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Generalization of atomic random-phase-approximation method for diatomic molecules.
II. N 2 K-shell photoionization

S. K. Semenov and N. A. Cherepkov
State University of Aerospace Instrumentation, 190000 St. Petersburg, Russia

~Received 29 March 2002; published 15 August 2002!

Partial and total photoionization cross sections of theK shell of the N2 molecule are calculated using the
generalization of the random-phase approximation that has been applied earlier to the valence shells of N2

@Phys. Rev. A61, 032704~2000!#. At zero order the relaxed core Hartree-Fock approximation is used. It is
demonstrated that due to strong intershell correlations thes* shape resonance reveals itself not only in the
1sg→esu channel as it takes place in all single-particle approximations, but also in the 1su→esg channel.
The influence of vibrational motion on the cross sections is taken into account. Good agreement with the most
recent experimental data for different partial cross sections is achieved.

DOI: 10.1103/PhysRevA.66.022708 PACS number~s!: 33.80.Eh
l-
n
t b
e
N

io

ul

a

ta

ny

th
wo
en
a

la
f

e
l

e

a
u
h
t

-

on
. To

s
er
is

ory
ut a
g-
a-
ch
into
ce
en
la-
ged

ra-
m-
and

is
in

in
in
HF
ed-
set
ed
the

ext
by
ing
l-
sed

ion
I. INTRODUCTION

Investigations of photoionization of simple diatomic mo
ecules such as N2 have a long history, and with applicatio
of more sophisticated theoretical methods the agreemen
tween theory and experiment has been steadily improv
Recently, rather good results for the valence shells of2

have been demonstrated in Refs.@1–4# by applying the
random-phase approximation~RPA!. But up to now this
method has not been employed for theK shell of N2. In this
paper we report on the calculations of partial photoionizat
cross sections for theK shells of the N2 molecule performed
using the recently developed version of RPA@1,5#. In Ref.
@5# this method has been successfully applied to the calc
tions of H2 photoionization cross section, while in Ref.@1#
all valence shells of N2 have been studied. This paper is
direct continuation of the research started in Ref.@1#. The
preliminary results of this study supported by experimen
measurements have been published earlier in Ref.@6#.

Contrary to the atomic case where the role of ma
electron correlations in photoionization of theK shells is
rather negligible, in homonuclear diatomic molecules
situation is strongly different due to the presence of t
closely spacedK shells. Many-electron correlations betwe
these two shells appear to be important, changing the m
nitudes of some transitions by a factor of 2@6#. Therefore the
application of RPA method to theK shell of the N2 molecule
is well justified. A number of earlier calculations for theK
shells were performed using various methods, in particu
multiple-scattering method@7,8#, the Stieltjes-Tchebychef
moment theory@9#, the relaxed core Hartree-Fock~HF! ap-
proximation @10#, the local-density approximation with th
transition state potential@11#, and the multichanne
Schwinger configuration interaction method@12#. In Refs.
@11,12# a good agreement with experiment has be
achieved.

The majority of molecular calculations are performed in
fixed-nuclei approximation at the equilibrium geometry. B
it was shown rather long ago that the position and strengt
the shape resonance are very sensitive functions of
nuclear separation@13,14#. In other words, the nuclear mo
1050-2947/2002/66~2!/022708~6!/$20.00 66 0227
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tion in the ground state is influencing the photoionizati
process, especially in the vicinity of the shape resonance
take it into account, it was proposed in Refs.@13,14# to per-
form calculations for several fixed internuclear separationR
and then to average the photoionization parameters ovR
with the vibrational wave function of the initial state. Th
procedure implies the summation over all~unresolved! vibra-
tional final states. At that time the difference between the
and experiment for the cross sections was frequently abo
factor of 2 or even larger, and the role of vibrational avera
ing was not so important. As a result, in the later investig
tions this averaging was not performed. Now, getting mu
closer agreement with the experiment, we need to take
consideration the influence of the vibrational motion, sin
its contribution is comparable with the difference betwe
theory and experiment. For this goal we performed calcu
tions for several internuclear separations, and then avera
the photoionization parameters with the initial-state vib
tional wave function. The results of our calculations are co
pared with the variety of the newest experimental data,
possible reasons for some discrepancies are discussed.

