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The differential cross section of the valence one-photon ionization,a§ Momputed in the random phase
approximation using large? basis sets of Gaussian-type orbitdTO’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. lonization channels originating from the, 37, 20, and 27
occupied orbitals are considered, both in separated and interacting channel approaches.
[S1050-294{@8)05003-3

PACS numbg(s): 33.80.Eh, 33.20-t, 33.60—q

[. INTRODUCTION multiconfigurational linear response and SM by Swalmstro
et al. [46].

Molecular nitrogen is a privileged system for studies of In the last 15 years we have developed a good expertise in
molecular photoionization. It has been the subject of a larg¢he treatment of the properties of the continuum in molecules
number of experimenta[1-28 and theoretical[29-51  with L? technique§58—60. The details of the differential
studies. See also RdE2]. cross section are obtained through a method based upon the

The system is ideal for both experimentalists, due to theletermination of the reactiok matrix (KM) in a version
abundance of features in the spectra, and for theorists, whadapted to the use df? basis set§61]. Recently we have
can put their methods and calculations to a severe test. devoted our attention to the efficient use of Gaussian-type

Valence photoionization of molecular nitrogen has beerorbitals (GTO's) as expansion sets for the molecular con-
the subject of analysis of different theoretical groups, and dinuum orbitals. Applications have been made to the photo-
reference system for different approaches to study the mdenization of H, [62] and Li,LiH [63]. By using a special
lecular continuum. Early studies by Davenp®82] em-  K-matrix approach, the limitations of GTO’s and their inad-
ployed Slater's scattered-wavee method[53] and could equacy to describe Coulomb waves at large distances from
give no account of the details of the spectrum. The Stieltjesthe origin were overcome. The advantages of the use of
Tchebycheff moments metha®M) [54,55 was employed GTQO’s in molecular photoionization are numerous: among
at different levels of approximation by Rescigebal. and  others, we mention here the possibility of exploiting com-
later by Langhoffet al. [39] in an analysis of the inner- puter codes written for the study of bound states, as the mul-
valence-shell photoionization of molecular nitrogen. The SMticenter one- and two-electron integral program we devel-
in the random phase approximati@RPA) was employed by oped[64]. Furthermore, expensive one-center expansions of
Williams and Langhoff40]. Lucchese and co-workers have the electronic charge density, Coulomb and exchange poten-
employed the iterative Schwinger variational metfi6,57]  tials can be avoided.
in several instances, also recenf41,49-5]. Collins and The accurate numerical results reported fgriflNseveral
Schneider have chosen, s one of the systems to which papers over the years may then be used as references for
they applied their linear algebraic approach for moleculadifferent approaches and novel numerical algorithms: it
photoionization[44] and molecular nitrogen has also beenseems only natural to extend our approach to the study of the
the reference taken by Yabushita, McCurdy, and Rescigno tealence photoionization of the nitrogen molecule. The pro-
test the efficiency of the complex-basis-function approach ircess of interest is
the RPA[48]. Integral photoionization profiles for the va-
lence ionization of N and G were obtained by combining Ny+hy—N,* +e, 1)

* Author to whom correspondence should be addressed. Electroniith the range of energies extending in the continuum up to

address: ivo@hal.icqem.pi.cnr.it 70 eV, well beyond the inner-valence ionization threshold,
TElectronic address: rob@ibm355.icqem.pi.cnr.it e.g., for the photoejection of electrons from the four valence
*Electronic address: rizzo@hal.icqem.pi.cnr.it molecular orbital§304, 17, 20, and 2r).
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In the following, after a brief review of the theory and a ] )
description of the computational tools, a detailed account ofVhere theY stands for summation upon the discrete states
the features of the differential photoionization cross sectiorynd integration upon the energy in the continuum and where
profile of N, will be given. the sum upon the channels includes, besides all PWC's, also

the LC. The requirement
Il. THEORY R

. . , (Pper[H-E[¥pe)=0, VO,E, 8
Our method to obtain the states into the continuum may
be considered a configuration interaction approach where th@hich is tantamount to diagonalizing the total Hamiltonian
multielectron basis, formally, includes the one-electron conmatrix with continuous indices as in a standard time-honored
tinuum. The diagonalization of the resulting energy matrixvariational calculation proposed by FajGb], yields the sys-
[65] is equivalent to the solution of the system of integraltem of integral equations for th€. g, ¢ coefficients, which
equations for the half-on-the-shell reactiinmatrix. To as- may be recognized as the elements of the half-on-the-Khell
certain the equivalence let us assume that for each symmetgyatrix
I', the multielectron basis comprises the following.

(i) Several partial wave chann@®WC) sets of functions , 1
|®, g) built as products of well defined localized ion states 27: idE 56,75E",E’_V0E",7E’Pﬁ Kyer ge
(target state)ﬁ(b',;' ST ) times very diffuse orbitalg, , . t

represent the one- eIectron continuum. The products are =Voer pe- ©)

coupled to g_ive the_ correct symmetr) m.j spin muItipIisity On the other hand, it should be pointed out that E§salso
§' a greek index is employed to specify all labels, i., represent the stationary value of the functional
=k, S l,,m,.S, whereE=E, +e.

