highly redu
dant. Moreover, it has been mentioned above that the P
orbitals are not orthogonal to the occupied molecular or
als. Since theK-matrix technique involves numerical inte
grations which become especially delicate when using red
dant expansion sets, the nonorthogonality may lead
anomalies and spurious results.

To deal adequately with this problem, the following tran
formations of the basis set were performed.

~1! For each channel, the LC orbitals and the portion
the PWC orbitals lying in the discrete are orthogonaliz

TABLE II. Spherical partial waves (l ,m) included in the calcu-
lation, with the excitations to which they contribute.l max57 . Only
the components withm.0 are indicated.

Excitation Spherical waves
Total number

of PWC’s

2sg , 3sg →ksu(1Su
1) ~10!, ~30!, ~50!, ~70! 4(14)

→kpu(1Pu) ~11!, ~31!, ~51!, ~71! 4(14)
1pu →ksg(1Pu) ~00!, ~20!, ~40!, ~60! 4

→kdg(1Pu) ~22!, ~42!, ~62! 3
→kpg(1Su

1) ~21!, ~41!, ~61! 3
2su →ksg(1Su

1) ~00!, ~20!, ~40!, ~60! 4
→kpg(1Pu) ~21!, ~41!, ~61! 3
s
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simultaneously to the remaining PWC orbitals~lying in the
true continuum! and to the occupied molecular orbita
~MO’s!. The M matrix in this space is then diagonalize
using the metric orthogonalization, discarding the met
eigenvectors with a norm lower than a given threshold. T
minimizes the redundancy of the basis, and the overlap
tween the SCF occupied orbitals and the excited~discrete
and continuum! orbitals.

~2! The solution of theK-matrix equation is obtained us
ing the metric matrix, as described in Ref.@74#.

This procedure can in principle give rise to a sort of ‘‘in
truder’’ states, e.g., localized wave packets that fall in
energy range spanned by the true continuum PWC’s. T
could produce unphysical Feshbach-type resonances, bu
not influential in the present case, their linewidth being qu
large and their effect being thus smoothly spread over a w
energy range.

The cross sections and the asymmetry parameters w
convoluted with a Gaussian function with full width at ha
maximum~FWHM! of 0.5 eV, a value chosen as a compr
mise between the Franck-Condon amplitudes of the th
low lying ion states and the spectral resolution of the av
able experimental data.

IV. RESULTS AND DISCUSSION

A. Total cross section

The integral photoionization cross section for the proc
~1! computed in the KM RPA using PWC’s withl up to 7, is
shown in Fig. 1. The four curves correspond to the results
our investigation in both the interacting channels~IC! and
single channel~SC! approximations and in the length gaug
~LG! and velocity gauge~VG! choices of the interaction op
erator.

The two sets of experimental data of Samsonet al. @9# in
the lower part of Fig. 1 show convincingly that decay pa
terns other than ionization are negligible for photon energ
greater than 19 eV@6#, where photoionization and photoab
sorption probabilities are practically the same. For low
photon energies our data, obtained at a fixed geome
should be properly compared with photoabsorption data.

The band at 16 eV in the IC approximation arises fro
1pu Feshbach resonances that are smoothed out in thesg
continuum, appearing as a single large band after conv
tion of the spectrum. This band does not appear in the
calculation, since the contributions of the discrete states
each channel are ignored.

It is immediately apparent from the figures that both t
gauge agreement and the agreement with experiment fo
total cross section are greatly enhanced by the introduc
of the interaction between the ionization channels.

A common feature observed for all PWC’s is that mul
channel effects on the observables are stronger in the1Su

1

than in the1Pu final state symmetry. A likely explanation i
that the effect of the IC is felt more by the transition mome
parallel to the molecular axis than by the perpendicular co
ponents, since the former is more sensible to the detail
the wave function near the nuclei. This does not necessa
imply that, from the energy viewpoint, the1Su

1 final states
feel the effects of the channel mixing more than the othe
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The SEA results show a very large gauge disagreemen
the whole energy spectrum. For instance in the 18–24 e
energy range the LG cross section is 33 Mb on the avera
e.g., about twice the VG estimate. For higher photon ene
gies the ratio is nearly constant and the VG and LG resu
bracket both the experimental and RPA results.

