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Generalization of atomic random-phase-approximation method for diatomic molecules.
II. N, K-shell photoionization
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Partial and total photoionization cross sections of kkhshell of the N molecule are calculated using the
generalization of the random-phase approximation that has been applied earlier to the valence shells of N
[Phys. Rev. A61, 032704(2000]. At zero order the relaxed core Hartree-Fock approximation is used. It is
demonstrated that due to strong intershell correlationssthshape resonance reveals itself not only in the
log— €0, channel as it takes place in all single-particle approximations, but also indthe: o, 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.
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[. INTRODUCTION tion in the ground state is influencing the photoionization
process, especially in the vicinity of the shape resonance. To
Investigations of photoionization of simple diatomic mol- take it into account, it was proposed in Ref$3,14 to per-
ecules such as Nnave a long history, and with application form calculations for several fixed internuclear separatins
of more sophisticated theoretical methods the agreement b@nd then to average the photoionization parameters Bver
tween theory and experiment has been steadily improvedVith the vibrational wave function of the initial state. This
Recently, rather good results for the valence shells gf NProcedure implies the summation over (aihresolvedlvibra-
have been demonstrated in Refd—4] by applying the tional final states. At that time the difference between theory
random-phase approximatiofRPA). But up to now this and experiment for the cross sections was frequently about a

method has not been employed for tehell of N,. In this factor of 2 or even larger, and the role of vibrational averag-

paper we report on the calculations of partial photoionizatio ng was not so important. As a result, in the later investiga-

. ions this averaging was not performed. Now, getting much
cross sections for té shells of the ."5 molecule performed closer agreement with the experiment, we need to take into
using the recently developed version of RPAS]. In Ref.

hi hod has b ful lied to th Ul consideration the influence of the vibrational motion, since
[5] this method has been successfully applied to the calculgtg congribution is comparable with the difference between
tions of H, photoionization cross section, while in R¢L]

) ) ' theory and experiment. For this goal we performed calcula-
all valence shells of Nhave been studied. This paper is atjons for several internuclear separations, and then averaged
direct continuation of the research started in Rél. The  the photoionization parameters with the initial-state vibra-
preliminary results of this study supported by experimentational wave function. The results of our calculations are com-
measurements have been published earlier in [éf. pared with the variety of the newest experimental data, and
Contrary to the atomic case where the role of many-possible reasons for some discrepancies are discussed.
electron correlations in photoionization of the shells is
rather negligible, in homonuclear diatomic molecules the
situation is strongly different due to the presence of two
closely spaced shells. Many-electron correlations between In our calculations a modification of the RPA method is
these two shells appear to be important, changing the maaised that was developed earlier for atomic calculations in
nitudes of some transitions by a factor of6}. Therefore the Ref.[15]. A detailed description of this method was given in
application of RPA method to thi€ shell of the N molecule  Refs.[1,5], therefore here we only briefly outline the main
is well justified. A number of earlier calculations for tlle  steps. The calculations proceed as following. At first the HF
shells were performed using various methods, in particulaground-state wave functions are calculated in the fixed-
multiple-scattering method7,8], the Stieltjes-Tchebycheff nuclei approximation. With their help the zero-order basis set
moment theory9], the relaxed core Hartree-Fo€KF) ap-  of single-particle HF wave functions of discrete excited
proximation[10], the local-density approximation with the states and of the continuous spectrum is calculated in the
transition state potential[11], and the multichannel field of a frozen core of a singly charged idthe one-
Schwinger configuration interaction methd@i2]. In Refs.  particle—one-hole excited stajedVith this basis the dipole
[11,17 a good agreement with experiment has beerand the Coulomb matrix elements are calculated. As the next
achieved. step we are looking for the dipole matrix elements in RPA by
The majority of molecular calculations are performed in asolving the corresponding RPA equation, without calculating
fixed-nuclei approximation at the equilibrium geometry. Butexplicitly the wave functions in RPA. The dipole matrix el-
it was shown rather long ago that the position and strength aéments obtained as a solution of the RPA equation are used
the shape resonance are very sensitive functions of thier a standard calculation of photoionization cross section
nuclear separatiofl3,14. In other words, the nuclear mo- (see Eq(5) of Ref.[1]).

