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This paper presents a global ab initio approach, called the electronic ab initio quantum-
defect theory (EAQDT), to molecular photoionization spectrum calculations. This method
first obtains the ab initio electronic parameters by the hereafter developed electronic
iterative-variational eigenchannel approach (EIVEA). Then these electronic parameters are
used in the calculation of the final state and the corresponding photoionization cross section
by the multichannel quantum-defect theory (MQDT) [Jungen and Atabek, J. Chem. Phys.
66, 5584 (1977)]. In EIVEA, an elaborate ¹lectron correlated final-state wave function is
introduced. This wave function allows us to take into account the ionic-core relaxation,
many ionic cores and electronic autoionizing interactions. In calculating the transition
probability we also use an electron-correlated initial state. Compared with the standard
MQDT, the EAQDT is free from the use of semiempirical parameters and therefore has a
wider applicability. This method is applied, as a test, to the low-resolution photoionization
spectrum of H&. In the energy range between threshold and 23 eV studied here, where elec-
tronic autoionization does not take place, we obtain a theoretical cross section which bears
comparison with the experimental one above 17.5 eV.

I. INTRODUCTION

Due to difficulties in the calculation of the con-
tinuum molecular wave function associated with the
final state, it is only recently that theoretical studies
of the molecular photoionization spectra have
reached a reasonable level of accuracy. Accurate
calculations reproducing high-resolution molecular
photoionization spectra over an extended energy
range are still to be performed. Compared to the
atomic photoionization, the additional difficulties in
these calculations are connected with the nonspheri-
cal nature of the molecular potential and with the
presence of nuclear degrees of freedom associated
with the molecular vibration and rotation.

In developing theoretical methods, the following
two directions have been pursued.

(i) ab initio methods have placed emphasis on ac-
curate calculation of the electronic interaction and
consequently on the molecular continuum electronic
wave function. The rotational-vibrational function
is generally reduced to the simple vibrational func-

tion summing on different rotational functions. As
a result, one can calculate a low-resolution photoion-
ization spectrum over an extended energy range.
Some of the methods of this class calculate the
final-state continuum electronic function by one-
center molecular close-coupling' or L (Refs. 5
and 6) approaches. Others divide the Cartesian
space into two or several regions taking advan-
tage of the difference in nature and strength of the
electronic interaction in each region. Most of these
methods perform calculations at the fixed-core static
exchange (FCSE) level, i.e., only one ionic unrelaxed
core is considered and static and exchange bound-
continuum interaction is included. Williams and
Langhoff, ' for N2, and O' Neil and Reinhardt, for
Hq, use a more elaborate wave function allowing for
ionic-core relaxation and many-core interaction. No
electronic autoionization is allowed in these last two
calculations. For isolated electronic autoionizing
resonances the golden-rule-type formulation was
used for H2 (Ref. 11) and CH. ' In the case of H2
photoionization, electronic autoionization width has
also been calculated directly by Takagi and
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Nakamura' from energy variation of the final-state

quantum defect.
(ii} Semiempirical methods where the emphasis is

placed on the accurate description of the vibration-
al' or vibrational-rotational interaction' ' (espe-
cially vibrational and rotational autoionization}.
These methods restrict the energy range to the near-
photoionization-threshold regions and calculate the
high-resolution photoionization spectrum. The elec-
tronic interaction is introduced using either a simple
electronic function' or semiempirical parame-
ters. ' ' The vibrational-rotational function is tak-
en as a sum of Born-Oppenheimer products in the
most elaborate theory, multichannel quantum-defect
theory (MQDT} initiated by Fano' and applied to
rotational-vibrational interaction by Jungen and co-
workers. ' With semiempirical electronic parame-
ters corresponding to one effective electronic config-
uration and taking full account of rotational-
vibrational interaction, Jungen and co-workers'
were able to reproduce the complicated rotational-
vibrational near-threshold resonances in the H2 pho-
toionization spectrum of Dehmer and Chupka. '

The aim of the present study is to initiate a global
approach combining the advantages of the existing
methods. We start with an ab initio electronic
molecular calculation using a new method which we
have developed, ' called the electronic iterative vari-
ational eigenchannel approach (EIVEA}, an exten-
sion of the atomic eigenchannel approach of Fano
and Lee. ' Our approach uses a many-configuration
¹lectron molecular wave function while the ap-
proach of Fano and Lee uses a one-electron atomic
self-consistent field (SCF). As a consequence, a new
formulation will be introduced in this paper. We
divide the coordinate space into two regions: the
inner one (In) near the nuclei, which is a sphere of
radius ro,' and the outer one (Out) including the
remaining space. The radius ro is chosen so that all
nonlocal (electron exchange) effects are included in
the inner region, as should any noncentral potential
generated by the core. This last requirement is
necessary to reduce the asymptotic channels to only
the physically significant ones. In the inner region,
we deal with N indistinguishable electrons and we
use standard bound configuration interaction (CI)
restricted to a finite domain. We therefore are able
to introduce electronic exchange and correlation, i.e.,
ionic-core relaxation, many-ionic, and electronic-
autoionizing interactions. Correct calculations with
a two-region method like our EIVEA imply a con-
strained inner-region calculation to fulfill the hermi-
ticity and continuity of the logarithmic derivative
between the two regions. Moreover, one of the
eigenvalues of the discrete spectrum of the CI calcu-
lation must be constrained to coincide with the actu-

al total energy of the molecule. In the outer region,
N —1 indistinguishable electrons are completely
decoupled from the Nth departing electron and,
therefore, separate calculations are performed for
the different ionic states in solving (N —1)-electron
CI problem and for the free electron in solving
Schrodinger equation in a Coulomb field. The re-
sults are expressed in terms of asymptotic electronic
channels P =

~

n+ A+, lA, ) (A+ is the projection of
the electronic angular momentum of the ion on the
internuclear axis, n+ labels the same A+ ionic state
and l, A, are the departing-electron angular momen-
tum and its projection on the same axis). These
channels will be mixed by the full ¹lectron in-
teractions of the inner region and the mixed chan-
nels are labeled a. The comparison between the
electronic wave function of the inner region [Eq. (1)
below] and the same function in the outer region
[Eq. (8) below] enables us to introduce, following
Greene, Fano, and Strinati, ' ' "strongly closed"
channels. For these channels, the wave function de-

cays so rapidly with increasing r as to be itself van-

ishingly small at r & ro. Naturally, the inner-region
wave function contains a summation over the
strongly closed channels while the outer-region wave
function is restricted to only open and weakly closed
channels. The EIVEA is an expansion method and
therefore special attention is paid to the choice of
the basis set. As explained in Sec. IID below, we
have used a hybrid basis set of Slater and standard
Coulomb functions, and followed the prescriptions
of Rudge to attain the convergence of the calcula-
tions. Greene, Fano, and Strinati' ' defined two
other sets of Coulomb functions having the advan-

tage of eliminating the bound state and the
ionization-threshold discontinuities. In our ap-
proach, we can introduce any one of the three sets of
Coulomb functions, therefore allowing the calcula-
tion of smooth electronic parameters in any spectral
range.