II. RPA METHOD

In our calculations a modification of the RPA method
used that was developed earlier for atomic calculations
Ref. @15#. A detailed description of this method was given
Refs. @1,5#, therefore here we only briefly outline the ma
steps. The calculations proceed as following. At first the
ground-state wave functions are calculated in the fix
nuclei approximation. With their help the zero-order basis
of single-particle HF wave functions of discrete excit
states and of the continuous spectrum is calculated in
field of a frozen core of a singly charged ion~the one-
particle–one-hole excited states!. With this basis the dipole
and the Coulomb matrix elements are calculated. As the n
step we are looking for the dipole matrix elements in RPA
solving the corresponding RPA equation, without calculat
explicitly the wave functions in RPA. The dipole matrix e
ements obtained as a solution of the RPA equation are u
for a standard calculation of photoionization cross sect
~see Eq.~5! of Ref. @1#!.
©2002 The American Physical Society08-1
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The calculations are performed using a partial-wave
pansion in prolate spheroidal coordinates as it was freque
used earlier for the bound-state wave functions of diato
molecules @16–18#. As compared to usual expansion
spherical coordinates, this method substantially reduces
number of terms necessary to take into account in orde
reach high accuracy in calculations. Earlier@10# it was
shown that a relaxation of the ionic core plays an import
role in the photoionization ofK shells of N2 changing the
position and magnitude of thes* shape resonance. In pa
ticular, in the case of a frozen-core~unrelaxed! HF calcula-
tion the maximum appears 5 eV above threshold and has
magnitude two times larger than the experimental one@10#.
In the relaxed core HF~RCHF! calculation the maximum is
13 eV above threshold and its magnitude is slightly low
than the experimental one, while the experimental position
maximum is 9 eV above threshold.

Since the core relaxation effects are not taken into acco
in the RPA method itself, one can take them into account
performing the RPA calculations with the basis set of
RCHF photoelectron wave functions. The latter is found
the following way. At first the self-consistent HF molecul
ion wave functions are calculated with the hole in an app
priate shell, either 1sg or 1su , then a set of photoelectro
wave functions in the frozen field of the corresponding m
lecular ion state is found. With these wave functions
dipole and Coulomb matrix elements are calculated ente
the RPA equation. The justification for such a procedure w
given in Ref.@19# for the case of atomic calculations, and
is equally applied to the molecular case. We performed
first RPA calculations with both HF and RCHF basis se
The results are qualitatively similar and differ mainly by t
position and magnitude of thes* shape resonance as wa
mentioned above. Since with the RCHF basis set a la
part of many-electron correlations is taken into account,
shall present in the following only the results obtained in
RCHF.

As it was shown some time ago@13,14#, the vibrational
motion changes the cross section obtained in a fixed-nu
approximation. To take into account the nuclear motion
the initial state, the RPA calculations are at first perform
for several internuclear distancesR in a fixed-nuclei approxi-
mation. For a given photon energyv the partial photoioniza-
tion cross sectionss(v,R) are calculated separately for e
ery value of R. After that the vibrational averaged cros
sectionssav(v) are calculated from the equation,

sav~v!5E x i
2~R!s~v,R!dR, ~1!

wherex i(R) is the initial-state vibrational wave function. W
assume in this paper that only the ground vibrational stat
initially populated.

III. RESULTS OF CALCULATIONS

Consider at first the results for partial photoionizati
cross sections. As it was expected, the RPA photoioniza
cross sections in the length and velocity forms nearly co
02270
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cide ~the difference is usually of the order of 2–3 %!, but
they do not differ much even in the RCHF approximatio
Namely, the RCHF cross section in the length form is ab
5% higher than in the velocity form. Therefore in the follow
ing only the results obtained with the length form of th
dipole operator are shown in the figures. The experime
thresholds are used in our calculations.

