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of the outer shells of Be and Mg
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A multiconfiguration version of the Tamm-Dancoff approximation (MCTD) is developed to study
photoexcitation of atoms in cases where the simultaneous excitation of two atomic electrons is im-

portant. Starting from a multiconfiguration Dirac-Fock description of the ground state, the varia-
tional principle is applied to give equations for a final-state wave function consisting of both singly
excited and doubly excited configurations. To illustrate the method, the MCTD equations are ap-
plied to determine the 2pns and 2pnd autoionizing resonances in the low-energy photoionization
cross section of Be and the corresponding 3pns and 3pnd resonances in Mg. The predicted cross
sections are found to be in good agreement with previous theoretical results as well as with the avail-
able experimental data.

In this paper we present results of a multiconfiguration
Tamm-Dancoff calculation of autoionizing resonances in-
volving doubly excited states in Be and Mg atoms. The
motivation for the present work is to develop a practical
yet accurate method to treat the photoionization of atoms
in situations where the simultaneous excitation of two
electrons is important. There exist a number of more or
less simple, but powerful and elegant schemes such as the
R-matrix method' and the random-phase approximation
(RPA) to treat single excitations, while for
multielectron excitations the number and power of such
schemes is limited. For example, there is the very general
approach of configuration interaction, which has been ap-
plied to the atoms considered here. ' Another general ap-
proach is many-body perturbation theory" which has
been applied by Altun, Carter, and Kelly' to treat mul-
tielectron excitations in Ca and by Chang' to treat mul-
tielectron excitations in He. Then there is the close-
coupling method (see, e.g., Secs. 3 and .4 of Ref. 14),
which has been also applied to Be and Mg. ' There is also
the hyperspherical-coordinate approach' which has been
generalized and applied to treat double excitations of
alkaline-earth atoms by Greene. ' Further, there is the
multiconfiguration time-dependent Hartree-Fock approxi-
mation (MC-TDHF)' and its relativistic generalization,
the multiconfiguration relativistic random-phase approxi-
mation (MC-RRPA), ' which have been applied to treat
bound-bound excitations in both atomic and molecular
systems.

The technique described here, the multiconfiguration
Tamm-Dancoff approximation (MCTD), is related to the
MC-RRPA. As in the MC-RRPA, the linear response to
an external electromagnetic field of a system, described in
its ground state by a multiconfiguration wave function, is
determined variationally. The MCTD excited-state wave
function is restricted to include excited-bound configura-
tions constructed from the ground-state orbitals and con-
figurations obtained by single excitations of the ground-
state valence orbitals to the continuum. It is just the use
of a multiconfiguration ground state that permits us to in-

elude automatically the effects of rnultielectron excita-
tions in our calculations. The single excitations of those
configurations which are obtained from the nominal
ground state by two-electron, two-hole substitutions, for
example, lead to final states with two excited electrons.
We use a relativistic multiconfiguration Dirac-Pock
(MCDF) wave function to describe the ground state in or-
der to include fine-structure effects automatically: al-
though, in the applications considered below, relativistic
effects are not pronounced.

The usual Tamm-Dancoff approximation takes into
account many-electron correlations in excited states only,
while the RPA, as a further generalization of the Tamm-
Dancoff approximation, also includes ground-state corre-
lations through negative-frequency (or time-backward)
Feynman-Goldstone diagrams. The MCTD is a some-
what different generalization of the Tainm-Dancoff ap-
proximation, in which important ground-state correlations
are included by replacing the single-configuration Dirac-
Fock (DF) ground-state wave function by a multiconfigu-
ration one. Mathematically, the MCTD approximation
can be reduced to the problem of solving a system of cou-
pled integro-differential equations, similar to those of the
RRPA, together with an additional system of linear alge-
braic equations for the weight coefficients of excited
bound configurations. Although the detailed formalism
and derivation of the MCTD equations will be described
elsewhere, we give some elements of the MCTD theory
and equations in the paragraphs below.

As mentioned previously the MCTD ground state is ob-
tained from an MCDF calculation. "' The MCTD
excited-state wave function with the total angular momen-
tum J,M is taken to have the form

n lib

ql(JM)= g c;X(y;JM)+ g bj@(yJJM),
i=1 j=1

where X(y;JM) and 4&(yjJM) are configuration wave
functions obtained from one of the ground-state configu-
rations (parent configuration) by photoexciting a valence
orbital (hole a) to a continuum orbital a, or to another
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ground-state (valence) orbital, respectively; y; and yj
represent all other quantum numbers required to define
the corresponding configurations uniquely. The parame-
ters c; are the weight coefficients of the parent configura-
tion, while bj are the weight coefficients of the excited-
bound configuration (XB) composed of ground-state orbi-
tals. The numbers n, and nb designate the number of the
continuum configurations (photoionization channels) and
of the excited-bound configurations, respectively.