Il. RPA METHOD
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The calculations are performed using a partial-wave ex- AEARARAAAEA AR
pansion in prolate spheroidal coordinates as it was frequently [ . N2 ]
‘\\ ------- lo, > e, RCHF

\\ ........... lo, - €0, RCHF
A Y

used earlier for the bound-state wave functions of diatomic
molecules[16—-18. As compared to usual expansion in
spherical coordinates, this method substantially reduces th [
number of terms necessary to take into account in order tc= 08|
reach high accuracy in calculations. EarlighO] it was [
shown that a relaxation of the ionic core plays an important
role in the photoionization oK shells of N changing the
position and magnitude of the* shape resonance. In par-
ticular, in the case of a frozen-cofanrelaxed HF calcula- [
tion the maximum appears 5 eV above threshold and has th 02
magnitude two times larger than the experimental [dr@.
In the relaxed core HFRCHP calculation the maximum is
13 eV above threshold and its magnitude is slightly lower
than the experimental one, while the experimental position of
maximum is 9 eV above threshold. FIG. 1. Photoionization cross sections for thehells of the N
Since the core relaxation effects are not taken into accourholecule corresponding to thery— eo, and lo,— eoy channels
in the RPA method itself, one can take them into account bytalculated in the RCHF and RPA approximations in the length form.
performing the RPA calculations with the basis set of the
RCHF photoelectron wave functions. The latter is found incide (the difference is usually of the order of 2—3%but
the following way. At first the self-consistent HF molecular they do not differ much even in the RCHF approximation.
ion wave functions are calculated with the hole in an approNamely, the RCHF cross section in the length form is about
priate shell, either &y or 1o, then a set of photoelectron 594 higher than in the velocity form. Therefore in the follow-
wave functions in the frozen field of the corresponding mo-ing only the results obtained with the length form of the
lecular ion state is found. With these wave functions thedipole operator are shown in the figures. The experimental
dipole and Coulomb matrix elements are calculated enteringhresholds are used in our calculations.
the RPA equation. The justification for such a procedure was |t is well known from the atomic calculatiori45] that the
given in Ref.[19] for the case of atomic calculations, and it intershell many-electron correlations play a very important
is equally applied to the molecular case. We performed oufole when the ionization thresholds of interactisybshells
first RPA calculations with both HF and RCHF basis setsare close to each other, and when the photoionization cross
The results are qualitatively similar and differ mainly by the section of one of them is much larger than that of the other
position and magnitude of the* shape resonance as was one. On the other hand, it was also well known that the role
mentioned above. Since with the RCHF basis set a largesf many-electron correlations in photoionization of atomic
part of many-electron correlations is taken into account, wesore levels is rather negligible.
shall present in the following only the results obtained in the |n photoionization of theK shells of homonuclear di-
RCHF. atomic molecules the situation is strongly different from the
As it was shown some time add3,14, the vibrational atomic case because there are two closely spicsells. In
motion changes the cross section obtained in a fixed-nucleiddition, the photoionization cross section of one sttel
approximation. To take into account the nuclear motion inlggﬁ €o, channels where the* shape resonance occlirs
the initial state, the RPA calculations are at first performedn the RCHF approximation is one order of magnitude larger
for several internuclear distancBsn a fixed-nuclei approxi-  than the cross section for the other shghe lo,—e€ay
mation. For a given photon energythe partial photoioniza-  channels It is illustrated in Fig. 1 where we present the
tion cross sections(w,R) are calculated separately for ev- photoionization cross sections for therd— ea, and 1o,
ery value of R After that the vibrational averaged cross — €0y channels calculated in the RCHF approximation. In
sectionso,(w) are calculated from the equation, accord with the calculations of Dehmer and Oill,8] the
cross section for the d;— eo, channels in the RCHF ap-
proximation has a strong maximum, while for ther[l
— €aq channels it is nearly constant in a broad energy range.
So, both conditions for many-electron correlations to be im-
wherey;(R) is the initial-state vibrational wave function. We portant are fulfilled, and therefore strong intershell correla-
assume in this paper that only the ground vibrational state i§ons between the d&;— eo, and lo,— oy channels are
initially populated. expected. Figure 2 shows the corresponding Feynman dia-
grams of the lowest order in the Coulomb interaction that
give the main contribution in the RPA approximation.
The lo0— eo channels do not interact with thest- e
Consider at first the results for partial photoionizationones since the internal forces in a closed systdm Cou-
cross sections. As it was expected, the RPA photoionizatiotomb interaction between electrons in our gaseuld not
cross sections in the length and velocity forms nearly coinchange the projection of the total angular momentum. The
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FIG. 2. The lowest-order Feynman diagrams corresponding tog N\ 3
the RPA intershell correlations between thei-eo, and 1o, S it ho ]
— €aq channels. Dashed lines describe the photon, wavy lines cor® 107 e 3
respond to the Coulomb interaction, and solid lines with arrows are (a) ’
the particle or hole states. 10* . . \
, _ , 10° | 3
interaction with the valence shells can be neglected due to ‘. total
large difference between the ionization thresholds. ThereforeS | . E
we are taking into account the many-electron correlations< 10
only between the &;— eo, and lo,— eoy channelsand § fr ]
separately between therl— e, and lo,— emy channels S 107L _
The cross sections calculated in the RPA are also shown ir 2 /\ pd
Fig. 1. Due to the many-electron correlations the pronouncec § 3 N v
maximum appears in thes,— eoy cross section, while the O 10°F ~ hx e 3
maximum in the main &;— e€o, cross section becomes (b) ............ ]
lower. In other words, part of the intensity of tla¢ shape 10;:10 450 450 410 250
resonance is transferred to thel—eoy channels. At the
same time, the maximum of the shape resonance in the RP; . Photon energy (eV)