B. Partial wave expansion and effect of the localized channel

A check of the convergence in the (l ,m) expansion of the
PWC’s and on the effects of the LC was performed by com
paring three sets of results, corresponding to the followin
calculations: C1— l max57; LC included;C2— l max55; LC
included;C3— l max57; LC absent.

The differences between the results ofC1 and C2 are
very limited. In the 15–20-eV energy range the total cros
section forC1 is larger than that forC2 by 1.0 to 1.5 Mb. At
higher photon energies this difference lowers to a fraction
Mb in the LG, while the results obtained in the VG are
practically the same. Contributions to the velocity gaug
come mainly from the spatial regions close to the nucle

FIG. 1. The total photoionization cross section of N2 ~Mb! in the
10–70-eV photon energy range~above! and an enlargement of the
15–25-eV portion of the spectrum~below!. IC: Interacting chan-
nels; SC: single channel; LG: length gauge for the interaction o
erator; VG: velocity gauge for the interacting operator. Also re
ported are some sets of experimental data. In all figures t
theoretical K-matrix results are convoluted with a normalized
Gaussian function with FWHM of 0.5 eV.
in
V
e,
r-
ts

-
g

s

f

e
i,

where higher angular moment waves assume smaller va
due to the repulsion effects of the centrifugal potential. T
leads to the conclusion that VG should exhibit faster conv
gence with the angular expansion than LG. Note, howev
that—independent of the gauge—some effects of waves
included in the PWC expansion are taken properly into
count with the inclusion of the localized channel. This mak
the l convergence faster~see Ref.@63# for a detailed discus-
sion!.

The LC appears to have sensible effects in the low ene
region (E,22 eV) both for SC and IC. Excluding it, as i
C3, leads to an increase of the total cross section by ab
3–4 Mb on the average in the 18–22-eV energy range,
to a lowering of about 4 Mb of the first peak located arou
16 eV. This transfer of intensity is mainly due to the spre
of the 1pg* antibonding orbital in the discrete and continuu
regions of the 1pu→( l 52,m51)(pg)(1Su

1) partial channel
induced by the noticeable interaction with other channe
Thus the exclusion of the LC increases the discrepan
with experiment and leads to a general worsening of
gauge agreement.

As expected, the effects of the LC are more evident in
LG, which proves to be more sensible to the quality of t
wave function near the nuclei. Indeed, the LC orbitals
important for a better description of the behavior of the wa
function near the off-center nuclei. As discussed in Ref.@63#,
this is more effective in the LG than in the VG. For N2,
however, the effects are much less pronounced than th
found in Li2 @63#, the reason being most probably the shor
bond distance of N2.

C. Photoionization from the 3sg

Figure 2 shows the cross section and the asymmetry
rameter for the partial photoionization channel involving t
3sg orbital, e.g., leading to theX 2Sg

1 ion state. Together
with the computed IC and SC curves~shown for both LG
and VG!, some experimental reference data are displaye

As noted before, the very intense peak around 16 eV, s
by Samson, Haddad, and Gardner@9#, arises from Feshbach
resonances converging to the 1pu threshold and embedde
in the 3sg continuum in the IC picture.

The major feature in Fig. 2 is the large shape resona
appearing at a photon energy of about 30 eV. Both the
and IC approximation can reproduce this largely monoel
tronic resonance, which is essentially due to the 3sg

→3su* molecular excitation or, in the PWC ‘‘language,’’ t
3sg→(3,0) transitions. In this region and up to 40 eV th
single channel approximation performs distinctly better th
the multichannel approximation. An analogous observat
was made by Lucchese and Zurales in Ref.@50#, and it ap-
pears that the hypothesis put forward by these authors,
that the neat increase in the partial cross section in the m
tichannel approximation might be due to the interaction w
the 1pu ionization channel, can be confirmed. Indeed
performed a test calculation involving only the 3sg and the
2su channels and observed only a small increase of thesg
partial photoionization cross section with respect to the
calculation.