(i) A localized channelLC) set of functions|d>C,Ej>,

linear combination of Slater determinants built from a set of I(E’“"B):Ey idE,
localized(short-rangg orbitals.

These multielectron basis functions are chosen such as to
diagonalize the electronic molecular Hamiltonian separately Ve e PECE E—E’ VE’vBE}
for each channel and for each ion state considered, i.e.,

1
KaE,yE’P ﬁ V)’E,,ﬁE

1
<(DC,EJ|H|CDC,Ek>:5j,kEjv (CDC,EJ-|(I)C,Ek>:5j,kr 2 +Ey idE K‘)‘E'VE'PE—E’ [K“/E"BE

<(I)BvE"| H |q)ﬁ,E’>: 5E/I'E!E", <®ﬁ'E!I|®ﬁ'E!>: 5E”,E’ ,(3

+> idE”V P ! K
5 yE'’,0E" E—E" OE",BE

<(I)|N,71|F|N_1|(D:\lil>:5|/'|E|, <(I):\‘,71|CI)|'\‘71>:5|/'|. +VaE,BE1 (10)

@ for arbitrary variations of th& g/ e's. Thus, since for the
It should be emphasized that both continuum and discret ¢ g satisfying Egs.(9) the functionalsl (E,«,8) are
states occur in the PWC’s. Thus thg, g, stands both for a equal to theK ,¢ g, it turns out that the resulting matrix
Dirac 8(E"—E') in the continuum and a Kronecker symbol on the shell is stationary.
in the discrete part of the spectrum. Since the solutions of The K matrix and theS matrix are connected by the well
Eq. (3) are by constructiodCIDB,EQ:|<I>|Nﬁ‘lqo|ﬁm ), they  known relations
determine the best one-electron PWC contirleum orbitals 1—imK(E)
¢1,m, e for a given parent |or1<I>NB 1. 1t should also be S(E)=
obV|ous that, by this procedure, the multielectron basis func-
tions belonging to different channels of the same manifoldyherek (E) is the matrix upon the energy shell. The states
are not orthogonal, i.e., for which satisfy the boundary condition appropriate for a

- photoionization process are given by
0+ Y <(I)(.)’E//|CD%E/>7EO, <(I)H’EN|H|CI)%E/>¢O. (5)

1+i7K(E)’

Thus the matrix elementé,e. e/ (E) may be defined by |\If<BTE)>=Zy W, e 1-i7K(E)], . (11

(I) ,,P'_E(I) , :5 5,, ,(E”—E)‘i‘v " I(E) .. . . )
(Poerl | 7E ) b.y"E"E oE".7E 6 The positions and the widths of the autoionizing states may
then be found by looking for the zeros aftiwK(E) via
Employing this basis, the stationary states in the conanalytical continuation.

tinuum may be expressed as The use ol orbitals implies that our multielectron basis
1 functions cannot yield the true continuum. Therefore the sys-
— / tem of integral equationg9) is discretized using as grid
Voe)=|Pge)+ dE'|®, e )P =—— K &/ s, . . .
Ve =IPge) Ey }: | yer) E-E' EEE points the energy values provided by separate channel varia-

(7)  tional calculations, according to Eq®)—(4) [59].
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An important point for the success of the method is the TABLE I. lonization potentials of the four outer orbitals of mo-

knowledge of the additional phase shiftek) of the orbitals  lecular nitrogen(eV).

¢ m e, Needed to evaluate the asymmetry parameters. With

the use of suitable polynomial spherical GTQRSGTQ to  lon state X2 A?l, B %%, M

represent such orbitals these quantities were achieved by Pital 30y 1m, 20, 204

special technique already described elsewh&g Koopman’s 17.19 16.70 2112 40.19
It is worthwhile to emphasize that thée» e/ (E) matrix Experimertt 15.57 ~17.0 18.75 ~ 38

elements are evaluated without making any approximation
for the lack of orthogonality among different channels. Their®From Ref.[70]. See also Ref.68].

exact evaluation, together with the presence of the LC, i8Taken as the approximate centroid of the Franck-Condon band.
quite important, since they account properly for the correcfTaken as the approximate centroid of the several ionization thresh-
behavior of the continuum states in the molecular regionolds for the ion states lying in the region.

This makes the use of high values lpfwhich seems man-

datory in other method66,50, unnecessary. The feature is . COMPUTATIONAL DETAILS

extremely convenient from a computational viewpoint.

In the dipole, vertical transition approximation for random

A K-matrix-like approach may also be implemented . . . ; . .
within the RPA framework. In fact by employing excitation molecular _orlentatlon, thelquentanonal g\(graged differential
ross section for the transition from the initial stfde,) to a

operators corresponding to the unoccupied self-consistert . i -) i
field (SCP orbitals for the LC, and to the 0Fbitakﬁ|7,m75 continuum final state\lij’E,yl;), due to the absorption of one

for the PWC's, it is possible to set up the RPA scheme. Théhoton of energy, can be expressed §59] (a.u)
resulting equations
doj (@

M Q |(x S 0 |(x DO pycose], @D
aE| -, aE = = jy 2(COS s
(Q* M*)(Y~,QE)_E(O —S*)(Y. ) (12 dk am