approximation is shifted by about 1 eV to lower energies,
which improves the agreement with the experimee be-
low). o _ . momentum| mentioned in the figure(b) The same for the &,

We calculated also the contributions of different partial _, . ;- ‘transitions.
waves to the cross sections. Figure 3 shows our RPA results
for the 1oy shell. In accord with the earlier conclusion made RCHF approximatio)) but the contribution of this channel is
in Refs.[7,8], the main contribution to the* shape reso- anyway quite small at photon energies below 450 eV.
nance is given by thdo partial wave. It is interesting to Figure 5 shows the RPA partial cross sections for thg 1
mention that very close to the maximum of the shape resoshell. Here the main contribution near the resonance is given
nance there is a Cooper minimum in tpe partial cross by the do partial wave. But though it shows seemingly a
section(it exists also in the RCHF approximation at 418-eV resonance behavior, the corresponding short-range phase
photon energy while the ho cross section is negligibly shift shown in Fig. 4 is not increasing by radians. There-
small at all energies. Due to that, th¢ shape resonance is fore one could not qualify it as a resonance, but rather as a
formed practically by a singléo partial wave, which is most  correlational maximum due to the strong intershell interac-
probably an exceptional case. For example, near the shap@n with the resonant &q4— €, channel.
resonance in the @, shell of N, (also formed basically by

FIG. 3. (a) Partial photoionization cross sections corresponding
to the transitions &y— €l o, with different values of orbital angular

the f o partial wave there is no Cooper minimum in theo 35
partial cross sectiofi20]. To prove that there is the shape ,.:
resonance in théo partial wave, it should be shown also T
that the corresponding phase shiflue to the short-range g 25F
potentia) is increasing in the resonance by abautadians g 205
[7,8,21. In Fig. 4 we show the short-range phase shiffs £ "
which are defined by equation, ; L5
£ 1of
° ;
Tie= 5|(r_ m, (2) -§ 0.5
~ ;
whered, . is the total phase shift, ang| is the Coulomb patrt, 0.0 i ]
n=argl'(I+1—i/p),p being the photoelectron momentum. OSE
According to Fig. 4, the phase shift;, increases in the 410 415 420 425 430 435 440 445 450

resonance by about radians as expected.