Two possible explanations for this behavior have be
discussed in the literature. The first one is based upon
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-
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dences of the existence of multiply excited states producin
peaks in the 29-eV region of the excitation spectrum@75,5,
18,21,39#. Although the interaction between these multiply
~mainly doubly! excited states and those coming from exci
tations out of the 3sg orbital is expected to be weak, some
transfer of oscillator strength might lead to a decrease of th
3sg partial cross section in a relatively small energy region
Thus the inclusion of doubly excited states in the configura
tional space could improve the agreement between theo
and experiment.

A second possible cause for the enhancement of the cro
section due to the 3sg , 1pu interaction might be the exten-
sion ~more than 1 eV! of the Franck-Condon structure of the
A(2Pu) band in the photoelectron spectrum@70#. The results
of the two-channel calculations~3sg , 2su! of Basden and
Lucchese@49#, although not yet in quantitative agreemen
with experiment, show the dramatic effects of the internu
clear separation on the partial cross section, which shift th
shape resonance in the 25–35 eV region, and the strong
hancement in the 3sg spectrum, coupled to a corresponding
decrease of intensity in the 2su spectrum induced by the
channel interaction.

As far as the angular distribution of the photoelectrons i
the 3sg channel is concerned, there are no striking differ

FIG. 2. Partial cross section~Mb! and asymmetry parameterb
for the photoionization leading to the N2

1(3sg)21X 2Sg
1 state in

the 15–70-eV photon energy range. See caption to Fig. 1.
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ences between the SC and IC approaches, except for the
energy region (E,18 eV), where a complex resonant pa
tern resulting from the channel interaction appears. This
havior may be explained with the help of Fig. 3, where t
relative contributions to the cross section from the more
portant PWC’s is shown for both the SC and IC approxim
tions.

In the low energy range the SC cross section is giv
practically by the p waves alone. The predominance
waves with small values ofl at low photon energies is due t
the effects of the centrifugal potential. High-l waves are thus
much less ‘‘penetrating’’ than low-l waves at low photon
energies@63#. Introducing the channel coupling, the intera
tion of waves of different energies and belonging to a diff
ent ion state may cause a transfer of oscillator strength
tween waves. This may lead to significant contributions
waves with high-l quantum number. In Fig. 3 the large vari
tion in the percentage contribution of the~1,0! and ~3,0!
waves seen going from SC to IC around 16 eV is mainly d
to the interaction with the discrete part of the 1pu channel
~ 1Su

1 symmetry! and it is responsible for the different be
havior of bSC andb IC in that region.

Figure 3 also shows that for high photon energies, wh
bSC<bIC, the 3sg→kpu—in particular the 3sg
→k(1,1)pu—PWC dominates, especially in the SC. Mor
over, the importance of the 3sg→k(1,0)su PWC increases
in the IC approach, the relative weight of the~1,1! and~1,0!
waves being roughly 3:1 in the SC and 2:1 in the IC. Th
partly explains the enhancement of the asymmetry param
observed in the IC approach at large photon energies.

The agreement of the asymmetry parameter w
experiment is in general fairly good. Note that the bro
valley around 22 eV in the experiment@13,23# has been
shown to be due to a doubly excited state
(1pu)21(3sg)21(1pg)1 2Su

1 dominant ionic configuration
@51#. States of this type are not considered in our approxim
tion. See also@51#.

FIG. 3. Relative contribution of the individual partial wav
channels to the photoionization leading to the N2

1(3sg)21X 2Sg
1

state. The labelsx andz indicate the dipole transition operators an
also the final state spatial symmetry. Only the symmet
independent contributions are reported. Thick lines: IC approxim
tion. Thin lines: SC approximation.
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D. Photoionization from the 1pu

Figure 4 displays the cross section and the asymme
parameter for the partial photoionization channel involvin
the 1pu orbital, e.g., leading to theA 2Pu ion state.