,aE

refer now to a basis which formally includes excitations intoWhere o () is the intz_agrgl cross section argithe asym-
the continuum. In the RPA the ion states are characterizethetry parameter. The indgx, collects all the labels identi-
simply by thej, index of the emptied SCF orbital. The nor- fying the asymptotic parent ion stajtéf}\‘y’l) which is spin
malization becomes coupled to the continuum orbitél,) describing the elec-
; ; e/ _pN-1; ; PR
XT~,,BE’SX~,aE_YT~,E’BS*Y-,aE:5E’,E5a,5n 13) tron emitted with energg=E Ejy in the directionk. 6
is the angle between the photon polarization &ndThe
whereE indicates the excitation energies with respect to thestates|‘l'§‘)E, Q are obtained by the standard procedure as a
ground state SCF energy. Due to the lack of orthogonalit)ﬁn AT talr () )
' . ear combination of the PWC'8P; 2) of Eq. (11): for the
B,E
among the orbitals of different .channels, the _matrivband . RPA corresponding linear combinations of the transition
Q are not the usual RPA matrices. The detailed expressiong, - oo Eq.(16), are used. The calculations were per-

Fé;]he elements of théd, Q, S matrices may be found in formed both within the static-exchange approximatiSEA)
F.or energies corresponding to excitation in the continuumand RPA frameworks. In the present study only the RPA
gies P 9K results are reported since they were found to be always of
Eq. (12) above is solved by posing

superior quality both in comparison with experiments and as

1 regards the gauge agreement. The computational scheme was
XIBE,,QE=5QB5E,'E+PE Kge’ ok » (14  outlined in Ref[63].
The experimental equilibrium geometnR€2.068 A)
Y per e =L ger k- (15 Was adoptedi68]. The molecule was placed along thexis.

The reference ground state of the neutral molecule was de-

This yields a system of integral equations for theand the ~ scribed at the SCF level employing a basis set derived from
L matrices. The numerical implementation of the RPA with Pople’s 6-31G set[69] with the second and innerp func-

L? basis follows closely the procedure described abovetions decontracted, and the exponent ofdhfeinction varia-
Thus, by using as grid points those provided by tRebasis  tionally determined {=0.95). The ground state energy was
set calculation and exploiting adequate quadrature formulagsc/= —108.946 74 a.u. Excitations involving all four va-
the system of integral equations reduces to a system of linedgnce orbitals were all included in the calculations. In Table
equations which may be solved for arbitrary values of thel the corresponding ionization potentigl®’s) as provided
excitation energy. The one-electron transition densjigse by SCF in the Koopman approximation are compared with
yielded directly by the solution of the RPA equations are€xperimeny68,70. It is well known that Koopman's theo-

then transformed to obtain the transition densities appropritém is unable to reproduce the correct order of the valence
ate to photoionization according to orbitals of molecular nitrogen. The highest occupied molecu-

lar orbital is predicted to be ther, instead of the &4. The
_ _ three lower lying ionization channels open within about 3
(=) — _ 1
PO,aE‘% popel 1= 17K(E)] g 0 (18 ev. Thus the low lying spectral region is characterized by
several Feshbach-type resonances, in particular where the
were as usuaK(E) is the on-the-shell RPAX matrix. Hopfield autoionizing states lig71]. In order to get a better
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TABLE II. Spherical partial wavesl(m) included in the calcu-  simultaneously to the remaining PWC orbitélging in the
lation, with the excitations to which they contributg.,=7. Only  true continuum and to the occupied molecular orbitals
the components witm>0 are indicated. (MO’s). The M matrix in this space is then diagonalized
using the metric orthogonalization, discarding the metric
Total number  ejgenvectors with a norm lower than a given threshold. This

Excitation Spherical waves  of PWC's minimizes the redundancy of the basis, and the overlap be-
204,30, —koy('3)) (10, (30), (50), (70) 4(+4) tween the SCF occupied orbitals and the exciteiscrete
Hkﬂu(lnu) (11)’ (31)’ (51)’ (71) 4(+4) and Cont|nuum9rb|tals. ] ) ) .
1m, —koy(M1,)  (00), (20), (40), (60) 4 (2) The solution of theK-matrix equation is obtained us-

ing the metric matrix, as described in RET4].

This procedure can in principle give rise to a sort of “in-
truder” states, e.g., localized wave packets that fall in the
energy range spanned by the true continuum PWC's. They
could produce unphysical Feshbach-type resonances, but are
not influential in the present case, their linewidth being quite

description of this part of the spectrum the computed IP,garge and their effect being thus smoothly spread over a wide

have been replaced by the experimental ones. energy range. .
The orbitals employed to describe the PWC's were ex- The cross sections and the asymmetry parameters were

panded on PSGTO's forup to 3 and usual spherical GTO's convoluted with a Gaussian function with full width at half
in geometrical sequences for-3. In Ref.[63] PSGTO’s maximum(FWHM) of 0.5 eV, a value chosen as a compro-

were proven to be particularly efficient to expand low- mise between the Franck-Condon amplitudes of the three

PWC'’s, due to the strong attractive characteristics of the moI—OW lying ion states and the spectral resolution of the avail-

lecular potential. The maximum value bfwas here 7. All able experimental data.
PWC'’s were centered at the midpoint of the molecular axis.
Table Il shows how the spherical components contribute to
the PWC'’s; see Refd72,73 for details. A total of 15 IV. RESULTS AND DISCUSSION
PWC's for the!S | final state symmetry, and of 18 PWC's A. Total cross section
for each component of th&l1, final state symmetry entered
the calculations.