Starting from the results of electronic calculation,
we define new asymptotic electronic-vibrational-
rotational MQDT channels ~i) =

~

n+A+l, u+N+)
in the laboratory frame (U+ is vibrational quantum
number of the ion, N+ represents the type of cou-
pling between angular momenta defining the corre-
sponding rotational functions, l is the excited-
electron angular momentum}. These ~i) channels
are appropriate for the description of the high-
Rydberg and continuum electrons which we are con-
sidering in this paper. The separation in regions A
and B, where the electron is more appropriately
described in terms of the molecular and laboratory
frames used by Jungen and Atabek, ' ' is conserved
here. The core region, a subregion of their region A
of radius r„ is our inner region (In) of radius pp.
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The link between
~
P) or

i a) electronic channels in
the molecular frame and

~

i ) channels in laboratory
frame is established through the standard MQDT
procedure of reexpansion of

~

a ) channels in terms
of

~

i ) channels as given by Jungen and co-
workers. '

In the example of H2 photoionization, the
EAQDT discussed above will allow the simultane-
ous fully ab initio calculation of the low-energy re-
gion of 15.4—18 eV, rich in rotational and vibration-
al autoionization, and the region near 27 eV where
the electronic autoionization seems to take place.
The spectrum of the first region was obtained by the
Dehrner and Chupka' and calculated by a semiem-
pirical electronic-parameters MQDT approach by
Jungen and co-workers. ' The 27-eV electronic au-
toionization was seen in the angular-distribution
asymmetry parameter spectrum by Marr et al. ' and
in the anomalous kinetic-energy distribution of
H+ H+ by Strathdee and Browring and calculat-
ed by Kirby et al. '" and Takagi and Nakamura. '

The paper is organized as follows: Sections II and
III present the EAQD theory; Sec. II introduces the
electronic theory using EIVEA while Sec. III deals
with the link between EIVEA and MQDT. Section
IV specifies our treatment for the

Hp(X'Xs+)+hv+H2+(X Xs+)+eI "J

photoionization, summing over different rotational
levels and considering for the final-state four open
electronic channels po,fo,prr, fn. augmented by vi-
brational levels. Details of the calculation and re-
sults are given in Secs. IV B and IV C. Finally, Sec.
V compares our EAQDT method to the other exist-
ing methods.

II. FINAL-STATE ELECTRONIC
ITERATIVE-VARIATIONAL

EIGENCHANNEL APPROACH

In this section the expansion method for the
inner-{In) and outer-(Out) region electronic wave
functions is introduced. Then the eigenchannel
problem is solved through an iterative-variational
procedure and the continuity of the total electronic
wave function is enforced.

A. Wave function and Hamiltonian

The total electronic wave function, valid all over
the coordinate space, is taken as an expansion in
terms of ¹lectron wave functions:

4 (1,2, . . .,N;A, R)

=+41 (1,2, . . .,Ã;A, R)C ~, lVA . (1)
I

i P) =
i
a+A+I. ), (3)

where n+ labels the electronic states of the ionic
core having the same A+, and L =(l,i, ) specifies
the angular momentum of the departing electron
and its projection on the internuclear axis. The total
electronic angular momentum A satisfies the rela-
tion A =A++ A,. The different asymptotic channels
have the same total electronic energy E'. E' is
chosen so that the kinetic energy of the departing
electron & +p+z) satisfies the total-energy (elec-

tronic, vibrational, and rotational) requirement, Eq.
(35) below. E' is then equal to

eE =E( +~+)+6( +~+I,), (4)

where E& +++) is the electronic energy of the ionic
core which is implicitly dependent on R. Note that
the number of channels

~
P) of (3) equals the num-

The functions 41 are linear combinations of
Slater determinants called configuration-state func-
tions (CSF) having the same total electronic angular
momentum component A, with respect to the inter-
nuclear axis where rr=+1 (+ is not to be confused
with the A+ used in the following to denote ionic-
core state) represents the symmetric and antisym-
rnetric reflection with respect to a plane containing
the internuclear axis and r =g, u with respect to the
symmetry center of the molecule. The electronic in-
teraction is diagonal in A, and parametric in R, the
internuclear distance. Therefore, only one A, and
one value of the continuous R are explicitly con-
sidered in (1). To simplify the notation we shall use,
whenever possible, "A,R" instead of "A„,R" and
even completely suppress A, ,R in 4 . We shall
have as many solutions labeled a as functions hav-
ing the same total electronic energy. Two solutions
may arise from interacting (same A, R) or nonin-
teracting (different A,R) functions. The CSF 41~ is
explicitly a function of the solution a we are consid-
ering. To simplify the notation, whenever unambi-
guous, we shall henceforth use 4I instead of 41 .
Furthermore, in expanding the CSF in terms of
one-electron functions we shall identify it, for brevi-

ty, with only one Slater determinant of the following
form:

M[/I, (1——)pl, (2) pj„(N)],

here p (p) is the one-electron molecular function of
Jp

the pth electron, implicitly a function of a. It has
an angular momentum AJ omitted to simplify the

P
present notation. W is the antisymmetrization
operator.

Now, we introduce electronic asymptotic channels

p (mentioned in the Introduction):
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ber of solutions a of (1) having the same total elec-
tronic energy. The development in what follows will

be conducted so that a of Eq. {1},corresponds to the
eigenchannel solution [Eqs. (8) and (9) below] of the
fixed-nuclei problem.

The ¹lectron Hamiltonian can be written as a
sum of three terms referring, respectively, to the
ionized core, the excited electron moving in a
Coulomb field, and an interaction term. This latter
term accounts for the departures from a pure
Coulomb interaction of the excited electron at short
range:

H(1,2, . . .,N;R)

=H+(1,2, . . .,N —1;R)+H (N)

+H'"'(1,2, . . .,N —1;N),

H+(1,2, . . .,N —1;R )

Zg ZB——V-—
2 I'

P fpg PpB

N —i

(6a}

H(N) = —
2 V-,

hr rN
(6b)

H'"'(1, 2, . . .,N —1;N)=— ZB 1+
PNg fNB PN

ZA

+g
p =i PpN

(6c)

where H'"' is the interaction term. In (6) atomic
units have been used and the origin of the coordinate
system is the center of mass. The excited electron is
here labeled N. As stated in the Introduction we

now divide the entire space in two distinct regions
regarding the location of the excited electron with

respect to the nuclei. The inner region is a sphere of
radius ro and the outer region is the remaining coor-
dinate space.

In the inner region the full ¹lectron interaction
must be taken into account, since H'"'&0. The N
electrons are indistinguishable and the wave func-
tion has the form (1) and will be written as %~"'.
As explained below, in this region we perform a full
¹lectron calculation using EIVEA.

In the outer region, the N —1 electrons and the
Nth electron are nearly decoupled and distinguish-
able since the residual interaction is small. In fact,
we neglect it in setting H'"'=0. We perform
separate calculations for the (N —1)-electron system
and the Nth, outer electron. We write the ionic
wave function in a form similar to (1):

)P( +„+)(1,2, . . .,N —1)

=+4 + (1,2, . . .,N —1)D +, +
I+

Vn+ A+

~)P(1,2, . . , N—1;r)P ~. (r, k~ },
P

(8)

where in (8} we have introduced the notation 4&
combining the ionic wave function 4[ +A+] with

the spherical harmonics Yz(r) of the excited elec-
tron,

0'p(1, 2, . . ,N —1;r}.
='p(„+/+)( I»» —I)YL, (r"). (9a)

The radial wave function of the departing electron

W~(r, k~) is expressed as an eigenchannel function
of the following form:

P ~, (r, kp) =f((r, kp) Up cos(n p )

—gi(r, kp ) U@,sin(m. p~ ), (9b)