The partial cross section results are close to those of L
chese and Zurales@50#, and also to the multiconfiguration
RPA ~MCRPA! results of Swanstro”m et al. @46#. The inter-
channel coupling is of primary importance in order to rea
a satisfactory agreement with experiment at least for pho
energies up to 30 eV. Also, the spectrum located just ab
threshold ~about 18 eV! is characterized by severa
Feshbach-type resonances converging to the 2su threshold,
which are quite satisfactorily reproduced by our IC calcu
tions. The SC approximation leads here to a broad and str
peak which is drastically reduced upon introduction of cha
nel coupling, see also Refs.@50, 51#.

Some disagreement remains for the structure seen by
perimentalists at about 24 eV. Our IC results are of the c
rect magnitude but smooth down the features of the sp
trum.

The differences between SC and IC are less pronoun
in the asymmetry parameter~upper part of Fig. 4!, and the
agreement with experiment is here fairly good everywhe

FIG. 4. Partial cross section~Mb! and asymmetry parameterb
for the photoionization leading to the N2

1(1pu)21A 2Pu state in
the 15–70-eV photon energy range. See caption to Fig. 1.
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The fine structure predicted in Ref.@51# is absent in our
approximation.

At high photon energies (.30 eV) our IC estimate ofb is
lower than the multichannel frozen core Hartree-Fock e
mates of Lucchese and Zurales@50# and much closer to both
our and their SC values. Note that the calculation of R
@50# gives an autoionizing resonance structure around 38
e.g., where Marret al. @13# observe a peak in the asymmet
parameter. In our calculations the weak Feshbach resona
due to the Rydberg series converging to the 2sg threshold
are smoothed down by the convolution procedure.

A detailed analysis of the contribution of each PWC, s
Fig. 5, shows the following.

~1! The channel interaction reduces drastically the imp
tance of the 1pu→k(2,1)pg channel and thus the strength
the partial cross section with respect to SC. The contribut
of this channel, whose continuum orbitals mix with the an
bonding 1pg* orbital, is very strong in the region around 2
eV but goes to zero rapidly as the photon energy increa
As discussed in Sec. IV A the1Pu symmetry is much less
affected by the channel mixing.

~2! For photon energies larger than 30 eV the partial cr
section is dominated by the 1pu→k(2,2)dg

1Pu PWC ~70–
80 %!, which is very weakly affected by the channel mixin

E. Photoionization from the 2su

Figure 6 shows our results for the partial photoionizati
cross section and asymmetry parameter for
N2

1(2su)21B 2Su
1 ion state.

Interchannel coupling is particularly important for th
channel. The SC and IC curves cross at about 30 eV, w
the channel interaction enhancing the cross section below
crossing point and decreasing it beyond. In the low ene
region the IC results are in general agreement with the s
eral experimental results. On the other hand, the SC
proach furnishes results closer to experiment in the high p
ton energy region. Our results for the partial cross section
very close to those of Ref.@50#. It should be stressed thoug
that the experimental data taken from different sources sh
an erratic behavior.

FIG. 5. Absolute contribution of the individual partial wav
channels to the photoionization leading to the N2

1(1pu)21A 2Pu

state. See caption to Fig. 3.
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The increase of the cross section from SC to IC in t
20–25-eV energy range is due to an interaction between
2su→k(0,0)sg , 2su→k(2,0)sg , and the 1pu→k(2,1)pg
PWC’s, with transfer of oscillator strength from the 1pu to
the 2su ionization channel. The contribution of the 1pu
→k(2,1)pg PWC to the cross section of N2 in this region
decreases drastically with the introduction of the intercha
nel coupling, while the oscillator strength of the 3sg and
2su channels shows a corresponding increase.