The PWC orbitals for a givep, |, m were determined by
solving the one-electron problem yielded by the SEA effec
tive Hamiltonian

—ké&y(MI,) (22), (42), (62) 3
—kmy(*2 ) (21), (41), (61) 3
20, —kay('2;) (00), (20), (40), (60) 4
—krg(M1,) (21), (41), (61) 3

The integral photoionization cross section for the process
(1) computed in the KM RPA using PWC's withup to 7, is
shown in Fig. 1. The four curves correspond to the results of
our investigation in both the interacting channéi§) and

single channe(SO approximations and in the length gauge
ﬂj,SEAZ%ﬁL\A/JNééA, (18) (el;aGt)o?nd velocity gaugé€VG) choices of the interaction op-
where the last term represents the effective SEA potential for The two sets of experimental data of Samsoml. [9] in
thej hole. No orthogonality constraints were imposed. Inci-the lower part of Fig. 1 show convincingly that decay pat-
dentally we note that in order to obtain zero-order states oferns other than ionization are negligible for photon energies
definite spatial symmetry, special effective Hamiltonian op-greater than 19 eV6], where photoionization and photoab-
erators are to be introduced when the orbjtdlelongs to a  Sorption probabilities are practically the same. For lower
two-dimensional irreducible representatiofe]. photon energies our data, obtained at a fixed geometry,

The LC includes excitations to the virtual SCF orbitals Should be properly compared with photoabsorption data.
and to a few tight functions with=0, 1, and 2. These last ~ The band at 16 eV in the IC approximation arises from
functions are introduced to give a better description of thel 7y Feshbach resonances that are smoothed out inde 3
behavior of the final one-electron continuum states near theontinuum, appearing as a single large band after convolu-
nuclei, where the potential dip localizes some electron dention of the spectrum. This band does not appear in the SC
sity. The LC orbitals are orthogonal by construction to thecalculation, since the contributions of the discrete states in
occupied SCF orbitals. each channel are ignored.

Due to the overlap of the partial wave orbitals and the It is immediately apparent from the figures that both the
localized orbitals in each channel, the complete basis segauge agreement and the agreement with experiment for the
including the several PWC's and the LC, is highly redun-total cross section are greatly enhanced by the introduction
dant. Moreover, it has been mentioned above that the Pw@f the interaction between the ionization channels.
orbitals are not orthogonal to the occupied molecular orbit- A common feature observed for all PWC'’s is that multi-
als. Since theK-matrix technique involves numerical inte- channel effects on the observables are stronger in'Hp
grations which become especially delicate when using redurthan in the'Il,, final state symmetry. A likely explanation is
dant expansion sets, the nonorthogonality may lead tdhat the effect of the IC is felt more by the transition moment

anomalies and spurious results. parallel to the molecular axis than by the perpendicular com-
To deal adequately with this problem, the following trans-ponents, since the former is more sensible to the details of
formations of the basis set were performed. the wave function near the nuclei. This does not necessarily

(1) For each channel, the LC orbitals and the portion ofimply that, from the energy viewpoint, th& ! final states
the PWC orbitals lying in the discrete are orthogonalizedfeel the effects of the channel mixing more than the others.
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where higher angular moment waves assume smaller values
10 20 30 40 50 60 70 due to the repulsion effects of the centrifugal potential. This

40+ l N. - KM-RPA I - leads to Fhe conclusion that VG .should exhibit faster conver-
i 2 1 gence with the angular expansion than LG. Note, however,
] that—independent of the gauge—some effects of waves not
ol ¢ Wightetal (6] N included in the PWC expansion are taken properly into ac-
@ Samsonetal [9] ] count with the inclusion of the localized channel. This makes
4 Coleand Dexter [12] thel convergence fastésee Ref[63] for a detailed discus-
ICLG sion).

20

The LC appears to have sensible effects in the low energy
region (E<22 eV) both for SC and IC. Excluding it, as in
C3, leads to an increase of the total cross section by about
3—4 Mb on the average in the 18—22-eV energy range, and
to a lowering of about 4 Mb of the first peak located around
16 eV. This transfer of intensity is mainly due to the spread
of the lw; antibonding orbital in the discrete and continuum

10

T

Total Photoionization Cross Section (Mb)

1 s | ' | 1 1 2 1
of T T T T T T T3 regions of the dry— (1= 2m=1)(m,)(*S.) partial channel
i ) induced by the noticeable interaction with other channels.
i —B ] Thus the exclusion of the LC increases the discrepancies
30 ] H\\\\\ ] with experiment and leads to a general worsening of the
N 5_:4_——‘_\_\\ S gauge agreement.
i Wifo o g T ' pelmm ™ T ——_ 3 As expected, the effects of the LC are more evident in the
201 \ 7] LG, which proves to be more sensible to the quality of the
] wave function near the nuclei. Indeed, the LC orbitals are
L ¢ Wightetal [6] 1 important for a better description of the behavior of the wave
101 0 Samsonetal -lonization [9] 7] function near the off-center nuclei. As discussed in &3],
= = Samsonetal - Absorption [9] 1 this is more effective in the LG than in the VG. For,N
o | . | , | ) | ) L however, the effects are much less pronounced than those
16 18 20 22 24 found in Li, [63], the reason being most probably the shorter
Photon Energy (eV) bond distance of N