Here the notations and the simplifications are the
same as in Eq. (1) but refer to N —1 electrons with
the total electronic angular momentum projection of
the ion A+. Note that we change the notation of
the CI coefficients from C to D to avoid confusion.
In the present partitioning of the Hamiltonian,
where H(N) is the Coulomb operator, the exact
solution of the Nth-electron wave equation is given
in terms of regular and irregular analytic Coulomb
functions f)(N, k() and gi(N, k) ), energy normalized
at r~ao as defined, e.g., by Dehmer and Fano
From now on, whenever this identification is unam-
biguous, we put N=r, N=r, and N=r [(e.g.,
f({N,k() =f((r,k(},g)(N, k) ) =g)(r, k) }]. In the outer
region, {1) is still valid and will be noted as 4(0"".
We recast it in a form explicit in terms of asymptot-
ic channels i P) defined in (3). In this new form we
can neglect the antisymmetry between the N —1

electrons and the Nth electron as the two sets are
separated and H'"'=0. Furthermore, as stated in
the Introduction, we exclude from the summation in
(8) the strongly closed channels and obtain the fol-
lowing:

+'o""(1,2, . . .,N)

4( ~+)+(1,2, . . .,N —1)
[++ A+)

X QYL (r )M
( +A+L), (r, k( +h+L) }

L
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H(r)fr{r, kjr) =fr(r, kjr }err, (lob)

and another solution of (10b) is the irregular func-
tion gi(r, kri). The Eqs. (10) define all the functions
appearing in (8} and (9b} except the coefficients U
and jr, . In the MQDT (Sec. III) we shall use the col-
lision form (8) and therefore we must be able to ob-
tain these coefficients. U and p are calculated, as
detailed below, from the iterative-variational pro-
cedure of the inner region and the wave-function
matching at ro.

Using Eqs. (1) and (5) we write the inner-region
Schrodinger equation as

H(1«2««N) I %a (1«2««N

=
~
%~"'(1«2«. . .«N))E~. ( 1 la)

By introducing (1) in (1la) we obtain the following
form

where in (9b) the matrix U and the vector Lr, are mix-

ing coefficients and quantum defects being constant
in the outer region. They are the result of the
inner-region (N —1)-electrons —Nth-electron interac-
tion and couple the regular and irregular f~ and gr
functions of the departing electron. Note that in
{9b}we have replaced ki by kri to satisfy the total-
energy requirement (4}.

B. Iterative-variationa1 method

No explicit EIVEA calculations are performed in
the outer region. Nevertheless, for separate
(N —1)-electron and Nth-electron problems we solve
the following equations:

H+(1,2, . . .,N —1)%(„+ +,(1,2, . . .,N —1)

=%~„+„+~(1,2, . . .,N —1)E„+„+, (10a)

=4r"+ (1,2, . . .,N —1)«}}&'"'(r), (14)

where 4"+ is the CSF of the ion introduced in (7)

found by inspection and the notation

P&
"'(r)—:Pr""'(r) is used. To proceed further, we

expand the inner-region two-center molecular orbital
at the coordinate-system origin and write its value at
ro as

(ii) Each CSF 4I is, in general, discontinuous
through the sphere surface.

(iii) The variational procedure in a finite domain
gives a discrete spectrum, whereas E' is continuous.
Therefore, normally E &E'. The problems (i) and
(ii) are solved below by introducing a constrained
and a p-dependent one-electron molecular basis.
Problem (iii) is solved by having the quantum defect

p in (9b}, which is a function of total energy,
varied iteratively until the condition (12) is fulfilled.
This iterative procedure was already developed in
the one-electron atomic case by Lee. '

To implement the iterative-variational procedure,
we first require a continuous logarithmic derivative
of each CSF across the surface of the sphere:

~ @(In) ~ @(Out)
Br I Br I

@(In) @(Out)
I ~p I fp

It is to be remembered that in (13) the derivative is
performed with respect to the coordinate of the Nth,
excited electron. At ro, H'"'=0 and the amplitude
of the (N —1)-electron function is negligible. There-
fore, the CSF (2) can be written as

4I~"'(1,2, . . .,N )

=
~ Pj (1}gr (2) . P,„,(N —1)

~ P,„(N)

QCr'Hrr'Cr =Ea
II'

(1 lb) ({}r""'(rp)=g Yr, (r )FIq~'~~{rp) .
L

(15)

with

Hr, r ={~'r '
~

H
I

@'r'"' } . (1 lc}

The round brackets in Eqs. (11) refer to integration
over the limited [O,rp] range. The above equations
yield a discrete variational solution in the sphere.
We solve Eqs. (11) with the following constraint:

From now on, we shall suppress the subindex a in
(15). The derivative of the ¹lectron determinant
wave function is reduced at rp, using (14), to the
derivative of «I)j""'.

«3'""'(r ) BF&r"jI(r)
Yr (r)

Br ; ~ Br

E =E'. (12)

Several solutions a of (11a) can satisfy (12) where E'
is the total electronic energy defined in (4}. In
solving Eq. (11) with the constraint (12), the follow-
ing problems, linked with the general quantum-
mechanical and scattering-theory requirements arise:

(i) As we integrate in a finite range, H is a priori
non-Hermitean.

= —QYr (r)bIr~jI(rp)F(rrI {rp), (16}
L

where in {16}we have introduced b, the logarithmic
derivative of the one-electron radial wave function.
For the outer-region Slater determinant, we can ap-
ply a procedure similar to the one used above [Eqs.
(14)—(16)]. We find
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@z ""(1,2, . . .,N)=4" (1,2, . . ,N —1)YI(r)[f((ro,k~)cos(e')u ) g((—ro, kI))sin(Irp )] . (17)

Note that in Eqs. (14}—(16) the Nth-electron function depends on the inner-region molecular orbital j,
whereas in (17) this function is written in terms of the asymptotic channel P and solution a. Now, rewriting
(16) with the use of (17), we can define the outer-region logarithmic derivative bp

""as

bp ""(r,kp, p )=

(3fi(r, kII ) Bgl(r, kp)
cos(m.p )— sin(mp )

Br rp Br rp

ft(ro&kII )cos(IriJ, ) g((ro—&kiI )sin(rrpn )

Now, requiring the continuity of the logarithmic
derivative (13) separately for each L leads us in (16)
to rePlace bLJ»,

'
) by bp ""(rp,kp, P ). Consequently,

the Slater determinant 4i'"' of Eq. (14) will now be-

come a function of the quantum defect p and it
will be piecewise continuous across rp. As explained
in Sec. IIC it is only the total function 4 and its
derivative which will be continuous everywhere.

As stated above, the inner-region Hamiltonian
matrix (11c) is non-Hermitian (nonsymmetric in the
case of our real functions}. Let us rewrite (1 lc}as

with

—~JJ +Gjj

we find

TJJ. f —'f„(t)jl "'(r)V+&'")(r)d r

(21)

HII'=(O'Z'"' IH
I

O'I'"')

N

The matrix element GJJ is symmetric while Vjj is a
nonsymmetric one-electron surface term. Using (16)
we rewrite it as

N

q (In) H + y ( pr2 (p(In)

i
(19)

f ~(in)(~ } y(in)(~)r r

=QF(i J) (ro ) F(LJ ) (r}-(In) ~ (rn)

a
The kinetic-energy operator is a differential

operator and therefore the first term in (19) is non-

symmetric. Let us rewrite it for the orthogonal
one-electron basis set as

N
~)

@(In) y (
&()2 @(In)i~

y )y(i )(p p2 y(I )(

= —-'XTJJ' (20)

In (20) (t&J(r) and pI (r) are one-electron molecular
orbit ls appmang in the determinants ei(I") and
41'"'. The summation over j and j' is restricted by
the Slater rules. Applying Green's theorem
separately to each term of (20) (we replace the nor-
mal derivative 8/Bn by 0/Br in our spherical case)

I

= —gb(i& ) (ro )F(iJ) (ro )F(LJ ) (ro)(In) (In) (In)

L
(22)

As T is a one-electron property matrix, it is block
diagonal in irreducible representation (IR) and fol-
lowing (22) it will be symmetric if we require the
same b(LJ) for each IR. The replacement in V of
bI'IJ')(ro) by bI'I ""(ro,kII, I2 ) will satisfy the above
requirement of symmetry (Hermiticity) of V, T, and
H matrices as well as the requirement of the con-
tinuity of the Slater-determinant logarithmic dis-
cussed earlier in this subsection.

