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Calculation of rydberg states of lithium isoelectronic
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The transition energies and singly excited P, D and F states of Li, Be" and
B** for the Rydberg levels 15%2s:°S-1s°nl:’L (n=35,6,...9) have been
calculated using time dependent coupled Hartree-Fock (TDCHF) theory.
Within single particle model the theory includes RPA type correlations and
furnishes reasonable description of the excited states. The transition energies
and oscillator strengths for allowed transitions are in good agreement with
the experimental and theoretical values, wherever available. Effective quantum
numbers have been estimated for all transitions.
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1. Introduction

Atomic Rydberg states are mostly, expanded orbital states which are attracted
by a relatively small ionic core. The shape of Rydberg orbital is mainly determined
by the charge of the ionic core and also by the orthogonality constraints to all
the lower lying occupied and virtual states. Rydberg states are of considerable
importance today for studying superradiance, and recent developments of con-
tinuous lasers have made such studies very effective. Hence the study of Rydberg
states of atomic systems is interesting from both experimental and theoretical
points of view [1-11]. The collisional mixing of such states is also a topic of
current interest [12, 13] and theoretical calculations on collisions of Rydberg
atoms in an electric field were recently performed by Hickman [14].

There are very few ab initio calculations on Rydberg states in the literature. This
is mainly due to the complexity of describing the highly diffuse Rydberg functions
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with large numbers of nodes. Traditional variational calculations are not very
effective since they require accurate description of the lower lying states along
with the necessary orthogonality constraints. Theoretical calculations employing
approximate single-configuration wavefunctions for Rydberg states were carried
out by Lefebvre-Brion and Moser [15] and by Hunt and Goddard [16] by using
their method of improved virtual orbitals and by the frozen core method of
Demoulin and Jungen [17] and by Jungen [18-20]. Iterative and non-iterative
numerical methods which use model potentials are rather limited [21-25].
Recently a semi empirical model potential calculation was performed by
Theodosiou [26] for the lifetimes of the Rydberg states of alkali metal atoms. In
this connection quantum defect theory [27-30] has provided extremely valuable
information. Perturbative calculations on such states have been performed with
hydrogenic unperturbed wavefunctions and a polarization potential as perturba-
tion for some atomic systems [31]. Using an optical potential analysis the Rydberg
states of the helium atom have been studied by Drachman [32]. Very recently
Rydberg energy levels of lithium have been ab initio determined from the poles
of the Schwinger T-matrix [33]. Several good reviews on the Rydberg states of
atomic systems are now available, in the literature [30, 34, 35].

In a recent paper [36] we demonstrated that the time-dependent coupled Hartree-
Fock (TDCHF) method can be applied to calculate the excitation energy and
singly excited wavefunctions of n>S (n=3,...,8) states of the lithium isoelec-
tronic sequence with reasonable accuracy. Similar calculations for the helium
isoelectronic sequence were carried out earlier [37]. Details of TDCHF theory
and reviews of earlier work were given by Oddershede [38] and also by McCurdy
et al. [39]. Although the theory is based on a single-particle model, its success
is mainly due to its inclusion of random phase approximation (RPA) type
correlations [38]. In this paper, we have studied the transition energies and singly
excited wavefunctions of the first three ions of the lithium isoelectronic sequence
for the transitions 2°S - n’P, n’D and n’F(n =35, .. .9). For the lower lying states
similar calculations have been done earlier [40] but with a different form of the
external perturbation. Results for the transitions which are common tally almost
exactly. The present method is non-relativistic and ignores the rearrangement of
the core orbitals due to the excitation of the valence orbital; relativistic and core
rearrangement effects, however, should be quite small for the present system.
The theory was discussed in detail in earlier papers [36,37], and we give, in the
next section, a very brief outline.