FIG. 1. The total photoionization cross section gf(NIb) in the C. Photoionization from the 3o

10-70-eV photon energy rangabove and an enlargement of the Figure 2 shows the cross section and the asymmetry pa-
15-25-eV portion of the spectruiibelow). IC: Interacting chan-  rameter for the partial photoionization channel involving the
nels; SC: single channel; LG: length gauge for the interaction 0p-30-g orbital, e.g., leading to th& 23 * jon state. Together
erator; VG: velocity gauge for the interacting operator. Also re-yith the computed IC and SC cur\?éshown for both LG
ported are some sets of experimental data. In all figures th%md VG, some experimental reference data are displayed.
theoretical K-matrix results are convoluted with a normalized As noted before, the very intense peak around 16 eV, seen
Gaussian function with FWHM of 0.5 eV. by Samson, Haddad, and Gardf@}, arises from Feshbach

The SEA results show a very large gauge disagreement resonances converging to ther] threshold and embedded

| . . .
the whole energy spectrum. For instance in the 18—-24 e\?] the 3o, continuum in the IC picture.

energy range the LG cross section is 33 Mb on the average, The major feature in Fig. 2 is the large shape resonance
e.g., about twice the VG estimate. For higher photon ener: ppearing at a photon energy of about 30 eV. Both the SC

) S nd | roximation can repr his largely mon -
gies the ratio is nearly constant and the VG and LG resulta d IC approximation can reproduce this largely monoelec

bracket both the experimental and RPA results. ?ronlc* resonance, w'h|c.h IS e.s sentially d‘lf e to the%3
— 307, molecular excitation or, in the PWC *“language,” to

304—(3,0) transitions. In this region and up to 40 eV the
single channel approximation performs distinctly better than
A check of the convergence in the 1) expansion of the the multichannel approximation. An analogous observation
PWC'’s and on the effects of the LC was performed by comwas made by Lucchese and Zurales in RBf)], and it ap-
paring three sets of results, corresponding to the followingpears that the hypothesis put forward by these authors, e.g.,
calculations: C1—I,,,=7; LC included;C2—I,,=5; LC  that the neat increase in the partial cross section in the mul-
included;C3—I,»=7; LC absent. tichannel approximation might be due to the interaction with
The differences between the results©f andC2 are the 1w, ionization channel, can be confirmed. Indeed we
very limited. In the 15-20-eV energy range the total crosgperformed a test calculation involving only therdand the
section forC1 is larger than that fo€2 by 1.0 to 1.5 Mb. At 20, channels and observed only a small increase of the 3
higher photon energies this difference lowers to a fraction opartial photoionization cross section with respect to the SC
Mb in the LG, while the results obtained in the VG are calculation.
practically the same. Contributions to the velocity gauge Two possible explanations for this behavior have been
come mainly from the spatial regions close to the nucleidiscussed in the literature. The first one is based upon evi-

B. Partial wave expansion and effect of the localized channel
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2 T T T | T 60
50+
a |
= =3
8 c 40r
? S |
: g
g & 301
o n L
> 3
=1 s 20F
g o Grimm and Carlson [22] (2 |
£ 0OF a  Marretal [13] 1 o
> 10
< 1 5 L
+ - +
N2(3Gg) -X Zg 0 T T T T T
10 20 30 40 50 60 70
1 A ! | | ! Photon Energy (eV)
151L — FIG. 3. Relative contribution of the individual partial wave
1 — IC.LG channels to the photoionization leading to thg"(8ag) ~'X 2%

—— IC.VG state. The labelg andz indicate the dipole transition operators and
= ||d — SCLG also the final state spatial symmetry. Only the symmetry-
= H g . L . . ) .
< 1ol — _ SC-VG i independent contributions are reported. Thick lines: IC approxima-
i} i ¢ Hamnett et al [5] tion. Thin lines: SC approximation.

% O Samsonetal [9]
g | +  Woodroff and Marr [10] ences between the SC and IC approaches, except for the low
O 5 energy region £<18 eV), where a complex resonant pat-
tern resulting from the channel interaction appears. This be-
havior may be explained with the help of Fig. 3, where the
relative contributions to the cross section from the more im-
0 | | — I““ portant PWC's is shown for both the SC and IC approxima-

tions.