To get an insight into this intensity transfer, twoad hoc
two-channel calculations were performed. The first one,
cluding only the 3sg and 2su channels, shows the borrow
ing of oscillator strength from the 2su to the more intense
3sg channel above 25 eV. The resulting 2su cross section
above 30 eV is similar to the IC results of Fig. 6. A secon
calculation, taking into account only the 1pu and 2su chan-
nels, furnished a larger~4–4.5 Mb! 2su cross section in the
20–25-eV energy range while no relevant mixing effec
were seen above 30 eV. These evidences indicate unamb
ously a mechanism of transfer of oscillator strength from t
1pu to both the 2su and 3sg channels, together with the
transfer seen from the 2su to the 3sg . For photon energies
larger than 30 eV the 1pu channel is not practically coupled
to the other channels, while the interaction between the 3sg
and 2su persists. Since the 3sg continues to borrow inten-
sity from the 2su channel, and this action is no longer com
pensated by the 1pu channel, a net decrease of the 2su

FIG. 6. Partial cross section~Mb! and asymmetry parameterb
for the photoionization leading to the N2

1(2su)21B 2Su
1 state in

the 15–70-eV photon energy range. See caption to Fig. 1.
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partial cross section is observed above 30 eV. The 2su to
3sg intensity borrowing was shown to persist even wh
nuclear displacements from the equilibrium geometry
taken into account@49#.

A detailed analysis of the contribution of each PWC~Fig.
7! confirms these very strong mixing effects and allows f
ther scrutiny of the intrachannel mechanisms.

The ~2,1! PWC shows in the SC approximation
;23 eV a Cooper minimum which disappears in the IC ca
On the contrary the~0,0! PWC shows a minimum around 3
eV only in the IC case. A comparison of the PWC contrib
tions to the 2su cross section of Fig. 7 with those arisin
from the two-channel calculations leads to the followi
conclusions.

~1! The ~0,0! PWC is involved in the 2su23sg interac-
tion and it accounts for the decrease of the 2su cross section.
In the 18–30-eV region this PWC interacts also with the 1pu
channel, from which it borrows intensity.

~2! The ~2,0! PWC receives the 1pu intensity and it ac-
counts for the increase of the 2su cross section in the 20–
30-eV range.

~3! The ~2,1! PWC ~of 1Pu symmetry! is involved in the
2su23sg interaction and it is less affected by the 2su
21pu interaction. This PWC works together with the~0,0!
PWC in the high energy region of the spectrum to decre
the 2su cross section going from SC to IC.

There are some uncertainties both in theab initio results
and in the experiment concerning the behavior of the 2su
partial cross section in the 30-eV photon energy region.
perimental results are not well resolved and conflictin
Hamnett, Stoll, and Brion@5# find a broad maximum around

FIG. 7. Contribution of the individual partial wave channels
the photoionization leading to the N2

1(2su)21B 2Su
1 state. See

caption to Fig. 3.
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34 eV, Plummeret al. @11# and Woodruff and Marr@10# both
find a sequence of small minima and maxima, located
some instances at different photon energies. All our d
point to the evidence that the cross section decreases ste
as the photon energy increases. This is in agreement
Lucchese and Zurales@50#, but not with Stephens and Dil
@45#, who apparently observed a steady increase.

The experimental asymmetry parameter shows a br
valley around 30 eV, due again to the interaction with t
3sg→su shape resonance. Only vibrationally averaged
perimental data are shown in Fig. 6. As expected, the th
reticalb shows a remarkable dependence on the intercha
coupling up to photon energies of the order of 50 eV. T
two experimental maxima around 22 eV—due probably
doubly excited states—are not reproduced by our approxi
tions. Our IC asymmetry parameter in the 20–25-eV reg
is also smaller than the results of Lucchese and Zurales@50#.
See also@51#.

The two-channel calculation~3sg plus 2su! gives results
for b which agree very well with the experimental da
~value of ;1! for photon energies greater than 25 eV a
with the exception of the narrow region around 30 eV wh
the deep is seen@13#. The further introduction of the cou
pling with the 1pu channel decreasesb by about 0.2–0.3 in
the 25–35-eV energy range. Since the two-channel~1pu
plus 2su! calculation furnishes an asymmetry parame
which is increasing in this region and gives no sign of
plateau, it seems that the behavior seen in Fig. 6 is the re
of the strong and complex three-channel interaction just
cussed.