In practice, we use the following procedure to ob-
tain the molecular-orbital (MO) basis P(i") which is
a function of p and satisfies the requirement of
continuity and Hermiticity. We start from a trial
MO written for convenience as a line vector (()".
We rewrite (22) as

IL) ~ F(In) r ~ (In)jj'=~ JJ' =~ (Lj)( p) —F(LJ )(r) +bp "
(rp, kpspa)F(Lj)(rp)F(Lj')(rp) =0 Vjj

L
(23)
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Now, we define a new matrix A similar to B but
with P't"' replaced by P'"' in the definition. This
matrix is non-null and our task is to change f'"'
such as A=B=O. We note that by a unitary
transformation, we cannot change the rank of A
and therefore constrain the matrix to be null. But
we can set 9F to zero with the help of additional
basis functions f(s}one per channel P. These func-
tions are centered at the molecular center of mass
and therefore can be written as

Pp'(rp) = YL, (r"p)F('„'+„+~)(rp)

= YL, (rp)Fp'(rp) . (24)

We have used P in place of L in (24) as this notation
is unambiguous in the many-core case. Next, we
write a new MO under the following form:

F(LJ) (rp}=F~Lp{rp}+Fp {rp)cp& 7

(NIn) ( oo ) (s) (s) (25)

where in (25) the superindex (Nln) stands from
nonorthogonal inner region and cpz' is found on the
condition that A&~'' be identically zero. Introducing
(25} in (23) in place of F""'we obtain

(s)
Cp ———J

(Out)+bp—(rp, kp, pa) F(lz~(r)
(co)

dr Pp

(Out)
+b& (r—p, k&,p ) F~lj)(r)(s)

dr Pp

(26)

By using (24)—(26), the MO of the inner region set-
ting 4' to zero is given by the following transforma-
tion from the P ' "'.

(A, )

Pj. '"'(r )=PJ'"'(r)+gPp"(r)cp. ' . (27)
P

Here ({}'+t"'is a MO basis of the same size as P'"',
and we sum over all channels having the same pro-

C. Total-wave-function continuity.
Normalization and mixing coefficients

As a last step of EIVEA, we must take the total
function %a and its first derivative continuous
across the sphere surface:

and

gg (In)
a

N
Pp

gy (Out)
a
Br

(28)

In (28) we require the total wave function to be ener-

gy normalized in accordance with the normalization
of the outer-region wave function O' "". Now, the
iterative-variational solution 4""' obtained in the
preceding subsection is converted, using the con-
tinuity equation (28) to the collision wave-function
form [Eq. (8)]. Consequently, we call this procedure
In-Out continuity as opposed to the CSF logarith-
mic derivative continuity [Eq. (13)] where we start
from the outer-region function. As in the preceding
subsection, we enforce the continuity (28) separately
for each element p of ql' "' with O' "". We rewrite
the inner-region expansion (1) at rp using (14) and
(15) as

jection A, of the angular momentum on the internu-
clear axis. Finally, we orthogonalize P

'~'"' to obtain
the MO basis P""' we shall use to construct (1lc).
This last MO basis preserves the correct behavior of
P'l"' as the orthogonalization could not change the
rank of A.

In this subsection we have set up our iterative-
variational procedure. We introduce a piecewise-
continuous one-electron MO basis P't"'. This basis
used in the construction of (11) solves the problems
[(i)—(iii)] and meets the simultaneous requirements
of (12) and (11).

[%' " (1,2, . . .,N)], =+Clap@&+ (1,2, . . .,N —1)YL (rp)FIIJIa(rp)
I L

=QYL (rp)QF~IJIa(rp)41+ (1,2, . . .,N —1}CIa,
L I

(29)

where we can reverse the two summations as they are independent from each other. Multiplying Eq. (29) by
(9a) and integrating over the N —1 electrons (element of integration d~') and the angular part of the Nth elec-
tron and using Eq. (7), we obtain

f (n+, A+)
&++~(1, , .2. .,N —1)YI (rp){%a"(1,2, . . .,N))„dr'drp= g DI+~ +&+~F(rJIa(rp)Cra ~

I
(30)

where in (30) orthogonality between the ionic cores and spherical harmonics has been used and that only the
configurations having the same ionic core (n+, A+) have been retained in the summation. We proceed similar-
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ly for the outer-region function (8) which is multiplied by (9a) and then integrated in the same way as (30). Us-

ing the first expression (28) we find the following continuity requirement:

(n+, A+)
jja( (), p)= g jg( +ji~)F(Lj) (pp)CIa

I
(31)

The expression (31) corresponds to the expression (3.36) of Lee' generalized for the CI mixing. Introducing
(9b) in (31) we find the interchannel mixing coefficients U:

(n+, A+)
(In)

Na g Dj+( +„+)F(rj)a(rp)Cja
I

Up ——
~ ~

fj(pp kjj)cos(harp ) —g((pp kp)sin(ir)M )
(32)

Using the unitarity of U demonstrated by Lee, ' we can find the normalization coefficient

(n+, A+)
(In)

I+( +A+)F(Lj)a(rp)CI

N f (1('p kj)) co(SKAG, )—g((pp kp)sin(n(u )

'2

(33}

The preceding derivation only takes the first equation (28) into account. The continuity of the derivative of
the wave function is automatically fulfilled as U, p, and N are independent of r. Note that in the above deriva-
tion, the preceding subsection continuity of the logarithmic derivative of each CSF was implicitly assumed.

D. Inner-region one-electron molecular basis

The choice of a one-electron molecular basis for
the inner-region expansion method is a nontrivial
problem as this choice determines the stability of the
results obtained with the present EIVEA. Buttle,
Zvijac, Heller, and Light, "and also Rudge2o and
Nesbet ' ' have pointed out that we must find a se-
parable H() [in our case (N —1} electron and Nth-
electron separable] having known solutions and be-

ing as close as possible to the full Hamiltonian.
These known zeroth-order solutions will then be
used as a basis set in our actual calculations. The
obvious zeroth-order choice here is the product of
wave functions of the outer-region with the Hamil-
tonian Ho ——H+(1,2, . . .,N —1)+H (N) and
H'"'=0. It satisfies separate equations (10) where
(10a) is an approximate solution to the ionic prob-
lem. As this solution is independent of e( +&+~) of
(4) and identical for inner- and outer-region calcula-
tions, it will only indirectly influence the collision
result. The equation (10b), being a second-order dif-
ferential equation, has two exact solutions: the
Coulomb regular (f() and irregular (g() functions.
These exact solutions correspond to the case of in-
finite basis set. Nesbet ' ' has pointed out that for
expansion methods the convergence, with the num-

ber of basis functions, is extremely rapid if we use in
the inner-region regular and irregular continuum
functions.