In the low energy range the SC cross section is given
practically by thep waves alone. The predominance of
waves with small values dfat low photon energies is due to
the effects of the centrifugal potential. Higlwaves are thus
much less “penetrating” than low-waves at low photon
energieq63]. Introducing the channel coupling, the interac-
dences of the existence of multiply excited states producingon of waves of different energies and belonging to a differ-
peaks in the 29-eV region of the excitation spectii#,5, €nt ion state may cause a transfer of oscillator strength be-
18,21,39. Although the interaction between these multiply tween waves. This may lead to significant contributions of
(mainly doubly excited states and those coming from exci-waves with hight quantum number. In Fig. 3 the large varia-
tations out of the & orbital is expected to be weak, some tion in the percentage contribution of th{&,0 and (3,0
transfer of oscillator strength might lead to a decrease of th&aves seen going from SC to IC around 16 eV is mainly due
30, partial cross section in a relatively small energy region t0 the interaction with the discrete part of ther] channel
Thus the inclusion of doubly excited states in the configura{*=; symmetry and it is responsible for the different be-
tional space could improve the agreement between theoﬂyaVIor of Bsc and B¢ in that region.
and experiment. Figure 3 also shows that for high photon energies, where

A second possible cause for the enhancement of the crogsc<pBic, the 3oy—km,—in particular the 3
section due to the @y, 1, interaction might be the exten- —k(1,1)m,—PWC dominates, especially in the SC. More-
sion(more than 1 eVof the Franck-Condon structure of the over, the importance of thedd—k(1,0)0, PWC increases
A(?I1,) band in the photoelectron spectr(itd]. The results  in the IC approach, the relative weight of ttfg1) and(1,0)
of the two-channel calculation8oy, 207,) of Basden and waves being roughly 3:1 in the SC and 2:1 in the IC. This
Lucchese[49], although not yet in quantitative agreement partly explains the enhancement of the asymmetry parameter
with experiment, show the dramatic effects of the internu-observed in the IC approach at large photon energies.
clear separation on the partial cross section, which shift the The agreement of the asymmetry parameter with
shape resonance in the 25—35 eV region, and the strong edxperiment is in general fairly good. Note that the broad
hancement in the &, spectrum, coupled to a corresponding valley around 22 eV in the experimefit3,23 has been
decrease of |ntenS|ty in theo?, spectrum induced by the shown to be due to a doubly excited state of
channel interaction. (1m,) " Y(3oy) Y(1mg)! 22 dominant ionic configuration

As far as the angular distribution of the photoelectrons in51]. States of this type are not considered in our approxima-
the 3oy channel is concerned, there are no striking differ-tion. See als¢51].

Photon Energy (eV)

FIG. 2. Partial cross sectiofMb) and asymmetry parametgr
for the photoionization leading to the,N(3c,) ~*X 2/ state in
the 15-70-eV photon energy range. See caption to Fig. 1.
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302_ 3 FIG. 5. Absolute contribution of the individual partial wave
r 1 channels to the photoionization leading to thg" () A 21,
N — 1C-LG ] state. See caption to Fig. 3.
i~ 25:_ ——ICVG 3
% 20:_ —— SCLG ' ] The fin_e structure predicted in Rdb1] is absent in our
S “VF —— SC-VG ] approximation.
(% 3 ¢ Hamnettetal [5] 1 At high photon energies* 30 eV) our IC estimate g8 is
@ 15:‘ o Samson etal [9] p lower than the multichannel frozen core Hartree-Fock esti-
8 r *+  Woodroff and Marr [10] mates of Lucchese and Zuralg®)] and much closer to both
1011 Y ] our and their SC values. Note that the calculation of Ref.
. : SR 1 [50] gives an autoionizing resonance structure around 38 eV,
5r e.g., where Maret al.[13] observe a peak in the asymmetry
C = ] parameter. In our calculations the weak Feshbach resonances
L e S e e A D due to the Rydberg series converging to the; Zhreshold
20 30 40 50 60 70 are smoothed down by the convolution procedure.
Photon Energy (eV) A detailed analysis of the contribution of each PWC, see

Fig. 5, shows the following.

(1) The channel interaction reduces drastically the impor-
tance of the Ir,—k(2,1)74 channel and thus the strength of
the partial cross section with respect to SC. The contribution
of this channel, whose continuum orbitals mix with the anti-
D. Photoionization from the 1, bonding 1y orbital, is very strong in the region around 20

Figure 4 displays the cross section and the asymmetr§V but goes to zero rapidly as the photon energy increases.
parameter for the partial photoionization channel involvingAS discussed in Sec. IV A théHu symmetry is much less
the 1, orbital, e.g., leading to th& 2II, ion state. affected by the channel mixing. ,

The partial cross section results are close to those of Luc- (2) For photon energies larger than 30 ev the partial cross
chese and Zuralel0], and also to the multiconfiguration section |s_dom|nated by ther,—Kk(2,2)d, 11, PWC (79_.
RPA (MCRPA) results of Swanstra et al. [46]. The inter- 80 %), which is very weakly affected by the channel mixing.

channel coupling is of primary importance in order to reach
a satisfactory agreement with experiment at least for photon
energies up to 30 eV. Also, the spectrum located just above Figure 6 shows our results for the partial photoionization
threshold (about 18 eV is characterized by several cross section and asymmetry parameter for the
Feshbach-type resonances converging to thg treshold, N, " (20,) 1B 23 ion state.
which are quite satisfactorily reproduced by our IC calcula- Interchannel coupling is particularly important for this
tions. The SC approximation leads here to a broad and stronghannel. The SC and IC curves cross at about 30 eV, with
peak which is drastically reduced upon introduction of chanthe channel interaction enhancing the cross section below the
nel coupling, see also Refl60, 51. crossing point and decreasing it beyond. In the low energy
Some disagreement remains for the structure seen by exegion the IC results are in general agreement with the sev-
perimentalists at about 24 eV. Our IC results are of the coreral experimental results. On the other hand, the SC ap-
rect magnitude but smooth down the features of the spegroach furnishes results closer to experiment in the high pho-
trum. ton energy region. Our results for the partial cross section are
The differences between SC and IC are less pronounceeery close to those of Ref50]. It should be stressed though
in the asymmetry paramet@upper part of Fig. % and the that the experimental data taken from different sources show
agreement with experiment is here fairly good everywherean erratic behavior.