The main contribution to ther channels is given by the
pm partial wave[see Fig. &)]. There is the Cooper mini- FIG. 4. Short-range phase shifts, for the lo;—efo, and
mum in thef 7 partial cross sectiofwhich was absent in the 1¢,— edoy continuum channels in the RPA approximation.

Photon energy (eV)
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FIG. 5. Partial photoionization cross sections corresponding to  F|G, 7. Single electron photoionization cross section of the N
the transitions ﬁfuﬁd g with @f‘ferent values of orbital angular molecule. Dashed line, RPA:; solid line, RPA averaged over vibra-
momentuml mentioned in the figure. tional motion; dots, experimental cross section obtained by photo-

electron spectroscof4].

The fact that ther* shape resonance reveals itself only in

the o transitions has been proved experimentg#,23 by  too fast as compared to the experiment. The cross sections
measuring the partiak and = channel cross sections sepa- for the log—em, and lo,—emy channels in RPA are
rately (denoted below ag's and oy, respectively, with the nearly equal at all photon energies considered in this paper
oy being the sum of thedy— eo, and lo,— eay channels,  and therefore are not shown separately. For their s,

and oy being the sum of the &;—em, and lo,—emy  the agreement with the experiment is rather gfthé maxi-
channels using the angle-resolved photoion spectroscopymum at(413—416-eV photon energy in the experiment is
Figure 6 shows the comparison between the RPA theory angbnnected with the two-electron processes that are not in-
experiment for thers and oy cross sections, as well as for cluded in the RPA Therefore for the total cross section the
their sum. The experimental data for the sem+ oy are  difference between the RPA and the experiment is essentially
normalized at 440 eV to the absolute photoabsorption crosthe same as for thas cross section.

section ofK shell measured by Kempgeasal.[24] and also On the other hand, the photoabsorption cross section
shown in Fig. 6. In our RPA cross sectior the position of  shown in Fig. 6, as well as the cross sectiens and oy

the o* shape resonance is shifted to higher energies by abowbtained by the angle-resolved photoion spectroscopy, in-
3 eV, and above the resonance the cross section is decreasitigde the contribution of two-electron processes, while the
RPA cross section does not. Therefore it is more appropriate
to compare our RPA results with the single electron photo-

e & | RPA ] ionization cross section obtained by photoelectron spectros-
. E = Shigemasa et al [22] { . . . . .
Shigemasa et al [23] ] copy in Ref.[24]. The corrg_spondmg comparison is madg in
— 20 Kempeens et al [24] ] Fig. 7. Now only the position of the shape resonance differ
§ ] from the experiment, while above the resonance both the
= L magnitude and the slope of the RPA cross section is in a
S good agreement with the experiment. In the same figure we
§ show also the vibrational averaged cross section obtained by
g L0 the integration over different internuclear distances accord-
5 ing to Eq. (1). Though it does not differ much from the
05 ; ! fixed-nuclei result, the shape resonance is slightly shifted to
o o : lower energies, which improves the agreement with the ex-
’ ] periment.
0.0 PRI SRR U S S S U S S S S S S U S S S S N ST S SN NS S S . . . . .
410 415 420 425 430 435 440 445 Since the d|fference_ between the ionization thresholds of
the 1o, and 1o, shells is smallabout 0.1 eV, even smaller
Photon energy (eV) 9