2. Method

We consider the ground S state of lithium like ions to be described by the usual
non-relativistic hamiltonian. A time dependent perturbation of the form

H'(t)=Y hie ' +c.c. (1)

is applied to the system. The single particle perturbation is of the form
h(r) =Af(r)Yio(8, ¢) (2)
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where A is the perturbation strength, f(r) is a suitable function of r and here we
choose

fry~r' (3)

for a given multipolarity I( = 1) of the transition. Y;,induces the proper multipolar
excitation. The first order correction 8¢, to the ground orbital ; is determined by

h‘//i ~ 5¢i- (4)

The first-order correction 8¢; is determined variationally by expanding it in terms
of a suitable Slater basis, the expansion coefficients being treated as variation
parameters. The excitation energies are obtained from the position of the poles
of the first order perturbed function with respect to the external frequency. Excited
state wavefunctions are obtained from the renormalised perturbed functions at
the poles. The procedural details are given elsewhere [36, 37].

3. Results

The first three members of the lithium isoelectronic sequence, Li, Be™ and B>*,
are chosen for our investigation, and the transitions 15%2s:°S > 1s%nl:> L(n=
5,...9) for I=1, 2, 3 have been studied. The ground state wavefunctions are
those of Clementi [41]. The radial parts of the perturbed functions are expanded
in a suitable Slater basis, of twelve to fifteen terms depending upon the specific
transition.

We tried to obtain as many poles as possible with a 12-parameter basis. In most
cases the required number of excitations are obtained wth reasonable accuracy.
But for large principal quantum pumbers the functions are highly diffuse and
the 12-parameter basis is insufficient to describe such functions; as a consequence
the transition energies are further off from the experimental values. In such cases
a 15-parameter representation is used.

The transition energies, as obtained from the positions of the poles of the TDCHF
functional are displayed in Table 1. The basis chosen along with the coefficients
are displayed in Table 2.

The present transition energies in Table 1 are compared with the values listed
by Bashkin and Stoner (Jr) [42]. The maximum deviation is 1%, and the deviation
is as low as 0.3% for the higher order transitions for the higher members of the
isoelectronic series. The accurate theoretical estimates of some of the levels by
Knight and Sanders [43] are also listed here for comparison. The oscillator
strengths for all the allowed transitions have also been calculated and displayed
in Table 1. For comparison, the values quoted by Wiese et al. [44] are also listed
here. The oscillator strengths, in general, are in good agreement with the values
listed by Wiese et al. [44]. However, we get a discrepancy in the case of the
2°S— 8P transition in lithium. Here the oscillator strength calculated by us is
0.0015 compared to 0.000916 by Wiese et al. This is probably due to the inadequacy
of the present basis set for large n. To check this we calculated the oscillator
strength with a different but more suitable basis for 8p function and obtained a
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value 0.00132. (These more extensive calculations are, however, not included in
the tables.) For Be™, for the transition 2°S - 9°P, we get a value for the oscillator
strength which is slightly higher than that for the transition 2°S - 8>P. This also,
we believe, is an artifact of the choice of basis set. Since all these functions are
highly diffuse and contain a large number of nodes, a proper representation of
these functions should incorporate more parameters. Assuming complete screen-
ing we have also evaluated the effective quantum number n*=1/ V2e where ¢ is
the ionization potential of the particular orbital concerned. These results are aso
displayed in Table 1. For comparison, the experimental values of n* are also
listed. For transitions having low values of the principal quantum number we
observe very good agreement. However, for higher order transitions, the values
deviate and the quantum defect (A=n—n*) tends to become negative. This
general trend is observed for all the series.

The large discrepancy of quantum defect values for higher n is probably caused
by the poor description of such diffuse functions by a limited basis set. For
example, for the 7p quantum defect for Li, the experimental value is 0.047, the
static-exchange value is 0.034 [33], and the present result is —0.107. Thus although
TDCHEF theory is in principle an improvement over Hartree-Fock, the possible
improvement is more than offset by basis set errors. To describe the response of
the Rydberg electron to the long-range Coulomb potential properly, a very diffuse
set of functions is necessary. An additional problem is that to calculate £ theoreti-
cally we have taken the Clementi orbital eneriges which are not correlated. Since
transition energies as found by TDCHF methods do not have a specific bound,
this may contribute to the error.

Within the framework of a single-particle model TDCHF calculations presented
here furnish a very good representation of single excited states and provide
excellent results for transition properties when # is not too large. A similar study
for systems with higher nuclear charge is under present investigation, and the
results will be reported in due course.
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