The bound-state (N —1)-electron wave function
of the ionic core is given by (7) as a linear combina-
tion of Slater determinants built on one-electron MO
functions. These molecular functions are taken here
as linear coinbinations of (Slater) atomic orbitals
(LCAO} centered on each atom. This ionic-core
LCAO, together with the Coulomb regular and ir-
regular functions [solution of (10b)], will therefore
form the one-electron molecular basis in our prob-
lem called linear combination of Coulomb and
Slater functions (LCCSF). The irregular Coulomb
wave function of this basis is made regular by
matching it at the turning point to a function having
the correct r +' behavior at the origin. In practical
calculations this basis is augmented by one-center
diffuse functions to represent the influence of H'"'
on the solutions %a [Eq. (1 la)].

The present EIVEA with the particular LCCSF
choice of basis set allows, as demonstrated by
Rudge and Nesbet ' ' in the case of a model prob-
lem, the eigenphase to converge monotonically to
the true value. The condition for this monotonic
convergence is that the bound-state eigenvalues sup-
ported by the actual potential remain stable when
the basis set is augmented.
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III. TOTAL VfAVE FUNCTION
OF THE FINAL STATE

AND DIPOLE- TRANSITION PROBABILITY.
SUMMARY OF THE MQDT FORMULATION

(REF. 16)

A. Final-state electronic vibrational
and rotational wave function

In the preceding section we have discussed the
electronic wave function of the final state. An ex-
pression of it, relevant for the present analysis, was
given in Eq. (8) in terms of asymptotic electronic
channels

~
P) =

~

n+A+L ) defined in (3). The to-
tal electronic vibrational and rotational wave func-
tion is given here, as mentioned in the Introduction,
in terms of asymptotic laboratory-frame channels
~i ) used for the description of high-Rydberg and

continuum electrons in the MQDT:

(i )=
)
n+A+l, u+N+ ), (34)

where I is the departing electron angular momen-
tum, v+ the vibrational quantum number of the ion,
and N+ represents the type of coupling between an-
gular momenta in the laboratory frame defining the
corresponding rotational functions. For ~i ) chan-
nels, total angular momentum J and its projection M
on the laboratory frame is conserved. Further, when
compared with ~i ) channels,

~
P) will be augment-

ed by R to give
~
PR). Finally, we note that our

~i) channels are the same as ~iu+N+) and ~i )
channels introduced by Jungen and Atabek (JA)
[Ref. 16(a)] and Jungen and Dill (JD) [Ref. 16(b)].

To proceed further, we express the conservation
of the total energy of the ¹lectron system taking
into account the vibrational-rotational energy:

+h+u+N+ n+A+l, y+N+ ' (35)

wh~~~ ~ +~+, +N+ is the kinetic energy of the ex-
cited electron. In (35} we have added vibrational
and rotational energies to the electronic energy of (4)
and therefore E&E' and, following the convention
of Eq. (4},we set e +„~i +~~ =e

In the standard MQDT calculation (see, e.g., JD)
all the channels are considered as open and only
when solving the MQDT system is the condition
that some channels are closed introduced. Here, we
maintain this approach but we also introduce, fol-
lowing Greene et al. ' ", strongly closed channels,
defined in the Introduction. In Eq. (8), these chan-
nels are already implicit and they only influence the
numerical value of the quantum defect p and mix-
ing coefficients U of the remaining open channels.
The link between the electronic calculation per-
formed using EIVEA and MQDT is established

through the relation between ~PR) and ~i) chan-
nels. We follow the procedure detailed by JA relat-
ing the molecular-frame Born-Oppenheimer prod-
ucts to

~
i ) channels. For a solution p, the result of

different transformations is expressed in a simple
form in terms of channels

~

i ) by Eq. (5}of JD:

q'p~ =g ~

i )L™+[A(r,k; }(i
~
c Ii

' )

—gi(r, k;)(i (s ~i' )]4';. (36)

where the core ionic state
~

i )™is written as

~i)L™=~n+A+)+8 ~ (R)Yi (r')

X(lm, N+M —m
~

JM) .

Here
~
n+A+) is the electronic wave function of

the ion, 8 +~+(R) is its vibrational-rotational func-

tion, r ' refers to the laboratory frame and
(lm, N+ M —m

~
JM) is a Clebsh-Gordan coeffi-

cient. The coefficients (i ~c [i'), (i ~s ~i'), and
9F;z can be expressed as

(i ~c [i')=g(N+ ~A)(N+u+ ~cpp ~u+N+ )

X(A ~N+'),

where when all the electronic channels are open

cpp =c~,5p~ =Up {R}cos[irp (R)]5p~,

~8 I'«P —aS +' +' —B +' y' 5P~4gp'y N, p v N, p

and when some electronic channels are closed

cpp
——+Up {R}cos[m.p {R)]Up (R),

a'

(37a)

(37b}

+p.+'x+', '+nP+&p' (37c)

%p ——5p ~%~
(e) (e)

%p =g%~ Up~,(e) (e)

a'

(38a)

(38b)

where the 4"' have been defined in (8) and we have

In (37b) and (37c) B„+N+ is identical to B +n+
defined by JA and the cases of electronically open
and closed channels have been discussed in the
atomic case by Lu '5' ' Equ.ation. s (37b) reduced to
only one electronic channel (Up ——1) have been ex-
plicitly treated by JA. Equations (37c) have been
given in a slightly modified form by Dill.
Equations {37b) and (37c) have been obtained by in-
troducing in the JA derivation the electronic wave
functions of the following form:
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replaced the superindex (Out} with (e) [(e) stands
electronic]. Equation (38b) allows for a recombina-
tion of electronic solutions a' to give the needed
flexibility to the MQDT system of equations to ful-
fill the condition that the coefficient of the rising
exponential is zero in the case of closed electronic
channels.

Equations (37) allow for the interaction between
the electronic channels: I mixing and interionic core
mixing. These equations can be viewed as a general-
ization of JA and JD equations following Lu' ' '

and Dill(6(d). Now the MQDT system of equations
can be solved for the standing-wave functions fol-
lowing the procedure of JD (Eqs. 7 and 15}. Finally,
following JD and regardless of the spectral region
studied, a unique procedure can be used to impose
the outgoing complex normalization to the real
standing-wave function 4&. The resulting function
is the total function of the final state.

B. Dipole-transition probability

In the calculation of the photoionization cross
section, the dynamical quantity to be found is the
transition probability between the initial bound state

~

A "J"M") and the final continuum one
(1,2, . . .,N;R) (Eq. 36). Here, we have used

I

the spectroscopic notation for the initial and final
states, changing for this last state the J and M used
until now to J' and M'. Assuming only one Born-
Oppenheimer product in the initial state, which in
this case is a fairly good approximation, we write
the corresponding wave function, in spectroscopic
notation

~

A"J"M"),as

~

A "J"M")=tI) "I' (1,2, . . ,N A. ",R')8„- -(R),

(39}

where tlI" "(1,2, . . .,N;A", R ) is the electronic wave
function of the form (1}:

tlI' "(1,2, . . ,N;A".,R)

y C((nit)g ((nit)(l 2 N. All R ) (40)
I

II II

and 4t' " is an initial-state CSF. 8„-~-(R) is the
vibrational-rotational wave function of the initial
state.