FIG. 4. Partial cross sectiofMb) and asymmetry parametgr
for the photoionization leading to the,N(1,) A 2Il, state in
the 15—70-eV photon energy range. See caption to Fig. 1.

E. Photoionization from the 2o,
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FIG. 7. Contribution of the individual partial wave channels to
Photon Energy (eV) the photoionization leading to the,N(20,) B 23! state. See
caption to Fig. 3.

FIG. 6. Partial cross sectiofMb) and asymmetry parametgr
for the photoionization leading to the,N(2s,) B 23 state in
the 15-70-eV photon energy range. See caption to Fig. 1.

partial cross section is observed above 30 eV. Thg B
304 intensity borrowing was shown to persist even when
nuclear displacements from the equilibrium geometry are
taken into accounit49].

The increase of the cross section from SC to IC in the A detailed analysis of the contribution of each PWFIg.
20-25-eV energy range is due to an interaction between thg) confirms these very strong mixing effects and allows fur-
20,—Kk(0,0)04, 20,—k(2,0)04, and the Ir,—k(2,1)my ther scrutiny of the intrachannel mechanisms.

PWC's, with transfer of oscillator strength from ther] to The (2,1) PWC shows in the SC approximation at
the 20, ionization channel. The contribution of ther]  ~23 eV a Cooper minimum which disappears in the IC case.
—k(2,1)my PWC to the cross section of,Nn this region  On the contrary th€0,0)0 PWC shows a minimum around 30
decreases drastically with the introduction of the interchaneV only in the IC case. A comparison of the PWC contribu-
nel coupling, while the oscillator strength of thergand tions to the 2, cross section of Fig. 7 with those arising
20, channels shows a corresponding increase. from the two-channel calculations leads to the following

To get an insight into this intensity transfer, tvad hoc  conclusions.
two-channel calculations were performed. The first one, in- (1) The (0,00 PWC is involved in the &,— 30 interac-
cluding only the 3y and 2o, channels, shows the borrow- tion and it accounts for the decrease of the, Zross section.
ing of oscillator strength from the®, to the more intense In the 18—30-eV region this PWC interacts also with theg, 1
304 channel above 25 eV. The resulting-£ cross section channel, from which it borrows intensity.
above 30 eV is similar to the IC results of Fig. 6. A second (2) The (2,00 PWC receives the 4, intensity and it ac-
calculation, taking into account only ther}, and 2o, chan-  counts for the increase of thesg cross section in the 20—
nels, furnished a larggd—4.5 Mb 20, cross section in the 30-eV range.
20-25-eV energy range while no relevant mixing effects (3) The(2,1) PWC (of II, symmetry is involved in the
were seen above 30 eV. These evidences indicate unambigBe,— 30 interaction and it is less affected by ther2
ously a mechanism of transfer of oscillator strength from the— 17, interaction. This PWC works together with tk@,0)

17, to both the 2r, and 304 channels, together with the PWC in the high energy region of the spectrum to decrease
transfer seen from the, to the 30y. For photon energies the 20, cross section going from SC to IC.

larger than 30 eV the &, channel is not practically coupled There are some uncertainties both in #Hieinitio results

to the other channels, while the interaction between thg 3 and in the experiment concerning the behavior of the, 2
and 20, persists. Since thed, continues to borrow inten- partial cross section in the 30-eV photon energy region. Ex-
sity from the 2, channel, and this action is no longer com- perimental results are not well resolved and conflicting.
pensated by the &, channel, a net decrease of the2 Hamnett, Stoll, and Briof5] find a broad maximum around
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34 eV, Plummeet al.[11] and Woodruff and Marf10] both
find a sequence of small minima and maxima, located ir
some instances at different photon energies. All our dati
point to the evidence that the cross section decreases stead
as the photon energy increases. This is in agreement wit
Lucchese and Zurald$0], but not with Stephens and Dill
[45], who apparently observed a steady increase.

The experimental asymmetry parameter shows a broa
valley around 30 eV, due again to the interaction with the
3o4— o, shape resonance. Only vibrationally averaged ex
perimental data are shown in Fig. 6. As expected, the thec
retical 8 shows a remarkable dependence on the interchann
coupling up to photon energies of the order of 50 eV. The
two experimental maxima around 22 eV—due probably tc
doubly excited states—are not reproduced by our approxime
tions. Our IC asymmetry parameter in the 20—25-eV regior
is also smaller than the results of Lucchese and Zut&i@ls
See alsd51].