It is well known from the atomic calculations@15# that the
intershell many-electron correlations play a very importa
role when the ionization thresholds of interacting~sub!shells
are close to each other, and when the photoionization c
section of one of them is much larger than that of the ot
one. On the other hand, it was also well known that the r
of many-electron correlations in photoionization of atom
core levels is rather negligible.

In photoionization of theK shells of homonuclear di-
atomic molecules the situation is strongly different from t
atomic case because there are two closely spacedK shells. In
addition, the photoionization cross section of one shell~the
1sg→esu channels where thes* shape resonance occurs!
in the RCHF approximation is one order of magnitude larg
than the cross section for the other shell~the 1su→esg
channels!. It is illustrated in Fig. 1 where we present th
photoionization cross sections for the 1sg→esu and 1su
→esg channels calculated in the RCHF approximation.
accord with the calculations of Dehmer and Dill@7,8# the
cross section for the 1sg→esu channels in the RCHF ap
proximation has a strong maximum, while for the 1su
→esg channels it is nearly constant in a broad energy ran
So, both conditions for many-electron correlations to be i
portant are fulfilled, and therefore strong intershell corre
tions between the 1sg→esu and 1su→esg channels are
expected. Figure 2 shows the corresponding Feynman
grams of the lowest order in the Coulomb interaction th
give the main contribution in the RPA approximation.

The 1s→es channels do not interact with the 1s→ep
ones since the internal forces in a closed system~the Cou-
lomb interaction between electrons in our case! could not
change the projection of the total angular momentum. T

FIG. 1. Photoionization cross sections for theK shells of the N2
molecule corresponding to the 1sg→esu and 1su→esg channels
calculated in the RCHF and RPA approximations in the length fo
8-2
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interaction with the valence shells can be neglected due
large difference between the ionization thresholds. There
we are taking into account the many-electron correlati
only between the 1sg→esu and 1su→esg channels~and
separately between the 1sg→epu and 1su→epg channels!.
The cross sections calculated in the RPA are also show
Fig. 1. Due to the many-electron correlations the pronoun
maximum appears in the 1su→esg cross section, while the
maximum in the main 1sg→esu cross section become
lower. In other words, part of the intensity of thes* shape
resonance is transferred to the 1su→esg channels. At the
same time, the maximum of the shape resonance in the
approximation is shifted by about 1 eV to lower energi
which improves the agreement with the experiment~see be-
low!.

We calculated also the contributions of different part
waves to the cross sections. Figure 3 shows our RPA res
for the 1sg shell. In accord with the earlier conclusion ma
in Refs. @7,8#, the main contribution to thes* shape reso-
nance is given by thef s partial wave. It is interesting to
mention that very close to the maximum of the shape re
nance there is a Cooper minimum in theps partial cross
section~it exists also in the RCHF approximation at 418-e
photon energy!, while the hs cross section is negligibly
small at all energies. Due to that, thes* shape resonance i
formed practically by a singlef s partial wave, which is mos
probably an exceptional case. For example, near the s
resonance in the 2sg shell of N2 ~also formed basically by
the f s partial wave! there is no Cooper minimum in theps
partial cross section@20#. To prove that there is the shap
resonance in thef s partial wave, it should be shown als
that the corresponding phase shift~due to the short-range
potential! is increasing in the resonance by aboutp radians
@7,8,21#. In Fig. 4 we show the short-range phase shiftst ls
which are defined by equation,

t ls5d ls2h l , ~2!

whered ls is the total phase shift, andh l is the Coulomb part,
h l5argG( l 112 i /p),p being the photoelectron momentum
According to Fig. 4, the phase shiftt f s increases in the
resonance by aboutp radians as expected.

The main contribution to thep channels is given by the
pp partial wave@see Fig. 3~b!#. There is the Cooper mini
mum in thef p partial cross section~which was absent in the

FIG. 2. The lowest-order Feynman diagrams correspondin
the RPA intershell correlations between the 1sg→esu and 1su

→esg channels. Dashed lines describe the photon, wavy lines
respond to the Coulomb interaction, and solid lines with arrows
the particle or hole states.
02270
a
re
s

in
d

PA
,

l
lts

o-

pe

RCHF approximation!, but the contribution of this channel i
anyway quite small at photon energies below 450 eV.