The transition probability from the initial

~

A "J"M") (Eq. 39}to final tltt (Eq. 36) states is
given in dipole approximation as

(tlt~
~

r
~

A "J"M")= g 9F, , g f dR(N+'
~
A)X, (R)dtr(R)

XX„~ (R)(A
~

J")(J'M"
~

J"M",10) . (41)

In (41} we have used the transition-probability ex-
pression as developed by Dill. The vibrational
wave functions of the initial and final states are
X„- (R) and X"„(R). (N+'

~

A ) and (A
~

J") are
the frame transformation coefficients defined in Eq.
(20) of JA. The electronic transition probability dt)
is written in the transition density-matrix formula-
tion of Lowdin as

t&z (tt)z(r)
~

r——Y) (r)
~
tt)z(r)) (43a)

and

as discussed in the preceding subsection. N is the
energy-normalized constant defined in (33). The
one-electron transition integral and the correspond-
ing first-order transition density matrix are written
as

d@ (R)=
1/2

6~..N. g t,,'r. (j
~
j) (42a}

J J

(j) ( ')
(

i
~

~

) y C('nit)C(rtn)»

I I'
(43b)

and
' 1/2

d@(R)=
3 g Utt. N. g t,,'I .(j

'
~
j) .

a'

(42b)

The two expressions (42) correspond to having all
the asymptotic electronic channels opened and some
asymptotic electronic channels closed, respectively,

In (43a) Y)~ (r) is the spherical harmonic of the
y

laboratory to molecular-frame transformation of the
dipole operator and P~(r) is the one-electron molec-
ular orbital defined in Sec. II. In (43b) Cl'""' and
CI ~" are the CI coefficients defined in (40) for the
initial state [superscript (init)] and in (1}for the final
state [superscript (fin)].

Equation (41) gives the transition probability for
the final state p. This transition matrix element can
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be used in Eq. (18a) of JD and the photoionization
oscillator strength calculated following Eq. (16) of
JD. As in the case of the final-state wave-function
equation, Eq. (36), the transition-probability formula
(41}derived in this subsection allows us to generalize
the MQDT expressions as given by JA and JD to
the case of l mixing and interionic core mixing. The
electronic transition probability dp(R) (Eq. 42) is
written in the transition-matrix formulation of
Lowdin which allows the use of the CI wave func-
tion for the initial and final states and therefore the
calculation of d~ (R } taking into account the strong-

ly closed channels defined in the Introduction.

IV. H2 PHOTOIONIZATION CROSS SECTION

To illustrate the theory developed in the preceding
sections, we have chosen to calculate the low-
resolution Hz photoionization spectrum:

H2(X'Xg+)+hv~ H2+(X Xs+)+e .

H2 is a simple molecule but the molecular potential
is nonspherical and one nuclear degree of freedom is
present. As stated in the Introduction, these diffi-
culties appear for any more complicated molecules
and therefore H2 is a good example to start with.

Let us first analyze the preceding work concern-
ing the calculation of the final-state properties and
photoionization spectrum of this molecule. The
continuum electronic function entering in the final-
state wave function has been taken as a plane
wave, one-center Coulomb wave, '"" two-center
Coulomb wave, ' one-center deformed Coulomb
wave, one-center fixed-core static exchange molec-
ular close-coupling function, ' ' and continuum
multiple-scattering function. All these different
functions are obtained by explicit resolution of the
continuum-electron Schrodinger equation. Another
approach initiated by Langhoff and applied to Hz
photoionization by O' Neil and Reinhardt and to
autoionization widths by Hazi'" ' represents the
continuum function by the L bound basis set using
the Stieltjes-Chebyshev imaging technique. The in-
itial electronic state in H2 photoionization has been
calculated either at the SCF level or with the two-
configuration (Weinbaum approximation ) wave
function, except in the case of Ford et al. , O' Neil
and Reinhardt, and Kirby et al. , '"' where an ela-
borate electronic CI wave function has been used.
From the preceding initial and final states, the elec-
tronic photoionization cross section in the dipole ap-
proximation, was calculated by standard pro-
cedure. ' The total photoionization cross section

was usually obtained in the Born-Oppenheimer (BO)
framework with a further simplification, the
Franck-Condon (FC} approximation. The results
obtained are reasonably accurate as compared with
the full BO approximation when the energy conser-
vation of the entire electron-ion system is taken into
account6'37 [as in our Fqs. (4) and (35}].

The experimental photoionization and photodisso-
ciation spectra of the H2 molecule are complex. The
synchrotron radiation and low-resolution electron-
energy-loss spectra exhibit a smooth photoioniza-
tion cross section which is reasonably well repro-
duced by the elaborate calculations of O' Neil and
Reinhardt. The high-resolution absorption spec-
trum of Dehmer and Chupka' [see also Ref. (38}]
just above the first ionization threshold (15-18 eV),
exhibits very complicated structure due to rotational
and vibrational autoionization and the calculations
cited above can not take these features into account.
As stated in the Introduction, quantitative agree-
ment between theory and experiment has been
reached in the region near the first ionization
threshold. The calculation has been performed with
the semiempirical MQDT' where electronic param-
eters were semiempirical or extrapolated from
discrete region data. Above 18.07 eV (686 A) and
below the second electronic ionization threshold,
two new physical phenomena appear: first, the dis-
sociation channel H2+(X Xz+}—+H+H+ is open;
second, several super excited bound states, only one
being dipole-transition allowed ('X„+: 2po„2sns }

are coupled to the ionization and dissociation con-
tinua. A 'X„+ superexcited state seems responsible
for the anomalous angular distribution behavior
near 27 eV recently reported. ' Moreover, the H+
kinetic-energy spectrum has a maximum at 3 eV
which could be explained by the autoionization from
the same 'X„+ repulsive state. ""

As this section must be viewed as a test of
EIVEA mainly, we will introduce in the next sub-
section a simplified version of the theory developed
in Sec. III.

A. Simplified MQDT formulation

In this subsection, we rewrite the Sec. III formu-
las by neglecting the vibrational and rotational inter-
channel coupling and by summing over all rotation-
al levels. All the channels are open and degenerated
and we restrict to only one ionic core

~
n +A + ) =X Xs+. We further restrict 1 to p and f

waves and m to 0 and 1. Each of these electronic
channels is augumented by vibrational and rotation-
al functions giving the following asymptotic MQDT
channels:
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~

lv+N+)
(45)

(i
~
c ~i') = g (N+

~
A) Ug ~(R, )

Xcos[np (R, }](A~N+)

We start from the relevant expressions of the final-

state wave function Eq. (36}, 37(a), and 37(b) and
transition-probability Eqs. (41) and 42(a). As we

neglect vibrational and rotational interchannel cou-

pling, 4';&——1. We introduce the FC approxima-
tion calculating the R-dependent U and p at some
internuclear distance R, . We rewrite 37(a) with

37(b) for the open-channel case as

=8' cos(m~ ) (46)

and a similar equation with the sine instead of
cosine. As there is no vibrational-rotational cou-

pling W and i can be directly obtained from (46)
without solving the MQDT system of equations.
The wave function (36) is rewritten in the present

simplified case as

~
lU+N+)[f~(r, kI„+ +)WI +N+ cos(nrz) gl(r, k—

&
+&+)W&„+&+ sin(nrz)] .

l,v+, N+

(47)

With the final state defined above, we now calculate the photoionization cross section. The initial electronic

state is the ground state
~

'Xs+ ) and we restrict the vibrational levels to U"=0. Using the FC approximation

we rewrite dipole-transition probability (41) as

(0'e i i

A"J"M")= g (N+'
i A)dp(R, )(X +, iX„)(A i

J")(J'M"
i

J"M",10), (48)
A

where dp (R, } is the electronic transition moment as
given by 42(a} but calculated in the FC approxima-
tion at R, . The complex-outgoing-
energy —normalized transition moment takes the fol-
lowing expression [see JD, Eq. 18(a}]:

D; =pe W;(%~
~

r ~A"J"M") .
P

(49)

The photoionization oscillator strength and the pho-
toionization cross section are now written in atomic
units as

(50}

and

n„+(e;.)= meh df
mc ~+

(51)

The above, simplified formulas will be used in the
following to calculate quantum defects, mixing coef-
ficients, and photoionization cross section.

