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Widths of autoionizing states of He from a variational calculation using complex coordinates
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Using correlated complex functions with Gamow orbitals and a recently developed variational

procedure, we have calculated the autoionizing widths of the He 2s2p 'P; 2p- 'D, and 2s-' 'S
resonances. They are found to be in good agreement with previous accurate calculations which

employed the golden-rule formula with real scattering functions.

I. INTRODUCTION

The complex energies of resonances can be ob-
tained from schemes which use complex coordinates
either in the Hamiltonian or in the wave function. "
For many-electron atoms, there are two basic prob-
lems associated with this approach: Firstly, a suitable
many-body theory should be established which avoids
the diagonalization of huge complex matrices while at
the same time allows for the computation of partial
widths. Secondly, since there is no Rayleigh-Ritz
minimum principle, new variational procedures
should be discovered which allow for the optimiza-
tion of the trial functions.

In this report we present the first results of calcula-
tions on the He 2s 2p 'P ', 2p' 'D, and 2s' 'S reso-
nances which employ the correlated wave functions
and theory of resonances and computational pro-
cedures which were developed in Refs. 2—5 having
the aforementioned two problems as targets.

II. CHOICE OF THE RESONANCE FUNCTIONS

The form of the resonance wave function of com-
plex coordinates p = re' is"

Q(p) = a (tt) 4a(p) + b (tt)&(p)

where $0 is the part containing the localized analytic
Hartree-Fock, and properly projected' single and pair
functions, and x is the part containing the asymptotic
pair correlation. For He, this pair function is given by

I is the angular momentum of the outgoing electron.
The reasons for introducing the Gamow orbitals were
given in Refs. 2—4.

III. OPTIMIZATION OF THE TRIAL FUNCTIONS

The aim of this work was to test the validity of the
variational principle suggested in Refs. 2—4 which is
based on the minimization of the quantity

b I =mina' fkf

where a, b are the complex coefficients of Eq. (1) and
t, ~k ~

are the calculated resonance width and energy.
The first application of this principle was reported for
the He2s2p 'P width using only a Hartree-Fock
(HF) function. ' Here, the localized part po contains
electron correlation as well, obtained once for real
coordinates, according to the theory of Refs. 2 and 3.

We did not insist on an extremely accurate po. In-
stead, we chose only those correlation vectors which
included single and double excitations (6 configura-
tions for 'P ', 11 for 'D, and 15 for 'S) that are ex-
pected to correct the HF function the most. The HF
function for the 2s 2p 'P ' state was expanded in

terms of three s and two Slater p-type orbitals.

TABLE I. Widths of 2s 2p 'P; 2p D, 2s 'S resonances
of He (in eV) from optimization of Eq. (5), using correlated
wave functions.

~2 ~pt, pal =~~»&pt&gt, &pt&l (2)

where 1s(p) is the rotated hydrogenic 1s orbital and

g2, (p) is the Gamow orbital" whose radial part is
expressed as

Resonance This work
Width (eV)

Reference 7

with

g(r) = u(r) +f(r)r'+'"e'"', (3) 2s2p 'P'
2p''D

0.041

0.0824

0.0363

0.0789

u(r) =r' 'e ~', f (r) =r ' —r 'e "'
In-0

(4)
0.119 0.125
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TABLE II. Variation of the width of the resonance 2p 'D as a function of the parameter d [Eq.
(4)] in the region of parameter space where the constraining Eq. (5) is satisfied best. The other
parameters K, p, , g, and the rotation angle 8 are kept constant. The optimum value of the width is

that for which ~i(bt/a ) —(I /~K)) ~ goes through an absolute minimum.

Equation (4)

b~ I

Equation (5)

From the complex
eigenvalue of the

diagonalized matrix

Width (eV)
From the virial

condition
Im (0 (p ) ) = —Im ( T ( p ) )
(complex kinetic energy)

1.390

1.395

1.400

1.405

1.410

1250 x 10

590x10 5

62 x 10 5

300 x 10 5

1320 x 10

0.0881

0.0852

0.0824

0.0795

0.0769

0.0893

0.0858

0.0824

0.0790

0.0757

These orbitals were used in constructing the 2p' 'D
and 2s' 'S configurations as well.

In addition to Eq. (5), the complex virial theorem, '

Im(H(p)) = —Im(T(p))

(complex kinetic energy), was also employed as a

constraining equation.
Table I presents our results for the widths which

are obtained from application of Eq. (5), and those of
Ref. 7 which are obtained using large wave functions
and the golden-rule formula. Comparison shows that
the new approach is a useful alternative to the stand-
ard theory and computation of resonance states in

two electron atoms. Furthermore, and more impor-
tantly, it allows for considerable optimism regarding
the treatment of Auger partial and total widths in

large atoms using complex coordinates, since, to a

good approximation, these will be given from the in-

dependent optimization of the asymptotic pair func-
tions. '

Table II presents a one-dimensional optimization of
the He 2p''D state, where Eq. (5) is finally minim-
ized with respect to the parameter d while all the oth-
er parameters are kept fixed.

IV. SUMMARY

This report contains the first results of computa-
tions which use complex, correlated wave functions
and the variational principle expressed by Eq. (5).
%e chose three resonances of He where the correla-
tion effects are different. The 'P 'state is described
well by the Hartree-Fock function, as has already
been pointed out." The 'D state has significant
2p' 2s vq hole-filling correlation, while the 2s' S
configuration mixes mainly with the 2p' and 2sv,
vectors.

We found that the theory which we have proposed,
regarding the choice of basis functions and variational
optimization, works well in the case of He. Given
the fact that ¹lectron resonances can be analyzed,
to a good approximation, in terms of asymptotic pair
functions and corresponding partial widths, '-' we ex-
pect that this approach will be useful in treating many-
electron autoionizing states accurately and efficiently.
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