Figure 5 shows the RPA partial cross sections for the 1su
shell. Here the main contribution near the resonance is gi
by the ds partial wave. But though it shows seemingly
resonance behavior, the corresponding short-range p
shift shown in Fig. 4 is not increasing byp radians. There-
fore one could not qualify it as a resonance, but rather a
correlational maximum due to the strong intershell inter
tion with the resonant 1sg→esu channel.

to

r-
e

FIG. 3. ~a! Partial photoionization cross sections correspond
to the transitions 1sg→e lsu with different values of orbital angula
momentuml mentioned in the figure.~b! The same for the 1sg

→e lpu transitions.

FIG. 4. Short-range phase shiftst ls for the 1sg→e f su and
1su→edsg continuum channels in the RPA approximation.
8-3
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The fact that thes* shape resonance reveals itself only
the s transitions has been proved experimentally@22,23# by
measuring the partials and p channel cross sections sep
rately ~denoted below assS andsP , respectively, with the
sS being the sum of the 1sg→esu and 1su→esg channels,
and sP being the sum of the 1sg→epu and 1su→epg
channels! using the angle-resolved photoion spectrosco
Figure 6 shows the comparison between the RPA theory
experiment for thesS andsP cross sections, as well as fo
their sum. The experimental data for the sumsS1sP are
normalized at 440 eV to the absolute photoabsorption c
section ofK shell measured by Kempgenset al. @24# and also
shown in Fig. 6. In our RPA cross sectionsS the position of
thes* shape resonance is shifted to higher energies by ab
3 eV, and above the resonance the cross section is decre

FIG. 5. Partial photoionization cross sections corresponding
the transitions 1su→e lsg with different values of orbital angula
momentuml mentioned in the figure.

FIG. 6. Symmetry resolved cross sectionssS andsP and their
sum calculated in RPA and measured in Refs.@22–24#. The abso-
lute photoabsorption cross section of theK shell measured by
Kempgenset al. in Ref. @24# is used for normalization~at 440-eV
photon energy! of the relative cross sections measured in Re
@22,23#.
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too fast as compared to the experiment. The cross sect
for the 1sg→epu and 1su→epg channels in RPA are
nearly equal at all photon energies considered in this pa
and therefore are not shown separately. For their sum,sP ,
the agreement with the experiment is rather good@the maxi-
mum at ~413–416!-eV photon energy in the experiment
connected with the two-electron processes that are not
cluded in the RPA#. Therefore for the total cross section th
difference between the RPA and the experiment is essent
the same as for thesS cross section.

On the other hand, the photoabsorption cross sec
shown in Fig. 6, as well as the cross sectionssS and sP

obtained by the angle-resolved photoion spectroscopy,
clude the contribution of two-electron processes, while
RPA cross section does not. Therefore it is more appropr
to compare our RPA results with the single electron pho
ionization cross section obtained by photoelectron spect
copy in Ref.@24#. The corresponding comparison is made
Fig. 7. Now only the position of the shape resonance dif
from the experiment, while above the resonance both
magnitude and the slope of the RPA cross section is i
good agreement with the experiment. In the same figure
show also the vibrational averaged cross section obtaine
the integration over different internuclear distances acco
ing to Eq. ~1!. Though it does not differ much from th
fixed-nuclei result, the shape resonance is slightly shifted
lower energies, which improves the agreement with the
periment.

Since the difference between the ionization thresholds
the 1sg and 1su shells is small~about 0.1 eV!, even smaller
than the widths of the corresponding photoelectron lines
seemed to be impossible to resolve these shells experim
tally. Nevertheless, owing to essential increase of the exp
mental resolution, Hergenhahnet al. @25# succeeded to do it
Figure 8 shows the corresponding cross sections defined
perimentally and calculated in both RCHF and RPA appro
mations, including the averaging of the RPA cross secti

to

.