B. Framework of the calculation
and final-state results

The quantum defects p and the mixing coeffi-
cients U have been calculated by the EIVEA
described in Sec. II. The corresponding programs

have been developed from the molecular integral

program written by Schaefer ' and the ALCHEMY

system of programs. The Schaefer molecular in-

tegral program calculates all the integrals numeri-

cally and therefore is appropriate for our LCCSF
basis set. It has been partly recoded and it now al-

lows for three atomic centers and finite-range calcu-
lation of integrals. It has been further extended,

by one of us (G.R.) to allow for iterative variation of
p and calculation of the logarithmic derivative at
the sphere surface required for the EIVEA. The
ALCHEMY CI program has then been used for the
finite-range CI calculations. The interface between

the two programs has been written by one of us

(G.R.). Finally, the dipole-transition probability and

the photoionization cross section have been calculat-
ed using a program written by one of us (G.R.) fol-

lowing the formulas given in Sec. III B and IV A.
In practice, the one-electron LCCSF (See Sec.

IID) molecular basis set used in the calculation of
states appearing in (44) was constructed as follows.
First, using the SCF ALCHEMY code, the MOs of
the X'Xg+ state have been calculated with a Liu
atomic basis truncated to the cr and ~ molecular
subspaces; then a subset of 20.g, 10„, 1m.„,and l~g
two-center orbitals has been retained in the further
calculations. This two-center molecular basis set
has then been augumented by 2crg, 9'„, 9n„, and

les diffuse one-center (s,p, d,f) center-of-mass orbi-

tals (see Table I). The main continuum character of
o„and ~„orbitals has been taken into account since
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0'g

or
8.5714

2.8571
2.5
0.5
1.2308
8.5714
3.5714
2.2222
1.5

1.5

'The two-center 0 and m basis is taken from Liu, Ref.
(44). We have already added the Coulomb regular and ir-
regular functions (p and f components) to this initial
basis.
The standard definition of the Slater orbital, which can

be found in, e.g., ALCHEMY program reference (42) has
been assumed.

two Coulomb (regular and irregular} one-center
center-of-mass functions have been present for each

p and f components. The above 4os, 10o„,10ir„,2ns
basis set is P' ', we introduced in Sec. IIB. It is
transformed into the orthogonal basis set P""' hav-

ing the correct boundary condition following the
procedure developed in that subsection. Using a

TABLE I Additional' center-of-mass Slater functions
for the inner-region LCCSF basis.

Symmetry

3.6364
1.3043

bound-state version of EIVEA [i.e., solving Eq. (11}
in an infinite box] with the LCCSF basis described
above, we have calculated the H2(X 'Xs+) and
H2+(X Xz+) bound states at R =1.4 a.u. ; the ener-
gies and the ionization potentials are given in Table
II. The energy of the X 'Xg+ state has been obtained
with a wave function of 121-configuration-state
functions and is close to the Liu and Kolos and
Wolniewicz values, the difference being attribut-
able, as stated by O' Neil and Reinhardt, to the
truncation of the one-electron LCCSF basis set to
the 0 and m subspace. The energy of the X Xg+

state of H2+ has been calculated with four CSF and
it compares well with the value given by the very ac-
curate wave function of Wind. The CI ionization
potential is close to the vertical ionization potential
taken from the experimental compilation of Sharp.
We have also calculated the transition probability
between the initial (I 'Xs+} and final state (B 'X„+)
with a result close to that of O' Neil and Reinhardt
and Kolos and Wolniewicz. From the preceding
comparisons (Table II}it seems that our one-electron
LCCSF and the CI expansions are appropriate for
the bound states studied here. The Coulomb func-
tions, already present in the basis, give no contribu-
tion to the calculated total electronic energies, ioni-
zation potentials, and transition probabilities of
these states.

The continuum electronic 4 'X„+ and 4' 'II„stat-
ed (4' stands for the continuum) are calculated us-
ing a continuum-state version of EIVEA, i.e., solv-
ing (11) with the constraint (12). The sphere dimen-
sion ro was determined from calculation at fixed
(0.4 a.u.} kinetic energy of the departing electron.

TABLE II. Total energies in different approximations of the X 'Xg+ and X X~+ states of H2
and H2+. Ionization potential between these states (R = 1.4 a.u.).

Energy (a.u. )
Present

State

X'r. +

X'X+

Transition
X'X+

g
X X++e

SCF

—1.1336

—0.5390

16.1810

CI

—1.1709

—0.5696

Vertical
ionization potential (eV)

16.3615

Best

—1.1737

—1.1744
—0.5699

16.34

Reference

Liu, Ref. (44),
with o, m;5,
tI} basis Kolos
and Wolniew-
icz, Ref. (45)
with James
Coolidge func-
tion

Wind, Ref.
(46)

Sharp, Ref.
(47)
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SE2 &»
c

-0.05

Aside from the fact that the Slater basis set is aug-

mented slightly as ro increases, the results are in-

sensitive to the ro value ranging from 8 to 15 a.u. In
the calculations detailed below, we use the value of
ro ——8.5 a.u. This value minimizes the number of
basis functions to be considered for a converged cal-
culation. As a further test, we have performed a
series of calculations at various kinetic energies us-

ing the FCSE approximation. The ionic X X~+

state has been represented by only one 1'~ orbital
and the continuum states O' 'X„+ and O' 'II„by con-

figurations 1cr~no„and lo~nm. „,where n spans the
rr„and II„subspaces. The two p and f quantum de-

fects are very close to the values obtained when us-

ing the molecular close-coupling method' at the
same FCSE and bound basis level of approxima-
tion. Next, we have performed an extended static
exchange (ESE) calculation. The 4 'X„+ and 4 'lI„
states were described, respectively, by configurations
of the following forms: no~mlo„and nozm2n. „
where n, ml, and m2 span the respective full one-

electron molecular spaces. Finally, we have per-
formed calculations at the interchannel-coupling
(ICC) level adding nmsmn„and nor mrr„configura-
tions to the preceding ones for 'X„and 'II„states,
respectively.

As seen from the Fig. 1 the different calculations
at R =1.4 a.u. are close to each other giving a o.

quantum-defect sum of -0.05 and a m quantum-

defect sum between —0.086 and —0.064. These
values are to be compared with the quantum-defect
analysis' "of the Kolos and Wolniewicz potential
curves. As the scale of the Fig. 1 is extremely ex-

tended, the agreement between EIVEA and semiem-

pirical MQDT is very satisfactory in the case of the
m channel. However, in the o case the difference is
0.02. A similar discrepancy, between MQDT extra-
polation procedure and direct calculation, was found
for po at R =2.0 a.u. by Takagi and Nakamura. '

As discussed by Raoult and Jungen' "
p~ is more

sensitive to the principal quantum number than p .
Therefore the extrapolated p~ can be less accurate in

this case, thus explaining the discrepancy we have

found.