The weight coefficients bj of the XB configurations are
solutions of the system of linear algebraic equations

ltHkj (ED+M)5k/]b/=Fk, k = 1,2, . . . , nb
j=l

where Hz~ ——(4(yk JM)
~

H
~
@(yjJM) ) is the atomic

Hamiltonian matrix element between XB configurations,
Eo is the ground-state energy, co is the photon energy, and
the terms Fk are given by

n

Fk = —QHklc;
i=1

where Hg„=(X(yk J.M)
~

H
~

C (yk JM) ) is the atomic
Hamiltonian matrix element between an XB configuration
and a continuum configuration. The continuum orbital
function y,—for a channel a —+a is the solution of the fol-
lowing radial integro-differential equation:

(h,—+ V, e, —co)y,—=R—,——,
where h, is the radial free-particle Dirac Hamiltonian, V,—

is the Hartree-Fock V(X —1) potential, e, is the eigen-
value of the ground-state orbital (hole) a, co is the photon
energy, while the term R,—describes the interchannel cou-

pling and the coupling to excited-bound configurations.
The photoionization parameters (the cross sections,

branching ratios, photoelectric angular distribution asym-
metry parameter, and spin polarization parameters) are
calculated in terms of the orbital functions as in the
RRPA, but modified to account for transitions to XB
configurations. We have developed a computer code to
solve the necessary equations and to evaluate the pho-
toionization parameters in the MCTD, and we have ap-
plied this code to investigate outer-shell photoionization
of Be and Mg atoms. For the ground state of these atoms
the following configurations are considered: for Be,

ls (2s +2p1/2+2p3/2) ~
J=O

and for Mg,

ls 2s 2p (3s +3pf/2+3p&/2), J=0.
The MCDF code of Desclaux, or that of Grant

et al. , is suitable for obtaining the ground-state orbitals
and weights. The negatives of the valence ns and np (Be,
n =2; Mg, n =3) eigenvalues represent theoretical values
of the corresponding thresholds in the MCTD. These
theoretical thresholds are listed in Table I, where they are
compared with the corresponding experimental thresh-
olds, as well as with the single-configuration DF eigen-
values which are the theoretical thresholds for the RRPA.
The agreement between theoretical and experimental
thresholds is seen to be improved using a multiconfigu-
ration description of the ground state. In the calculations
of the final-state wave function we include seven excita-
tion channels:

~$1/2 ~P 3/2

&P i/2~~~d3/2 ~

np3/2~s, d3/p d5/2,
where n =2 for Be and n =3 for Mg. The MCTD equa-
tions given in the previous paragraph are solved for these
seven coupled channels and the resulting transition ampli-
tudes are determined. From these amplitudes the corre-
sponding photoionization parameters are worked out.

The results of our calculations for the cross section in
dipole-length form, in the energy region above the second
(np) threshold, are shown in Fig. 1 for Be and Fig 2for.
Mg, where they are compared with RRPA results and
single-configuration Tamm-Dancoff calculations. In the
RRPA and Tamm-Dancoff calculations, just as in the
MCTD case, channels obtained by exciting core electrons
are not included, i.e., in the single-configuration calcula-
tions shown in Figs. 1 and 2, only those two channels aris-
ing from excitation of the outer ns shell are considered.
As seen from Figs. 1 and 2 all of the methods used lead to
essentially the same results for the total cross section far
above the threshold. The results are somewhat different
close to the threshold, however, the general shapes and
trends of the cross section curves are very similar. Fur-
thermore, the MCTD results are there closer to the
RRPA ones than to the single-configuration Tamm-

TABLE I. Theoretical MCTD and RRPA photoionization thresholds compared with experimental
thresholds.

Atom

Be

Shell

2$
2p r/2

2p3/z

(a.u. )

0.3498
0.4927
0.4927

MCTD
(eV)

9.520
13.407
13.408

(a.u. )

0.309

(eV)

8.42 0.3426
0.4881
0.4881

9.320
13.281
13.282

Experiment'
(a.u. ) (eV)

3$
3p I/2

3p3/z

'Moore, Ref. 26.

0.2827
0.4354
0.4359

7.692
11.848
11.861

0.253 6.88 0.2810
0.4435
0.4439

7.644
12.069
12.080
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from close-coupling calculations using quantum-defect
theory, ' as well as to the results obtained using hyper-
spherical coordinates, ' apart from the additional
3pns Pi series of resonances, which cannot appear in the
nonrelativistic L,S-coupled calculations with which we
compare our results. The calculated resonance positions
agree well with the predictions of these alternative ap-
proaches and with the available experimental data.

We have put forth the MCTD as a simple yet powerful
alternative to the RPA to treat problems of photoexcita-
tion in atomic systems where double excitations play a
significant role. Final-state electron-electron correlations
are included in the MCTD in the same way as they are in-
cluded in the RPA, while initial-state correlations are in-
cluded by adopting a multiconfiguration initial-state wave
function as an alternative to summing time-backward
Feynman diagrams. Using this hybrid procedure it is pos-

sible to study situations where two-electron excitations
play an important role in determining the behavior of
photoexcitation amplitudes. Calculations of the low-
energy photoionization cross sections of Be and Mg illus-
trate the potential of the MCTD to predict photoioniza-
tion parameters in cases where two-electron excitations
dominate the cross section. Also, the MCTD as a relativ-
istic approach accounts automatically for spin orbit in-
teraction and consequently for breakdown of I.S coupling,
and thus can be used for systems with higher nuclear
charge where these effects are important.
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