Asymmetry Parameter f3
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The two-channel calculatiof8oy plus 20,) gives results
for B which agree very well with the experimental data
(value of ~1) for photon energies greater than 25 eV and
with the exception of the narrow region around 30 eV where
the deep is seefl3]. The further introduction of the cou-
pling with the 1, channel decreasgsby about 0.2—-0.3 in
the 25-35-eV energy range. Since the two-char(iet, 0
plus 20,) calculation furnishes an asymmetry parameter
which is increasing in this region and gives no sign of a
plateau, it seems that the behavior seen in Fig. 6 is the rest
of the strong and complex three-channel interaction just dis-
cussed.
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Photon Energy (eV)

FIG. 8. Partial cross sectiofMb) and asymmetry paramet@r
for the photoionization leading to the,N(2a) ~* 2% state in the
F. Photoionization from the 2o, 15-70-eV photon energy range. See caption to Fig. 1.

Figure 8 displays the cross section and the asymmetnynqqy differences in the waves involved in the Hamiltonian

parameter for the partial photoionization channel leading 19, 5trix elements at a given energy
—12y+ '

the (204) ™" “Z4 ion state. . At about 13—14 eV above threshold, the 2partial cross

The inner-valence-photoelectron spectrum of iN the  gection exhibits a shape resonant peak. In this region
36—40-ev_ph0ton energy range shows a (_:omplex str_uctur(3~50 eV) the contribution of the3,0) wave has a neat
[18,22 which has beej ?ttrlbgte[ﬁg] essentially to the in-  mayimum analogous to that seen for the shape resonance
teraction of the (2g) _Eg ion state with outer-valence gjiscussed for the @, channel in Sec. IV C.
excited ion states occurring in the same energy range. As The more interesting feature of the asymmetry parameter
well as for inner-valence ionization of other moleculé3], s the broad deep around 5 eV above threshold. At very low
in spite of the inadequacy of the one-electron picture anghotoelectron energies the entire contribution to the partial
Koopman'’s theorem in this region, the RPA is still justified. crgss section is given by th&,0) and (1;1) PWC's but, as
In fact the intensity of these multiplets for molecules whosethe energy increases, the contribution of tBegd) PWC be-
ground state can be described to a good approximation by @mes larger, overcoming that of thePWC's quite rapidly.

single configuration comes mainly from the singly excitedThis rearrangement is responsible for the dramatic variation
configurations with an inner-valence hole. Thus our approXipf the angular distribution in the 43-eV region.

mation reduces the complex structure to a single peak. Be-
yond 40 eV the calculated observables may be reasonably
compared with experiment. Note that therg ionization
threshold was chosen to be at 38 eV, which roughly corre- We performed a detailed study of the features of the pho-
sponds to the centroid of these multiplgi8,51]. Support to  toelectron spectrum of molecular nitrogen. We employed the
our hypothesis comes from the evident agreement of ouK-matrix L2 approach which we have experimented with
cross section with that computed by Langhetffal, obtained  successfully in the last decade, and exploited the advantages
summing the contributions from the several peaks in the 30-given by the use of Gaussian-type orbitals for the description
40-eV region[39]. of the continuum partial waves. An analysis of the effect of
Both the partial cross section and the asymmetry paramnterchannel coupling on the total and partial cross section
eter are in satisfactory agreement with experiment. As exand asymmetry parameter, including all four valence ioniza-
pected for photoionization from inner-valence orbitals, thetion channels, was carried out.
effect of the channel mixing is small, due to the remarkable The major features of the photoelectron spectrum of N

V. CONCLUSIONS
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were recovered. The technique allowed us to study in somether hand, our analysis to the inner-valeneg, drbital.
detail the interplay of multichannel effects on the shape reso- The study of the photoelectron spectrum of nitrogen can
nances and the subtleties of the intensity borrowing phenonbe considered a classic test for the theoretical approaches to
ena, especially evident in this system. A detailed analysis othe description of molecular continuum. We believe that the
the effect of the localized channel in the expansion basis foK-matrix L2 approach coupled to the use of extended spheri-
the continuum was made: its presence has an apprecialbdal polynomial GTO-type orbitals has shown its capability
effect on the property under study. Also, we proved that theor the purpose of describing in good detail the complex
extension of the angular moment quantum number of thdeatures of the total and differential cross section gf Qur
partial wave channels up te=7 is sufficient to obtain stable previous studies with the same appro46R,63 concerned
results. relatively simple (H, [62], Li,, LiH [63]) systems. The

Our study does not include the effect of electron correlapresent work leaves us confident that, with the rapid increase
tion on the ion state as done recentlpr the 19-26-eV  in computational power, we should soon be able to take the
photon energy rangeby Stratmann, Bandarage, and Luc- study of continuum properties to the realm of larger molecu-
chese[51] with a multichannel configuration interaction ap- lar systems.
proach or by Swanstro et al. [46] employing MCRPA.
Also, the effects of the relaxation of the fixed nuclei approxi-
mation, which Basden and Lucchese proved to be quite im-
portant at least to explain some of the features of the spec- One of the author§R.M.) acknowledges the financial
trum [49], are not considered here. We extended, on theupport of the Italian Consiglio Nazionale delle Ricerche.
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