C. Photoionization cross section

We have calculated the electronic and total pho-
toionization cross sections using the formulation
given in Sec. IVA and with the same level of ap-
proximation as the calculation of the quantum de-

fect of Sec. IV B. The electronic and total photoion-
ization cross section results are shown in Figs. 2 and
3.

The FCSE electronic results (Fig. 2) have been

compared to the calculations of Lucchese and

McKoy and to the molecular close-coupling calcu-
lations. The Lucchese and McKoy result is slight-

ly higher than ours and the difference at low energy
is attributable to the less flexible bound atomic basis
used in their calculation. The close-coupling FCSE

14.5

X
O

12.5

10.5

8.5

I

0.2

-0.10

I

0.3 0.4E(au)
6,5

FIG. 1. P channels eigenphase sum for cr (full line, left

ordinate) and m (dotted lines, right ordinate) symmetries

of the departing electron and the X X~ final ionic state

(R =1.4 a.u.). FCSE1 results are taken from Ref. (4) and

FCSE2 are our results in Fixed Core Static Exchange ap-
proximation. ESE and ICC are our Extended Static Ex-
change and Inter Channel Coupling approximations re-

sults as explained in the text. The two dashes for zero ki-

netic energies of the electron are results obtained by
MQDT Rydberg-series extrapolation (Ref. 16c).

4.5
I

0.1
15.4254 18.1465

0.2
20.8676

0.3 E (a.u. )
23.5886 E(eV)

FIG. 2. Electronic photoionization cross section as
function of the kinetic energy of the departing electron (or
total photon energy) at R = 1.4 a.u. (1) FCSE, calculation
from Ref. 4; (2) FCSE, present calculation; (3) ESE,
present calculation; (4) ICC, present calculation.
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From the calculations presented in this section,
we may conclude that the new EAQDT we have

developed gives, in its simplified form, very en-

couraging results for the quantum defects and low-

resolution photoionization cross section.

V. DISCUSSION

I

22 23
E(ev)

FIG. 3. Vibrationally unresolved photoionization cross
section as function of photon energy. +, experimental

from Ref. (49); x, experimental from Ref. (39); —.—.—,
calculations from Ref. (6); ....., FCSE, present calcula-

tion; ———,ESE, present calculation;, ICC,
present calculation.

calculations performed with the same bound atom-

ic basis are indistinguishable from EIVEA-FCSE
calculations at the scale of Fig. 2. The ESE and

ICC calculations have lower electronic cross sections
since the used initial- and final-state CI wave func-
tions diminish the contribution of the main configu-
rations to the cross section. Note the small differ-
ence between ESE and ICC calculations. When, as
for Hz, there are no shape or other resonances
present (see the different conclusion in the case of
N2 photoionization' ), it can be concluded that the
ESE level of approximation gives very satisfactory
photoionization cross sections.

In Fig. 3 we have calculated the total photoioniza-
tion cross section in the energy-conserving Eq. (35)
FC approximation (Sec. IVA). The FC factors,
provided to us by Raoult and Jungen, have been
used in Ref. 16(c} and correspond to the accurate
potential curves of Kolos and Wolniewicz. Above
17.5 eV, our results have the same shape as energy-
loss (e,2e) (Ref. 39) and line-source experimental
cross sections. As has been previously pointed
out, " we find that our FCSE approximation
overestimates the cross section. The other ESE and
ICC approximations are very close to the experi-
ment above 17.5 eV where the rotational-vibrational
autoionization, neglected in the present calculation,
is less important. We have also plotted in Fig. 3 the
initial- and final-state electronic correlated results of
O' Neil and Reinhardt. 6 This calculation is very
good at moderate energies but is slightly lower than
our calculation and experiment at higher energies.
The discrepancy is most probably due to the less ac-
curate representation of the electronic continuum at
higher energies.

In this paper we have developed an EAQDT ap-

proach devised for the simultaneous calculation of
direct and indirect processes in molecular photoioni-
zation. This is a global ab initio approach in the
sense that it allows for the simultaneous treatment
of electronic, vibrational, and rotational autoioniza-
tion. In Sec. IV, as a test, we have applied the
method to the study of the low-resolution photoioni-
zation spectrum with very encouraging results.

Let us compare EIVEA on its own with other
methods calculating the electronic parameters ab in-
itio. One of the existing methods, close to EIVEA
and able, in principle, to introduce the electronic au-

toionization directly, is the R matrix. ' To our
knowledge, this method has not yet been applied to
molecular photoionization. It is a discrete-spectrum
finite-domain method, i.e., it solves Eq. (11) only
once and then extracts from this result the collision
information at each energy. Our EIVEA method,
with one-electron molecular LCCSF basis set, is su-

perior to the standard R-matrix method since our
calculations are implicitly performed at a variation-

ally corrected R-matrix level. " To reach this
better approximation, a calculation at each kinetic

energy of the departing electron is required.
Another approach described by Greene, Fano, and
Strinati' "is based on explicit bound and continu-

um configuration mixing (i.e., introduce indirect
processes} and solves formally in the atomic case the
one-electron integral equation with full potential us-

ing Green's functions. Our inner-region method
uses a standard bound CI method defined in a finite
domain thus giving a discrete spectrum, and it is

only the iterative-variational approach which intro-

duces the electronic continuum in the calculations.
Our method is better adapted to the study of molec-
ular photoionization where the multicenter environ-

ment makes the calculation with the Green's func-
tion difficult. Our approach can easily use the par-
ticular continuum regular and irregular Coulomb
functions defined by Greene, Fano, and Strinati, ' '
which allows for the definition of smooth electronic
parameters in the electronic discrete region and

through the ionization thresholds. These electronic
parameters can therefore be calculated at a coarse
energy mesh point unrelated with the actual spacing
of electronic, vibrational, and rotational levels.
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Other methods ranging from molecular close cou-

pling' to L (Refs. 5,6) are, in principle, able to
introduce directly the electronic indirect processes

but, to our knowledge, this level has not yet been

reached. One exception is the method developed by
Takagi and Nakamura' and applied to a e-H2+ col-
lision. In the H2 case, this method has been able to
locate and calculate the two-electron resonances

through the kinetic-energy variation of the quantum

defect [tea in Eq. (46)]. Presently, this method is

limited to only one spheroidal wave and does not
calculate the photoionization cross section.

The molecular MQDT approach, as introduced by

Fano' "' and developed by Jungen and co-workers, '

uses a semiempirical electronic parameter and in-

cludes calculations up to now with only one partial
wave. This approach depends on the resolution of
the existing experimental spectra. Our completely
ab initio EAQDT method can be used in cases where

the experimental information needed for the sem-

iempirical MQDT is not available. Moreover, phe-
nomena such as two partial-wave shape resonances
and electronic autoionization cannot be treated with

the semiempirical MQDT as the experimental infor-

mation is not sufficient to extract the MQDT elec-

tronic parameters. They can easily be handled with

EAQDT.

The next step in the test and development of the
present approach is the recalculation, with the ab in-
itio parameters obtained in this work, of the low-

energy near-ionization-threshold region ( & 17.5 eV)
of the photoelectron spectrum of H2. Then the 27-
eV electronic autoionization, seen in the angular dis-
tribution of the electrons, ' is to be considered. As a
further step, we shall apply our EAQDT method to
the photoelectron spectrum of other molecules.
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