F. Photoionization from the 2sg

Figure 8 displays the cross section and the asymm
parameter for the partial photoionization channel leading
the (2sg)21 2Sg

1 ion state.
The inner-valence-photoelectron spectrum of N2 in the

36–40-eV photon energy range shows a complex struc
@18,22# which has been attributed@39# essentially to the in-
teraction of the (2sg)21 2Sg

1 ion state with outer-valence
excited ion states occurring in the same energy range.
well as for inner-valence ionization of other molecules@67#,
in spite of the inadequacy of the one-electron picture a
Koopman’s theorem in this region, the RPA is still justifie
In fact the intensity of these multiplets for molecules who
ground state can be described to a good approximation
single configuration comes mainly from the singly excit
configurations with an inner-valence hole. Thus our appro
mation reduces the complex structure to a single peak.
yond 40 eV the calculated observables may be reason
compared with experiment. Note that the 2sg ionization
threshold was chosen to be at 38 eV, which roughly co
sponds to the centroid of these multiplets@18,51#. Support to
our hypothesis comes from the evident agreement of
cross section with that computed by Langhoffet al., obtained
summing the contributions from the several peaks in the 3
40-eV region@39#.

Both the partial cross section and the asymmetry par
eter are in satisfactory agreement with experiment. As
pected for photoionization from inner-valence orbitals, t
effect of the channel mixing is small, due to the remarka
n
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energy differences in the waves involved in the Hamiltonia
matrix elements at a given energy.

At about 13–14 eV above threshold, the 2sg partial cross
section exhibits a shape resonant peak. In this regio
(;50 eV) the contribution of the~3,0! wave has a neat
maximum analogous to that seen for the shape resona
discussed for the 3sg channel in Sec. IV C.

The more interesting feature of the asymmetry parame
is the broad deep around 5 eV above threshold. At very lo
photoelectron energies the entire contribution to the part
cross section is given by the~1,0! and (1,61) PWC’s but, as
the energy increases, the contribution of the~3,0! PWC be-
comes larger, overcoming that of thep PWC’s quite rapidly.
This rearrangement is responsible for the dramatic variati
of the angular distribution in the 43-eV region.

V. CONCLUSIONS

We performed a detailed study of the features of the ph
toelectron spectrum of molecular nitrogen. We employed t
K-matrix L2 approach which we have experimented wit
successfully in the last decade, and exploited the advanta
given by the use of Gaussian-type orbitals for the descripti
of the continuum partial waves. An analysis of the effect o
interchannel coupling on the total and partial cross secti
and asymmetry parameter, including all four valence ioniz
tion channels, was carried out.

The major features of the photoelectron spectrum of N2

FIG. 8. Partial cross section~Mb! and asymmetry parameterb
for the photoionization leading to the N2

1(2sg)21 2Sg
1 state in the

15–70-eV photon energy range. See caption to Fig. 1.
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were recovered. The technique allowed us to study in so
detail the interplay of multichannel effects on the shape re
nances and the subtleties of the intensity borrowing phen
ena, especially evident in this system. A detailed analysi
the effect of the localized channel in the expansion basis
the continuum was made: its presence has an apprec
effect on the property under study. Also, we proved that
extension of the angular moment quantum number of
partial wave channels up tol 57 is sufficient to obtain stable
results.

Our study does not include the effect of electron corre
tion on the ion state as done recently~for the 19–26-eV
photon energy range! by Stratmann, Bandarage, and Lu
chese@51# with a multichannel configuration interaction a
proach or by Swanstro”m et al. @46# employing MCRPA.
Also, the effects of the relaxation of the fixed nuclei appro
mation, which Basden and Lucchese proved to be quite
portant at least to explain some of the features of the sp
trum @49#, are not considered here. We extended, on
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other hand, our analysis to the inner-valence 2sg orbital.
The study of the photoelectron spectrum of nitrogen c

be considered a classic test for the theoretical approache
the description of molecular continuum. We believe that
K-matrix L2 approach coupled to the use of extended sph
cal polynomial GTO-type orbitals has shown its capabil
for the purpose of describing in good detail the comp
features of the total and differential cross section of N2. Our
previous studies with the same approach@62,63# concerned
relatively simple ~H2 @62#, Li2, LiH @63#! systems. The
present work leaves us confident that, with the rapid incre
in computational power, we should soon be able to take
study of continuum properties to the realm of larger mole
lar systems.
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