than the widths of the corresponding photoelectron lines, it
FIG. 6. Symmetry resolved cross sectians and oy and their ~ S€émed to be impossible to resolve these shells experimen-
sum calculated in RPA and measured in RE&2—24. The abso- tally. Nevertheless, owing to essential increase of the experi-
lute photoabsorption cross section of theshell measured by Mmental resolution, Hergenhalet al. [25] succeeded to do it.
Kempgenset al. in Ref.[24] is used for normalizatioiat 440-ev ~ Figure 8 shows the corresponding cross sections defined ex-
photon energy of the relative cross sections measured in Refs.perimentally and calculated in both RCHF and RPA approxi-
[22,23. mations, including the averaging of the RPA cross sections
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FIG. 8. Partial photoionization cross sections fargland 1o,
shells measured in Rdf25] (squares and trianglesand calculated
in RCHF approximationdotted ling, in RPA without vibrational
averaging (dashed lings and with vibrational averagingsolid
lines).

over the internuclear distances. For the,lshell, as before,
the maximum in the RPA is shifted to higher energy com-
pared to the experiment, while the shape of the cross secti
is well reproduced. For thed, shell the experimental curve
has also a maximum, while in the RCHF approximation, a
well as in all other single-particle calculations, the cross sec
tion has no maximum in the region of the shape resonanc
In the RPA approximation without vibrational averaging the
maximum in the b, cross section is higher than the experi-
mental one, and shifted to higher energy. After the vibra
tional averaging the magnitude of the maximum is becomin
lower and closer to the experimental one, while the positio

analogous shift of the main maximum in thed shell. The
positions of maxima in the &; and 1o, shells channels do
not coincide in the experimef5], while they coincide in
the RPA. This difference can be connected with the part o

correlations that is not included in the RPA. In recent calcu-. - <iqer the two-electron processes within the RPA method,

lation by Lin and Lucchese using multireference configura
tion interaction methodl26] the corresponding maximum in
the 1o, cross section has the position close to the experi
mental one, but its magnitude is underestimated. As a resul
we can conclude that the experim¢ab] supports in general

0o

S
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available experimental data. The main discrepancy is related
with the shift of the maximum of the* shape resonance in
the RPA by about 3 eV to higher energies as compared to the
experiment. In accord with the earlier predictioh8], from

our calculations it follows that the* shape resonance is
formed by the contribution of practically onko, partial
wave. That takes place because accidentally at nearly the
same photon energy there is a Cooper minimum ingbrg
partial cross section, which was not mentioned previously.
The results of our study show that unlike the atomic nitrogen
[27], the many-electron correlations in tKeshell of molecu-

lar nitrogen play an important role. Namely, it was demon-
strated that due to the many-electron correlations between
the 1o, and 1o, shells the correlational maximum appears
in the nonresonantd, shell at the photon energy of the*
shape resonance. This fact has been verified indirectly in
Ref. [6]. The similar maximum was recently found also in
the direct measurements of the corresponding partial cross
sectiong 25], though the position of the experimental maxi-
mum for the I, shell is shifted to lower photon energy
compared to ther* shape resonance. The calculations have
been performed both at a fixed equilibrium internuclear dis-
tance, and with the averaging over different internuclear dis-
tances to account for the vibrational motion in the ground
state. This averaging, though not leading to strong changes,
iﬁ improving the agreement with the experiment.

The present work, together with our recent investigation
of the photoionization of K[5] and the valence shells of,N
molecule [1] demonstrates a high reliability of the RPA
method for molecules. The method is capable to describe

Siifferent kinds of experimental data available at the moment.

In particular, it can describe the angular distributions of pho-

toelectrons ejected from fixed-in-space molecules as it was

recently demonstrated [20,28), and can be used for obtain-

E3ng a rather realistic predictions for all measurable quantities

b

is still shifted to higher energy as a consequence of the

f photoionization process.
Though the results obtained here are rather encouraging,

there are also some problems that need further consideration.

In particular, the wrong position of the* shape resonance

in the RPA means that additional study of many-electron

orrelations need to be undertaken. Also, it is not possible to

while they are important in some cases. Corresponding gen-
_eralizations are possible, for example, by using the many-
?ody perturbation technique.
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