FIG. 7. Single electron photoionization cross section of the2

molecule. Dashed line, RPA; solid line, RPA averaged over vib
tional motion; dots, experimental cross section obtained by ph
electron spectroscopy@24#.
8-4
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GENERALIZATION OF ATOMIC . . . .II. . . . PHYSICAL REVIEW A 66, 022708 ~2002!
over the internuclear distances. For the 1sg shell, as before,
the maximum in the RPA is shifted to higher energy co
pared to the experiment, while the shape of the cross sec
is well reproduced. For the 1su shell the experimental curv
has also a maximum, while in the RCHF approximation,
well as in all other single-particle calculations, the cross s
tion has no maximum in the region of the shape resona
In the RPA approximation without vibrational averaging t
maximum in the 1su cross section is higher than the expe
mental one, and shifted to higher energy. After the vib
tional averaging the magnitude of the maximum is becom
lower and closer to the experimental one, while the posit
is still shifted to higher energy as a consequence of
analogous shift of the main maximum in the 1sg shell. The
positions of maxima in the 1sg and 1su shells channels do
not coincide in the experiment@25#, while they coincide in
the RPA. This difference can be connected with the par
correlations that is not included in the RPA. In recent cal
lation by Lin and Lucchese using multireference configu
tion interaction method@26# the corresponding maximum i
the 1su cross section has the position close to the exp
mental one, but its magnitude is underestimated. As a re
we can conclude that the experiment@25# supports in genera
the existence of the correlational maximum predicted
theory @6#, though a quantitative agreement between the
and experiment has not been reached.

IV. CONCLUSIONS

We have demonstrated that application of the RPA met
for the photoionization of theK shell of the N2 molecule is
as successful as it was for the valence shells in Ref.@1#. In
general, the RPA results are in a good agreement with

FIG. 8. Partial photoionization cross sections for 1sg and 1su

shells measured in Ref.@25# ~squares and triangles!, and calculated
in RCHF approximation~dotted line!, in RPA without vibrational
averaging ~dashed lines!, and with vibrational averaging~solid
lines!.
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available experimental data. The main discrepancy is rela
with the shift of the maximum of thes* shape resonance in
the RPA by about 3 eV to higher energies as compared to
experiment. In accord with the earlier prediction@7,8#, from
our calculations it follows that thes* shape resonance i
formed by the contribution of practically onef su partial
wave. That takes place because accidentally at nearly
same photon energy there is a Cooper minimum in thepsu
partial cross section, which was not mentioned previou
The results of our study show that unlike the atomic nitrog
@27#, the many-electron correlations in theK shell of molecu-
lar nitrogen play an important role. Namely, it was demo
strated that due to the many-electron correlations betw
the 1su and 1su shells the correlational maximum appea
in the nonresonant 1su shell at the photon energy of thes*
shape resonance. This fact has been verified indirectly
Ref. @6#. The similar maximum was recently found also
the direct measurements of the corresponding partial c
sections@25#, though the position of the experimental max
mum for the 1su shell is shifted to lower photon energ
compared to thes* shape resonance. The calculations ha
been performed both at a fixed equilibrium internuclear d
tance, and with the averaging over different internuclear d
tances to account for the vibrational motion in the grou
state. This averaging, though not leading to strong chan
is improving the agreement with the experiment.

The present work, together with our recent investigat
of the photoionization of H2 @5# and the valence shells of N2
molecule @1# demonstrates a high reliability of the RP
method for molecules. The method is capable to desc
different kinds of experimental data available at the mome
In particular, it can describe the angular distributions of ph
toelectrons ejected from fixed-in-space molecules as it
recently demonstrated in@20,28#, and can be used for obtain
ing a rather realistic predictions for all measurable quanti
of photoionization process.

Though the results obtained here are rather encourag
there are also some problems that need further considera
In particular, the wrong position of thes* shape resonance
in the RPA means that additional study of many-electr
correlations need to be undertaken. Also, it is not possibl
consider the two-electron processes within the RPA meth
while they are important in some cases. Corresponding g
eralizations are possible, for example, by using the ma
body perturbation technique.
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